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Foreword

THE tremendous research and development effort that went into the

development of radar and related techniques during World War II
resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this

basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-
vision of the National Defense Research Committee, undertook the great
task of preparing these volumes. The work described herein, however, is
the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,
and other Dominions.

The Radiation Laboratory, once its proposals were approved and
finances provided by the Office of Scientific Research and Development,
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire
project. An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chapters
or sections were chosen from among those experts who were intimately
familiar with the various fields, and who were able and willing to write
the summaries of them. This entire staff agreed to remain at work at
MIT for six months or more after the work of the Radiation Laboratory
was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the research, development, and engineering work the results of which
are herein described. There were so many involved in this work and they
worked so closely together even though often in widely separated labora-
tories that it is impossible to name or even to know those who contributed
to a particular idea or development. Only certain ones who wrote reports
or articles have even been mentioned. But to all those who contributed
in any way to this great cooperative development enterprise, both in this
country and in England, these volumes are dedicated.

L. A. DUBRIDGE.
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CHAPTER 1

INTRODUCTION

BY BRITTON CHANCE AND F. C. WILLIAMS

SCOPE AND VIEWPOINT

BY BRITTON CHANCE

This book deals with the applications of circuit techniques to the
generation of waveforms, both sinusoidal and otherwise, and to the
manipulation of waveforms to meet specific needs. The title, Wave-
forms, refers to currents or voltages considered as functions of time in a
rectangular coordinate system. This book includes a discussion of those
waveforms having durations as short as O.01 psec.

1.1. Viewpoint.-One object of this book is obvious: it is to make
available to those in industrial and academic laboratories techniques of
established value that have been developed for radar timing and indicat-
ing applications, and it is intended to survey not only developments made
at the Radiation Laboratory but also developments made at other labora-
tories in this country and in the United Kingdom. In this respect we
are particularly fortunate in having had the closest cooperation with these
laboratories.

This book is written for the circuit designer in government, industrial,
or academic research laboratories who chooses to carry out a timing,
computation, or measurement operation by means of electrical circuits.
The material of the book has therefore been classified according to circuit
functions, in order that the circuit designer may immediately find a com-
pilation of useful circuits for accomplishing a particular function and
select the one best suited to his needs.

In this respect the classification of material differs somewhat from that
of earlier books concerned with electronic circuits where classification
according to circuit type or tube type was often employed. Considerable
difficulty was experienced in attempting to use such a classification
because of the versatile nature of electrical circuits. For example,
electronic switches may be used to carry out many entirely different func-
tions in which the design considerations of the associated circuits are quite
dissimilar, although the actual switching elements are identical. A simi-
lar difficulty arises in discussing a circuit like the multivibrator; it too may

1



2 INTRODUCTION [SEC.1,1

beusedfor a variety of purposes. Yet theciesign considerations differ
markedly depending upon whether it is used, for example, for pulse gen-
eration or for frequency division.

The material of this book begins with a survey of the properties of
linear and nonlinear circuit elements which are applicable to all the cir-
cuit functions of the book. From that point on the discussion proceeds
according to function—first the genera~lon of simple waveforms, next
the processes of amplitude and time analysis, modulation, demodulation,
and frequency multiplication and division. Mathematical operations
and the properties of special components constitute the closing chapters.
This classification permits easy comparative evaluation of the various
methods for accomplishing a given function and a reasonably complete
summary of the useful methods. The discussion is continued on the func-
tional viewpoint to the more complex systems for time measurement,
data transmission, computation, and display, which are the subjects of
Vols. 20, 21, and 22 of the Series.

In connection with these circuit developments there has been an even
more active development in a highly descriptive circuit jargon in the
various laboratories. This jargon is word-saving and often presents a
vivid picture of the physical operations of the particular circuit-for
example, “flip-flop” or “fiopover,” referring to different types of multi-
vibrator circuits. Considerable difficulty has been encountered in
adhering to the colloquial jargon throughout this book since many of
these names refer to a specific circuit but connote an action obtainable
from many circuits. For example, a thyratron pulse generator can be
made to carry out all the functions of a “flip-flop” but rarely bears this
name. It has, therefore, been necessary to define new terms which may
have a greater generality of applica~on. In choosing these terms, an
attempt has been made to define only the basic processes and circuit
functions and to maintain the “given” name for the various circuits—
for example, multivibrator, phaqtastron, sanatron, blocking oscillator,
etc. A glossary of terms starts on page 775, and it is intended that this
be the connecting link between the terminology in this book and that used
in various laboratories.

Fhially, we have attempted to indicate some directions in which future
developments can proceed. Nearly always limits to the performance
have been set by the characteristics of circuit components, such as
vacuum tubes, resistors, capacitors, transformers, etc. Much progress
has been made in the standardization and in the improvement of the
quality of circuit components during the war, but there yet remain many
basic factors that limit the rapidity or the stability of action of these
circuits. Whenever possible, the limitations imposed by available com-
ponents have been pointed out, and in many cases a comparison of com-
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ponents is made. It is our hope that the discussions are presented in
such a manner as to stimulate original thought and circuit develop-
ment by the reader.

1.2. Relation to Preceding Books.—Volumes 17 to 22 of this series
include the important phases of the work of the Receiver Components
Division of the Radiation Laboratory, and hence much of the material in
these volumes is closelv related. Some of the material of these volumes
has applications in other volumes of this series, in particular that con-
cerned with Pulse Generators (Vol. 5) and those concerned with Systems
(Vols. 1 to 3). Since much of this work concerns properties of circuit
components themselves, the first volume of the group, Vol. 17, is called
Component Handbook and includes available information on fixed com-
ponents, resistors, capacitors, and inductors, and much information
about the characteristics of precision potentiometers, variable capacitors,
and synchros. In addition, the characteristics of vacuum and gas-filled
tubes are Dresented. This material is of ~articular interest for circuit
designs th& require operation with a Klgh degree of precision over a wide
range of temperatures. Much of this material is essential to the satis-
factory construction of the circuits described in thk volume, and, unless
the re~der has similar information already available, he i: referred to
Vol. 17 before embarking upon the construction of any of the precision
circuits of this book and of Vols. 20 and 21.

Volume 18, Vacuum-tube Amplijiem, is of some interest to the readers
of this book because of the extensive discussion of linear analysis and
transient response and the transfer characteristics of linear circuit ele-
ments. In addition, wide-band amplifiers are discussed in detail.
Although the requirements for these amplifiers are not usually identical
with those used in waveform generation, many important data on the
operation of wideband amplifiers with and without feedback for wave-
form amplification are presented and are extremely valuable to the reader
of this book. The discussion of direct-couuled amdifiers. low-fre-
quency high-precision amplifiers, and frequency-selective amplifiers is also
useful.

Many of the circuits described in the present volume have been pre-
sented in earlier works, but the application of these circuits to radar has
resulted in basic improvements and in the extension of the operating
range of the circuits. The circuit technique previous to the war is well
represented in a number of textbooks to which the reader may refer. *

1H. J. Reich, Theory and A pplkatiorw of Electron Tubes, McGraw-Hill,New York,
1944; F. E. Terman, Radio Engineers’ Handbook, McGraw-Hill, Yew York, 1943;
F. E. Terman, Radio Engineering,Znd cd., McGraw-Hill, New York, 1937; M.1.T.
E. E. Staff, Applied Electronics, Wiley, New York, 1943; J. G. Brainerdet al., Ultra-
high-frequency Techniques, Van N’ostrand,sew York, 1942; O. S. Puckle, Time Baw,
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1.3. Content of This Volume. —This book covers several definite
aspects of circuit techniques involving precisely controlled voltages and
currents of various waveforms. There are two introductory chapters
(2 and 3) dealing with operations on waveforms with linear and nonlinear
circuit elements. The application of these basic elements to the genera-
tion of waveforms is the subject of the next chapters (4, 5, 6, 7, and 8).
Sinusoids, pulses, rectangles, triangles, trapezoids, hyperbolas, parabolas,
and exponential waves of both voltage and current are considered in detail
with special regard to methods which ensure their rapid initiation and the
accurate control of their shape. The next two chapters of the book (9 and
10) are devoted to a discussion of the methods for analyzing a waveform
with respect to amplitude or time, and include the various methods of
selecting a portion of a given wave. Special emphasis is placed upon the
important process of marking the instant of equality of two waves, which
is basic in precision timing techniques.

Variation of the parameters of amplitude- or time-analysis methods
also leads to important modulation and demodulation processes, and the
next chapters (11, 12, 13, and 14) treat those methods of modulation and
demodulation which have been found to be of most use in precision cir-
cuits. At this point the scope of the book is expanded to include opera-
tions with slowly varying voltages or mechanical signals, since many
important circuit operations depend upon modulation in accordance with
controllable shaft rotation. The complementary demodulation processes
are presented, and special emphasis is given to those circuits that are
suitable for operating with intermittent waveforms.

The impo~tant pr~cess of linearly modulating the time interval between
two portions of a waveform (linear time modulation) is discussed in some
detail since this is a basic process in accurate time measurement, and a
summary of methods is included. It is unfortunate that time did not per-
mit a presentation of the methods of frequency modulation and frequency
selection. Much of this material has been covered in standard texts and,
in adtltion, some twin-T selective circuits are given in Vol. 18, Chap. 10.

The next three chapters—15, 16, and 17—treat the basic aspects of
the synchronization of waveform generators to accomplish frequency
multiplication and division of sinusoids or pulses. Many of these proc-
esses depend u“pon aperiodic counting circuits, and a chapter is devott?d
to their characteristics.

The precision of the basic processes described in the earlier chapters is
sufficient to permit a number of basic mathematical operations to be
carried out with reasonable accuracy. For example, a hyperbolic wave

Wiley, New York, 1943; W. B. Lewis, Electrical Counting, c:mbricl~c, London, 1942;
R. H. Miiller,R. L. Garman,and M, E. Droz, Ezperimentat Electronics, Prentice-Hall,
New York, 1943.
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may be used to solve a right triangle, or a parabolic wave may be gen-
erated to obtain the square of a quantity. Methods of addition, sub-
traction, differentiation, integration, multiplication, division, squaring,
and square-root extraction are given in Chaps. 18 and 19.

Chapter 20 treats the techniques used in the measurements of wave-
forms which can be carried out with a simple oscilloscope. This chapter
does not, however, treat oscilloscope-design principles.

The last chapters treat delay devices which are a specialized but
extremely important class of components in which an input wave is
reproduced at the output after a fixed delay. The cathode-ray-tube
storage device is the most recent and certainly the most versatile of these,
and the available data are summarized. In addition, a treatment of the
properties of electrical delay lines and supersonic devices is given in the
closing chapters.

1.4. Relation to the Succeeding Volumes.—The application of the
basic circuits of the present volume to the problems of radar range
measurement, precision data transmission, and computation is the con-
tent of the next two books, Vols. 20 and 21. In addition, the apphcation
of the various timing waves to cathode-ray-tube display systems is the
subject of Vol. 22. Lastly, some of the timing and synchronizing circuits
are used in microwave receivers, the subject of I“ol. 23. The interde-
pendence of this book and Vol. 20, Electronic Time Measurements, is,
however, the greatest, and much of the material of that book represents a
natural continuation from the material on time modulation and frequency
multiplication and division to the problem of synchronization and preci-
sion time measurement in radar systems. For example, Chap. 4 of Vol.
20, “Fixed-time Markers, “ is a natural extension of the basic circuits for
frequency multiplication and division. Similarly the details of construc-
tion and performance of precision time modulators useful in radar systems
are given in Chaps. 5 and 6 of Vol. 20. Chapters 7, 8, and 9 of Vol. 20
give examples of manual and automatic time-measuring systems. Chap-
ters 10 and 11 continue the application of pulse-timing techniques to
precision data transmission, and Chap. 12 gives the detailed considera-
tions involved in the cancellation of waveforms through the use of super-
sonic delay devices.

The material of Vol. 21 dealing with automatic computation and
electronic-instrument servomechanisms depends to a certain extent on
the material of this volume. The portions of that book devoted to
voltage and current regulators and to design and construction practice
are of considerable importance for those interested in building a complete
apparatus that will perform satisfactorily under adverse conditions. In
addition, a portion of Vol. 21 is devoted to the characteristics of test
equipment for timing and computation devices.
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1.6. Method of Treatment.-The method of approach to the content
of this book is discussed in considerable detail laterj but it is suitable to
state here that the main emphasis is upon what the circuit does, how it
does it, and what difficulties the circuit designer would have to avoid in
order to duplicate the results quoted. Wherever possible, a diagram of
a well-engineered circuit and the characteristics of precision components
are given.

A number of waveform photographs have been taken at various points
in these circuits and are believed to illustrate their operation better than
an equal amount of print.

The approach to the circuit technique described in this volume has
not been strictly mathematical but as much mathematics as has been
found useful has been included, and quantitative relationships are
given wherever possible. Some of the nonlinear circuits discussed—
notably the blocking oscillator and to a lesser extent the multivibrator
—pose very difficult and as yet unsolved mathematical problems, and
no rigorous mathematical design procedures are yet available which
apply in general to these circuits. A satisfactory approach to circuit-
design problems is described in the next section and includes a subdivision
of the operation of the nonlinear circuit into several stages, in each of
which the operation is approximately linear. In addition, an extremely
useful table for the shaping properties of various linear networks and a
simplified operator technique greatly implement the problems of circuit
design. Unfortunately, many of the circuit designs of this volume were
carried out without the benefit of these useful tools.

Of particular importance are the improvements in the precision,
reliability, and producibility of the circuits described here since vast num-
bers of similar equipments have been called upon to operate under
singularly adverse conditions and have been required to give visual or
other indications to a high degree of precision. It is possible that the
enduring value of this work will lie more in the basic approaches to the
question of precision than in the specific circuits that have been developed
under the urgent stress of war conditions.

In approaching the problems of precision, reliability, and producibil-
ity, the circuit engineer has summarized these requirements by a single
requirement-” designability “-that is, the development of circuits whose
operation can be predicted accurately. If component tolerances and the
conditions of service (temperature range, humidity, etc. ) have been taken
into account and a single experimental model has been built, it is to be
expected that a ‘<designable” circuit can be reproduced in quantity with
no further difficulty. Although this circuit design often leads to the use
of more components than the minimum necessary, these extra components
are usually paid for in terms of increased reliability, producibility, and
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precision. In addition, the servicing problem should be more simple,
since the operation of the circuit can be precisely specified, and conse-
quently the location of a fault can be easily determined. The design
principle has, of course, wide acceptance in most branches of engineering,
but because of the difficulties in specifying all the properties of the’com-
ponents used in circuit design, the specialized nature of the design work,
and, on the other hand, the extreme ease of assembly and modification of
experimental electrical equipment, this principle has not found universal
acceptance. Thk is especially true’ in the case of extremely complex
circuit configurations, components for which complete specifications are
not available, or circuits involving excessive nonlinearities. The approach
to the circuit technique presented in the next section, however, gives
general principles whereby the principle of “designability” may be
applied to most of the circuits of this volume.

Definite exceptions to the principle of designability may be made in
experimental equipment where production is not required and where the
useful life of the apparatus may be considerably less than that of the com-
ponents. Such equipment is often used in physical experiments and
usually operates as closely as possible to the fundamental limitations of
the components in order that the maximum sensitivity and accuracy may
be obtained.

1.6. Uses of Waveforms.-The principal uses of waveforms are indi-
cated by the content of the other volumes associated with this book, and
the discussion already given in Sec. 1.4 indicates such applications.
These and other important applications are enumerated as follows:

1.
2.
3.
4.

5.
6.

7.
8.
9.

10.

Timing waveforms for cathode-ray-tube displays.
Freed electronic timing indices.
Movable electronic timing indices.
Synchronization of timing circuits including frequency multiplica-
tion and division.
Synchronization in angle for cathode-ray-tube or other display.
Precise communication of audible or positional information by
pulse timing methods.
Application to high-resolution television.
Applications of precise timing techniques to electrophysiology.
Application of precise measurement techniques in physics, chemis-
try, and biology.
Applications of precise time-measurement techniques to nuclear
physics.

There are, in addition, two important applications which present
important possibilities but about which very little has been done as yet.
The first is the use of waveforms in computation. The simple mathe-
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matical operations, especially integration, have been carried out with
reasonable accuracy and appropriate methods are described in this vol-
ume. But the more promising use of these pulse techniques appears to be
in the sequential or digital computers. 1 These computers permit
extreme flexibility and rapidity in the mathematical solution of complex
problems, and a pulse representation of mathematical quantities is of
great use in these projects, as are the methods of storing and counting
information.

Amplitude or time-modulated pulse trains present interesting possi-
bilities for multichannel communication, since the mutual interference-
rejection property of simple time selectors is excellent compared with that
of more complicated frequency selectors.

Lastly, many applications of this precision circuit technique to indus-
trial measmement and process control are possible, and it is believed that
the basic material of this book combined with the practical examples of
time measurement and computation in Vols. 20 and 21 will suggest to the
reader a large number of new practical applications.

BASIC CONCEPTS AND THE METHOD OF APPROACH

BY F. C. WILLIAMS

Previous treatment of waveforms has been directed mainly to sinu.
soids and tbe various manipulations that can be performed on them, such
as addition (and subtraction), amplification, modulation and demodula-
tion in amplitude, frequency, and phase. Some attention has been given
to the effect of nonlinearities, but this effect has most often been treated
in terms of the harmonic distortion introduced. This distortion has
usually been reduced by avoiding nonlinearities. In modulation and
demodulation, however, nonlinear elements have been widely employed,
but even here, Fourier analysis, in terms of harmonic components, is
often used as an analytical weapon. It has also been the practice to
break up complex waveforms into their sinusoidal components to render
them suitable for formal mathematical attack.

In approaching the subject matter of this book it is preferable to
make a clean break with the traditional approach. It is the object of
this chapter to indicate why this is so, to outline the new approach, and
to illustrate briefly by example the new processes and concepts that are to
be discussed in detail in later chapters,

1.7. Basic Concepts. Linear Elements.—The waveforms that will be
considered are not sine waves, but square waves, pulses, and even more
complicated shapes (see Fig. 1.1). When two waves are added, the result
is far less similar to the originals than is the case with sine waves, and

1“ Eniac,” Moore Schoolof ElectricalEngineering,U. of Pennsylvania.
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the concepts of amplitude change and phase shift are of little use; they
are largely replaced by new concepts of shape, duration, and time of
occurrence. Again, complex networks that merely shift the phase and
modify the amplitude of a sine wave completely transform the shape of

(b) —nJU1—f
(c)A/l/l

Fm. 1,1.—Examples of waveforms. (a) Symmetricalrectangularwave(squarewave),
(~)Pukes. (c) Resultof quasiintegrationof (a). (d) Resultof quasidifferentiationof (a).
(e) Trian@ar wave. U) Trapezoidalwave.

the nonsinusoidal input. The effect is illustrated in Fig. 1.2, which shows
the effect of applying a sine wave and square wave to two RC-net-
works. The general process of changing wave shape by impedance rela-
tions, of which the above is an example, is termed “linear shaping. ”

(a)

(c)

l———h!,

‘“i ~
(d)

FIG. 1.2.—The effect of applying a sine wave and a square wave to two RC-networks.
In (b) the sinusoid is attenuated by the ratio of the resistance to the total impedance, The
square wave is, however, quasi-differentiated; only the high-frequency com~nents are
passed. In (d) the sinusoid is attenuated by the ratio of the reactance to the total imped-
ance. The square wave is quasi-integrated; only the low frequency components are pa-d.

For reasons that will become apparent later the amplifier is rarely used
in its normal role, but even when it is, the conditions of operation are
somewhat different since now the highly critical eye, or the even more
cnticaf electrical instrument, replaces the rather undiscriminating ear, and
higher fidelity is demanded. In this connection, negative-feedback
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amplifiers have proved invaluable. Another very important use of
negdive feedback in amplifiers is the control it gives over input- and out-
put-impedance characteristics. Many waveforms appear initially across
unsuitably high impedances, and the amplifier may be used not to increase
the size of the waveform but to make it available with low source imped-
ance. The well-known cathode follower is a typical example. The
process of linear shaping is often carried out in amplifiers, particularly in
the negative feedback type; such amplifiers are called “linear shaping
amplifiers.”

Use of Nonlinear Elements. —Another method of changing wave shape
is by overloading an amplifier. Here deliberate use is made of the non-
Iinearities at the extremities of thermionic-tube characteristics. These
nonlinearities were previously regarded as a nuisance, but in this field

FIG.13.-Conversion of a sinusoidto a squarewaveby anoverloadedsmplifier. The
outputis thatwhichwouldbeattainedfroma tubewithzerogridbase;actuallythesidesof
the outputwaveformwillnot be vertical.

they are often of prime importance, the nuisance role being allotted often
to the short, sensibly linear part which joins the nonlinearities. For
example, in generating a square wave from a sinusoid, the circuit of Fig.
1.3 may be used. Here the grid is swung rapidly from cutoff to zero bias
by a large sinusoidal input. The tube is either “turned on” or “turned
off” for the bulk of the cycle, and the sensibly linear transition of anode
current between these conditions is undesirable since it causes the sides of
the output wave to be sloping instead of vertical. The shorter the linear
part, in terms of grid voltage, the steeper the sides will be; the ideal would
be to reduce it to zero.

In this example the nonlinear characteristic is regarded as having
abrupt transitions between separate linear states rather than as a con-
tinuous nonlinear curve; the precise curvature of the characteristic is
rendered unimportant by the use of a large input waveform. This is
typical of the major use of nonlinear elements and will be discussed in
more detail later (Sec. 1.8).
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There are, of course, circumstances in which the circuit elements
are required that have a continuous nonlinear law of specified shape, such
as a parabolic or exponential curve. Typical uses of nonlinear operation
of this type are in multiplication and division of the instantaneous values
of two waveforms and in instantaneous squaring and extraction of square
roots. Instances of this kind are, however, comparatively rare due in no
small measure to the difficulty of obtaining in quantity elements that
obey the required law with sufficient accuracy.

Operations in the Amplitude Axis. —Very often the precise position of
a voltage waveform in the voltage axis (d-c level) is of considerable impor-
tance; it maybe specified in two ways. First the mean level of the wave
may be held at a particular voltage. This is the well-known process of

h

-/l+300 v

o
R,

+150V

,50v4vl.-

(a) (b)
FIG.1.4.—Amplitude selection and comparison. As the cathode of the diode V, is

bltwed at +150 volts, only that part of the triangular waveform exceeding +150 volts
apwm in the output8sindicatedat (b). The lower line of (b) indicates a pair of pubes
derived by amplification and shaping. This combination of selection, amplification and
shaping is termed ‘‘ amplitude comparison.”

“biasing.” Second, a certain part of a waveform may be held at a certain
voltage level. This is often called” d-c restoration. ” Both are processes
of “level setting.” The first involves linear and the second nonlinear
elements.

When the general level of the wave has been fixed, it maybe required
to reproduce only that part of the wave that exceeds a certain level. This
process is called “amplitude selection” and is illustrated in Fig. 1.4.
Here a sawtooth waveform starting from zero volts is applied to the plate
of a diode whose cathode is connected-to 150 volts through the resistance
RI. The diode will not conduct until the input waveform exceeds 150
volts; thereafter condtiction will cause the output to follow the input until
the waveform once more falls below 150 volts and thus. gives the output
shown. The circuit in this way “selects” that part of the waveform that
exceeds 15o volts.

The instants at which the input waveform has the value 150 volts
are indicated by abrupt discontinuities in the slope of the output wave-
form. Since the sharrmess of these discontinuities can be increased
considerably by subsequent amplification, so an extremely abrupt dis-
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continuity is obtained which can be used tomarkprecisely the instant of
equality of the input wave and the fixed potential. The amplifier often
includes shaping processes which produce a marker pulse, as shown on the
lower line of Fig. 1.4b. In the interests of economy regenerative ampli-
fiers are preferred to linear amplifiers for this purpose and will be discussed
later. The general process of thus marking the instant of equality of
two waveform amplitudes is called “amplitude comparison” and forms
the basis of nearly all methods of precise range measurements.

Another important use of amplitude comparison is revealed if the
150-volt supply to which RI is returned is replaced by a potential that
varies relative to 150 volts in accordance with an input signal. The time
elapsing between the start of the linear rise in a and the occurrence of the
pulse in b will be modulated in accordance with the signal intelligence.
This is an example of the important process of “time modulation. ” The
inverse process, that of recovering the intelligence from a time-modulated
waveform, is called “time demodulation. ”

Another useful process, somewhat similar to amplitude selection, is
that of “amplitude discrimination.” Here the objective is to determine
whether one waveform is of greater or less amplitude than another; the
magnitude of the difference is also indicated approximately, but the
emphasis is on the sense of the difference. The process may be either
continuous, as in the case of equating two continuous quantities, or dis-
continuous as in the equating of an amplitude-modulated sinusoid to a d-c
reference level—for example, in automatic-gain-control circuits.

Operations in the Time Azis.—Corresponding to those processes in the
amplitude axis there are similar processes in the time axis. These are
known as “time selection,” “time discrimination,” and ‘‘ time compari-
son. ” Here there is no fixed reference as there was in the amplitude axis,
and its place must be taken by repeated reference points synchronous with
the waveform. In many cases the reference point will be a portion of the
waveform itself; in others it will exist separately as a pulse train.

In this connection it is of great value to consider only one complete
cycle of the waveform and to treat the beginning of this waveform as a
single reference point in the time axis. This is the picture that results
from displaying the waveform on a cathode-ray tube with a linear sweep
of duration equal to the waveform duration and triggered by the reference
pulse or by the chosen reference point of the waveform. In this way, the
complexities of multiple time references are avoided, and the discussion of
operations in the time axis is simplified.

Time selection is the process of separating one event from other events
by virtue of the time, relative to the reference instant, at which that event
occurs. A crude example is the well-known phase-sensitive rectifier,
where the circuit responds only to alternate half cycles. More refined
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examples often occur m pulse-radar practice-for instance, where it is
required to separate the echo of a particular object from other echoes,
which may be similar except for the time delay with respect to the trans-
mitted ~ulse. The selector will pass only that echo which arrives in an
interval having a certain time delay.
The system will, of course, provide no
selection against echoes with equal or
nearly equal time delays. Figure 1.5
shows a train of typical echoes a, to-
gether with a locally generated selec-
tor pulse b. This selector pulse is
arranged to embrace the wanted echo.
It is used to operate some form of
‘switch circuit that will pass a signal
occurring during the pulse and reject
anything occurring before or after
the pulse. The output waveform ~f
the time selector is shown at c.

(a)

(b)

(c)
FIG. 1,5.—Time selection. A train of

tvnical radar echoes is shown in (a). A
lj~ally generatedselector pulseis indicated
in (b), and the selected echo in (c).

If the train of echoes of Fig. 1.5a is displayed on a cathode-ray tube by
means of the triangular timing wave of Fig. 1.4, an alternative method of
time selection is available. A mechanical aperture maybe used to block

(,) ——JL___

(~) ~

FIG. 1.6.—Time selection and
discrimination. The portions of
the pulse displayed in (a) overlaw
ping Portion 1 and Portion 2 of
selector pulse (b) are rectified and
subtracted; the difference gives an
indication of the relative times of
occurrence of the signal and the
step. The portions of the signal
(a) occurring before and after
selector pulse (b) are indicated as
(c) and (d) respectively.

off all but the wanted pulse. For visual
use this aperture, which might be movable,
would perform the selection function.
For nonvisual use, where an electrical
signal is wanted, a photocell pickoff can
be used. For this purpose an intensity-
modulated display is preferable to the
amplitude-modulated display shown.

Time selection with ab~pt apertures
as indicated in Fig. 1.5 can be made
extremely sensitive to small variations of
the relative times of occurrence of signal
and selector pulse. An amplified view of
a signal a and one edge of pulse b is indi-
cated in Fig. 1.6. If it is required to know
whether the center of the pulse shown in
a occurs before or after the step shown in

b, that portion of a occurring before the step can be compared with
that portion occurring after the step, by rectifying the two portions
separately and comparing the rectified output voltages. The portion
selected for the first rectifier circuit c is obtained from a time selector
operated by a selector pulse consisting of Portion 1 of pulse b, and that
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for the second detector circuit d is obtained from a time selector operated
by Portion 2 of pulse b. If the rectified outputs are balanced against
each other, the difference measures, over a limited range, the extent to

(a)

(b)

(c)

(d)

(e)

n

FIG. 1.7.—Time dkcrimina-
tion by a Pnir of time selectors.
The input signal is indicated =
(a) and the adjacent eelector
pulses aa (b) and (c). The over-
lapping pertions of the eignal
and selector pulses are indicated
as (d) and (e). Rectification and
subtraction of (d) and (e) give a
signal which is extremely aemsi-
tive ta the time of occurrence of
(a) relative to (b) aud (c).

-.
which the center of the pulse occurs before
or after the step. This is the process of
time discrimination, and although an ap
proximate measure of the magnitude of the
time difference is given, the sense of the dti-
ference is the major feature. If the time
variation of the signal is in accordance with
intelligence, a time discriminator demodu-
lates this intelligence and converts it into a
signal useful for visible or audible indlcw
tion or for control purposes.

As in time selection, the step may be
replaced by a mechanical aperture on an
intensity-modulated CRT display. Here
the step would be replaced by a partition
having a photocell on each side. The out-
puts of the photocells are directly com-
parable to the rectifier outputs considered
above.

Time discriminators very often employ two adjacent short-period time
selectors, each followed by a rectifier (see Fig. 1“7). The first rectifier
measures the amount of the pulse con-
tained in the first selector interval b,
and the second one, the amount con-
tained in the second selector interval c.
If the two outputs are opposed, zero out-
put is obtained when the pulse is centered
on the junction of the two selectors;
when the pulse is misaligned the sense of
the output depends on the sense of the
misalignment. If the misalignment is
too great, with the result that the pulse
does not lie in either selector interval,
the output is again zero. The circuit
thus performs the function of selection as
well as that of discrimination.

By analogy with amplitude compari-

(a)
n

FIG. 1,8.—Time comparison.
Time selection of a portion of wave
(a) by a narrow selector pulse (b)
gives a pulse of amplitude e, which,
during the first cycle of detection
is used to obtain waveform (c).
The amplitude of (c) is a measure of
the time delay of (b) with reepect to
(a) and is therefore used for time
demodulation.

son, time comparison may be defined as “the process of determining
the amplitude of a waveform at a given instant”; but it is a special
case of time selection in which the selected interval is made very
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narrow in order to give the instantaneous amplitude. For the purposes
of waveform analysis, where it is required to determine amplitude as a
function of time, amplitude comparison, which finds time as a function
of amplitude, is the preferred method. On the other hand, time compari-
son is extremely useful for obtaining an output voltage that varies
depending upon the relative time of occurrence of the selector pulse and
the waveform. If, for example, a triangular timing waveform is used as
indicated in Fig. 1.8, the output from a detector following’the time selector
will give a voltage linearly related to the delay of the seIector pulse with
respect to the time of initiation of the triangular wave. This is a useful
method of time demodulation.

108. Method of Approach.—Enough has now been said to indicate the
nature of the problem to be discussed. The sinusoidal approach involv-
ing Fourier analysis and linear circuits will clearly be of little help.
What approach can be substituted for it? Unfortunately, there is no
simple answer to this question. There is no continuous mathematical
approach that can handle the nonlinearities; and mathematical approaches
are constantly hampered by the need to change parameters and even
whole equations when a nonlinearity is encountered. Consequently, a
great deal of physical argument is needed to reestablish the mathematics
in terms of new conditions. These arguments are greatly simplified by
considering the circuit diagram in conjunction with a set of waveform
diagrams which i~lustrate the cyclic variations of potential or current, as a
function of time, at selected points in the circuit. In this connection it is
useful to draw the diagrams in a column, to a common time scale, and
arrange them in cause-effect order. Thus the diagrams of Fig. 1.4 would
appear as in Fig. 109.

In the application of the method to this simple case, the top waveform
el = kt would be drawn. Then, at the beginning of the waveform, the
equation for ez is ez = E volts since the diode is nonconducting. During
the rise of potential, this equation holds until el = E, when the diode

()conducts, A new equation, ez = E + (e, – E) & J then holds,

where Rd is the resist ante of the diode. This equation holds until e,
again falls below E. Thereafter the first equation is again relevant. It
is not always possible to draw the whole of the top waveform immediately.
Sometimes this can be drawn only up to the first nonlinearity on account
of some loading or feedback introduced by the nonlinearity. In such
cases progressive development of the whole column of wavefomns from
some assumed starting condition is the usual procedure. The cycle is
complete when all the initial conditions are reinstated. If the initial con-
ditions are not reinstated, either the assumed conditions were unsuitable,
or the system is incapable of repetitive operation.
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The process just described illustrates a basic principle in the technique
of waveform generation. This is concerned with the method of use of
nonlinear components. Ifthecalculation process given istobevalid, itis
essential that the nonlinear component should comprise separate linear
states and not exhibit continuous nonlinearity over any considerable
range of operation. Thus the diode has been treated as having infinite
resistance when the plate is negative relative to the cathode, and as having
a fixed resistance Rd when the plate is positive. These two states are
inevitably joined by a period of transition where Rd is variable. It is a
major principle of circuit design to choose the waveform amplitudes
and nonlinear elements in such a way that this transition is of negligible
duration. For this reason high waveform amplitudes are used in conjunc-

Input

L
v,

output

R e2

E

FIG, 19.-Illustration of

I t
Input el= kt E

i o
t=o

output

Io 0
circuit diagram and set of waveforms.

tion with nonlinear elements”in which marked curvature of the character-
istic is limited to a small range of applied voltage. Furthermore, when
the major variations of Rd have been passed, Rd still exhibits some small
variations with operating conditions. It is a further principle of design to
choose components and conditions such that these variations are also
negligible. For example, in Fig. 1.9, if a precise output waveform were
wanted, R would be made much greater than Rd; consequently variations
of R,j would be incapable of influencing the output appreciably. A further
reason for adopting this policy of rendering negligible the effects of
transition curvature and Rd variation lies in the fact that two samples of
a given nonlinear element are unlikely to be precisely equivalent, and
circuits that depend on precisely known nonlinear characteristics are
troublesome in production a~d use for this reason.

Applications of these and other principles to the design of these cir-
cuits are developed in Chap. 2.



CHAPTER 2

OPERATIONS ON WAVEFORMS WITH
LINEAR CIRCUIT ELEMENTS

BY F. C. WILLIAW

2.1. Linear Circuit Elements. —These comprise the components,
resistante, capacitance, and induct ante, and also linear amplifiers.
With regard to the components, the major consideration is stability of
value with time and temperature. This is difficult to achieve in higher
values of resistance, and large variations may be observed with resistances
in excess of 5 megohms. The higher values of capacitance, where paper
dielectric is used, are also subject to variations and have leakage asso-
ciated with them which is very dependent on temperature. It is also
worth noting that inductance al~rays has resistance associated with it

“m
FIG. 21.-A delay line made up of lumped inductance and capacity. The delay for—

each section is approximately <.LC. (This neglects mutual coupling between the induct-
ances, so usually a larger delay is obtained,) Cutoff frequency equals approximately
I/u ~, characteristic impedance = dL/C.

because of copper losses, dielectric losses, and, in the case of iron-cored
structures, iron losses. These points are dealt with at length in Vol. 17.

Another useful circuit element is the delay line, which may be either
continuously wound, or made up of lumped inductance and capacitance as
shown in Fig. 2.1. One function of this device is to delay a waveform for
a period equal to the transmission time of the line with a minimum change
of shape; for this use it should be terminated by its characteristic imped-
ance. If it is not so terminated, reflection will occur and the wave shape
will be modified. This has been found a very useful method of linear
shaping. For instance, it can be used to convert a step function into a
pulse whose duration is defined by the transmission time of the delay line.

Delay lines can be made to give only relatively short delays, of the
order of 10 psec or less; with longer delays the shape of the waveform is

17
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not preserved. When longer delays are needed, more complex arrange-
ments are used, such as supersonic delay tanks and storage tubes (see
Chaps. 23 and 21).

Transformers of two classes are finding increasing use. In the first
type (Fig. 2“2a), the waveform is passed without appreciable change of
shape, and the transformer is used to transform the impedance level, to
shift the waveform in the voltage axis, or to produce it across a winding
that is free at both ends and that can therefore be connected in series with
other waveform sources. These are usually called” pulse-passing” trans-
formers. In the second type, considerable shaping of the wave is intro-
duced by choosing the primary inductance such that a short time constant
is formed with the resistive load (see Fig. 22b). The second type is
referred to as “cliff erentiating” transformers.

Time constant

(a) (b)

& <<r

Pulse passing Differentiating

FIG. 2 2,—Two types of pulse transformers useful in waveform shaping, For a current
waveform, in (a) the input is reproduced in the output, and in (b) the input is approximately
differentiated.

Amplifiers of normal design are occasionally used, but negative feed-
back is very widely employed for a variety of uses. Its use for impedance
conversion is typified by the simple case of the cathode follower. Nega-
tive feedback also provides stability of gain and some very flexible
methods of linear shaping of waveforms, as will be explained later.

It should be noted that where circuits are composed entirely of linear
elements, the final result is independent of the order in which they operate
upon the waveform, and, in parallel networks, may be obtained by simple
addition of the component outputs. Similarly, a complex waveform may
be broken into its component parts, and the responses to the components
may be determined separately and added to give the total output. Any
circuit nonlinearity invalidates these methods of analysis.

2.2. Potential Division and Addition.-Circuits suitable for potential
division and addition are shown in Fig. 2.3.’ The solutions in the righh

1So long as elementsof one type only are employed,such as resistance,the use of
nonsinusoidalwaveformsdoes not greatly affect the uses or mathematicalapproach
for circuit calculations. This is also true of networksmade up of mixed components
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hand column can be obtained by using Th6venin’s theorem in its inverted
form-that is, “the potential difference between any two points in a
linear network is the current flowing in a short circuit connecting those
two points multiplied by the impedance of the network measured between
those points, when the short circuit is removed. ” In each of these
formulas the net impedance from A to ground enters into the solution;
this has not been evaluated in terms of the input impedances because it is
often necessary to connect a small impedance from .4 to ground to reduce
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FIG.2.3.—Some examples of the use of paasivecircuit elements for potential division and for
addition.

mutual coupling between the input voltages; when this is done this imped-
ance may be the controlling factor in the value of the impedance A to
ground.

2,3. Waveform Shaping by Passive Elements.—When the compo-
nents in the various arms of a network are dissimilar, some departure from
standard analytical processes becomes necessary, for now the statement
that the impedance of R and L in series is R + jJ will apply only to the
sinusoid@ component of the waveform of frequency OJ/27r. Hence the
operational notation R + pL will be used, where p represents d/dt. The

provided every arm is similar—thatis, in the case of arms comprising R and C in
parallel,each arm must have the same time constant. The same is true if the arms
compriseR and C in series.but seriesand parallelarmsmustnot be mixed.
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justificauon ~or this representation and for the operations to be performed
with functions of p will be considered below (Sec. 2.7). For convenience
the name “impedance” will still be applied to quantities such as R + pL,
The main use of the notation will be not as a shorthand approach to
formulation of the differential equation of the complete circuit but rather
as a way of writing down an immediately recognizable transformation of
wave shape. The most commonly used combinations of L, R, and C have
associated with them an operationally stated transfer function and also a
known “waveform conversion” effect. Figure 2.4 indicates the operators
of the more useful networks, together with the responses to step functions
of amplitude and slope. Of the networks shown, the only one for which a
mathematical solution need be sought is a; the remainder become obvious
by inspection if the operator is broken into its component parts and
applied step by step in the appropriate order. It is essential to memorize
this first case, not only because it occurs very frequently, but also because
so many others rest on it, as maybe seen from the figure. The properties
of a may be summarized by the statement that when it is disturbed by a
discontinuity in the input, it will approach a steady state exponentially
with the time constant, T = CR. This steady state is usually obvious
from physical reasoning. This response is described in the figures by the
arrow and the notation “ T = CR” and by the additional symbols which
indicate the steady state.

In a and b the transfer function is of the form 1/(1 + pT), and the
resulting waveform conversions for step functions of voltage are shown.

The function shown in c is R/( I + pi”) and has the dimensions of
impedance since it converts a current waveform to a voltage waveform.
Its effect is broken up into two steps, X R, and X 1/(1 + PT). The
second factor rests on the solution for case a.

This process of breaking the operator up into recognizable conversions
is continued in d, e2 = elpCR/(1 + pCR) = el X pCR X 1/(1 + PCR),
and the sketches show how, by choosing the appropriate order of use of the

()component operators, recognition can be eased. Thus pCR = CR $
dt

is simply CR x the slope of the input curve; this is easy to apply whe”n
the step function is in slope but difficult when it is in amplitude. There-
fore, 1/(1 + pCR) is taken first when the step function is in amplitude,
and only finite rates of change remain on which pCR operates. Other
examples of operator breakup are given in the next two cases (e and j).

ease g is a most important one, since it forms the basis of nearly all
triangular waveform generators; it is the process of supplying a constant

current to a condenser, The condenser voltage, which is (l/C) f~ldt, is

a linear rise of voltage with time. The less important case of a step func -
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Fm. 2.4.—Tabulation of commonly used combinations of L, R, and C and their “ waveform conversion” effects.
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tion of voltage applied to an inductance is shown in case h. Case j is
included to illustrate the procedure in more complicated cases. The two
terms in the numerator are taken separately and the component wave-
forms added to give the final result.

Examples of this sort can be continued indefinitely, but perhaps
enough has been said to indicate the method of approach. The value of
this method lies in the fact that very many of the waveforms of value are
made up of step functions of amplitude or slope, either added or occurring
one after another. Since the circuits are linear, the principles of super-
position hold and allow considerable extension of these basic transforma-
tions. For example, a square mdse (see Fig. 2.5a) simply comprises

Component Total

Input Components response response

R

(a) ~

t— --”
1+7 ~ c–

rl ~ * ~

o & o~ t—
CR-T

FIG. 2.5.—The response of passive networks to waveforms made up of combinations of
step functions of amplitude or rate of change of amplitude (slope). In (a) the input hae
two component step functions; in (b) a step function of amplitude and of rate of change; and
in (c) a repetitive step function of amplitude.

two equal and opposite step functions displaced from each other in time
by the pulse width. The response of any of the above circuits to such a
pulse can be found by adding the known responses to these two step
functions. Similarly the parts of the waveform shown in Fig. 2.5b maybe
applied separately, and the responses to the component step functions
can be assessed and added. These methods are useful so long as the wave-
form is not repeated at a rate high compared with the settling time of the
circuit, for if such is the case it may be necessary to add many waveforms
covering many complete cycles of the input wave before a steady state is
reached.

At first sight this would appear to exclude from the method all circuits
containing integrators, since these have an infinite settling time. Fortu-
nately, this difficult y is nearly always removed by the use of some non-
linear element which resets the integrator to a fixed starting level once
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per cycle. In the few cases where this is not done, the solution can often
be found by physical argument, as in Fig. 2,5c. Clearly the output wave
must be symmetrical about O, and each section of it must be a part of an
exponential approach to either +-El or —El; thence, if the output ampli-
tude is 2E, as indicated,

El – Ez = (E, + EJe-R3 (1)
or,

(2)

and the waveform is specified in amplitude and shape. More generally,
the steady-state response for any such repetitive input may be calculated
by imposing a boundary condition of continuity at each input step.

Another use of the general method lies in the synthesis of networks to
commmsate for some unwanted but inevitable feature of another network.
A c&e in point is that in which it is required to generate a linear rise of
current in an inductor in response
to a step function of voltage. ~ (input) c

Here Case h of Fig. 2.4 might be +_*
e (output)

used if it could exist, giving the
operator l/Lp. In fact, case i is $=&&
all that can be had, and its opera-
tor can be reexpressed as

,&~j ~
Ax

1
Lp 1 + T/’@” /

Evidently to obtain the desired
“m :x;p=~; = “f:

result the step function should Fm. 2.6.—Rasponseof RC-networkto FJteP
funotion of current.

first be passed through a network

defined by the operator (1 + l/PT), where T = LIT. Figure 2“6 shows
such a network, the step function being one of current. The output volt-
age is as shown, and when applied to the inductor—through a cathode
follower, for example, to avoid loading the network—the current in the
inductor is

“8(’++)(*) (3)

RI I
= L~ ‘r

if RC = ~.
Zp (4)

This represents a linear rise of current at the rate I/rC amp/see, which is
the required result.
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2.4. Linear Amplifiers Using Negative Feedback.—In normal
amplifier usage the output amplitude exceeds the input amplitude. In
many of the applications considered here this will not be true since it is
sound practice to maintain waveforms throughout the system, from gen-
eration to final use, at the highest possible amplitude level. The reason
for this is, as has been explained, that variations in the properties of
nonlinear elements are thereby rendered less important. The major uses
of amplifiers are for impedance changing and inversion. Negative feed-
back is extensively used to give good linearity and flexible impedance
control particularly since the reduction of gain due to feedback is not a
disadvantage in this field.

The simplest case of the use of negativ~f,eedback amplifiem for imped-
ance changing is that where a waveform is developed across a high imped-
ance and it is required to supply the waveform to a load. Here cathode

ED
i-l-+ e2

e,

B+

*

FIG. 2.7.—Block diagram of negative-
feedback amplifier.

followers are commordy used. They
represent the simplest possible use of
negative feedback and yield high line-
arity and low output impedance.
Where cathode followers do not suffice,
either because some gain is needed or
because even lower output impedance
is called for, a multistage negative-
feedback amplifier employing voltage
feedback would be used. These have
been discussed at some length in Vol.

18, Chap. 9 of this series, with particular attention to the problem of
stability, and only their salient properties need be noted here.

Amplifiers with Voltage Feedback.preferring to Fig. 27, which is the
conventional figure for voltage feedback, the gain is

(5)

where A is the gain without feedback and ~ is the fraction of the output
that is subtrackd from the input voltage. The value of A may be either
positive or negative, depending on the method of applying the feedback,
but Ail is always positive in negative feedback amplifiers. Provided Ai3
is much greater than unity, Eq. (5) reduces to

(6)

and the gain depends mainly on the passive elements which determine j3.
Stability of Gain.—The dependence of the gain S with feedback on

the gain A of the amplifier without feedback can be assessed as follows.
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From Eq. (5)
A— .

‘=l+A@
Therefore,

d$j
dz = (1 +1Ai3)”

so that
ds 1 dA

T = mp T“
(7)

If A, 19,and S are all real at the frequency of interest, this equation
indicates that S varies only 1/(1 + Aj3) per cent per one per cent change
of A.

Output Impedance.-If the amplifier of gain A has output impedance
Z it will deliver A/Z amps per z
input volt into a short circuit
across its output terminals. The
factor A/Z may be defined as the
“transfer admittance” of the am-
plifier. In singl~stage amplifiers

Load
z~

this factor is the negative of the
mutual conductance as usually
defined, g. being treated as posi- ~
tive when A is negative. To dis- FIG. Z.S.—Equivalent output circuit of

feedback amplifier. The output impedance
tinguish the:difference, A/Z will be (z) of the amplifier tithout f=dback Z, ~
denoted by g,; but it should be ,hun~,dby $.
remembered that although in mul-
tistage amplifiers A/Z may be complex, in single stage amplifiers it is
equal to —gn.

If unit change of voltage is impressed on the output terminals of the
feedback amplifier by an external source, the current drawn from that
source will be (1/2 + ~g~) = (1/Z + /3A/2), and the effective output
impedance is therefore Z/(1 + Af?). This can be interpreted in two
ways: first as a reduction of the impedance without feedback (Z) in the
ratio 1/(1 + A@), or second (and this is more useful) as a paralleling of Z
and

(1//9) (Z/A) = (1/6gT).

The equivalent output circuit is shown in Fig. 2.8 together with a load
Z.. Sifice A@ is nearly always large, the shunt Z has very little effect
and the output impedance is very nearly

20 = ~.
139T

(8)
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This impedance can be made extremely low by using high g,, and the
output voltage is then sensibly independent of the load ZL.

Input Impedance. -Feedback also influences the effective input imped-
ance, but here the effect is very dependent on the method of applying
the feedback, and a general result cannot be quoted. If the feedback is
applied to the cathode of the first stage of the amplifier the potential

el e2

A+
~2

R

v 4
+6

+

= =
Fm. 2.9.—Block diagram indicating the uae of current feedback.

difference between grid and cathode of this tube is

el — Lle2J

and the current flowing in the grid-cathode impedance, Zi, is

el — flez
z, “

Hence the load seen by el is

(Z,)df =
t?lZi

— = (1 + A~)Zi
e, — bez

from Eq. (5).
In this configuration both A and

:-:--2”
21 4! “ “

+

FIG. 2,10.—Block diagram of plate-te –
grid-feedback amplifier. The gain ]s e*/e, x
– R,/R,.

@ are positive. If A is negative
(phase inverting amplifier), feed-
back is usually obtained by means
of an adding network in the grid
circuit (see Fig. 2.10) and the
result does not apply. Such am-
plifiers are discussed in Sec. 2.5.

Amplifiers with Current Feed-
baclc.-Corresponding results can
be obtained for the case where
accurate output currents are

wanted in the load. Here current feedback is used {see Fig. 2.9). The
previous formulas apply if (R/ZL)~ is written for 6, provided R <<Z. at



SEC.2.5] PLA TE-TO-GRZD FEEDBACK AMPLIFIERS

all the frequencies of interest. Hence,

and

A z.e2 =
R

el
‘@e’

if Af7~>>l

l+A9Z~

(9)

(lo)

and in thk case the output current is defined by passive components and
is sensibly independent of Z,. This lack of dependence on load is not so
easily illustrated by an equivalent circtiit here as it was with voltage
feedback, and since this circuit is much less frequently used it is sufficient
to note that the output circuit of the a~plifier appears as an effective
high voltage in series with a very high internal resistance. It is worth
noting as a design point that it is advantageous to use pentode output
stages since these tend to deliver current proportional to input voltage
and so assist the action.

2,6. Plate-to-grid Feedback Amplifiers.-A particular form of feed-
back which finds many applications is shown in Fig. 2.10. In this circuit.
A must be negative for negative feedback. The ~ain s is easily derivei

from Eq. (5) by noting that the effective

R,
and that o = – —; therefore,

R, + R,

and if – A &~>> 1, then

ez R,—=—— .
el R,

R,
input voltage is el

R, + R,

R2
R, + R%’

(11)

(12)

Thk purely mathematical approach does not give any inkling of the
physical mechanism by which the result is achieved, and it is worth while
to arrive at the same result by a physical argument to see what it really
means. Referring then to Fig. 2.10, let e, = O and let the amplifier be
adjusted so that ezis also zero. Point a will also be at zero and il = iz = O.
Now let el be discontinuously raised to El—that is, a “step function” of
height E, is applied. As soon as this happens, and before the potential
at a has had time to change (in
tance to ground at this point)
tend to raise the potential of a.

view of the fact that there is some capaci-
a current il = El/Rl will flow, and will
But if a rises, ez falls, since A is negative,
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and a current iz = —e2/R2 flows and tends to bleed off the input current
il which was causing a to rise. If the input resistance of the amplifier is
sensibly infinite, as is usual, point a will continue to rise until the whole
of il is bled off through Rz by iz, and then il = iz. The time taken to
achieve this result will depend on the speed of response of the amplifier,
but often it will be so rapid that it can be treated as instantaneous. The
result now is that the input current flows on past a and traverses R z,
generating across it a potential difference, – Rzi,, and if a has departed
but little from zero, the output voltage will be very nearly

The extent of the final depar
Y

e of a from zero will depend on A and
will be EJA, which can be neg ected if A is sufficiently large,

Viewed in this way, the function of the amplifier is to prevent appreci-
able potential changes at a by bleeding off through Rz the input current
il which would cause these changes. This it does by appropriate adjust-
ment of ez. In fact, it generates a virtual ground at a which draws no
current, and il flows on through Rz to generate ez. This action is sum-
marized in Fig. 2.10, where the grounded arrow indicates that a is held
sensibly at ground potential.

Although the operation has been described in terms of step-function
input, it is clear that the mechanism holds for any input waveform
provided only that the speed of response of the amplifier is appropriate
to the degree of time resolution demanded in the output.

It follows from Eq. (8) and the associated discussion that the output
impedance of this circuit is very nearly —(R 1 + RJ /R1 “(1/g~), where
gr is necessarily negative. Since RI and Rz are usually approximately
equal (input and output waveforms being of comparable magnitude)
this will be only a few hundred ohms even if the amplifier has but one
stage ( – l/g~ = l/g~ = 150 ohms). In this respect it is similar to the
cathode follower and is often referred to as a “plate follower,” although
its phase-reversing properties are more properly conveyed by another
common name, the “see-saw” circuit. The origin of this name is that
R, and R2 can be regarded as a “see-saw” plank pivoted at a so that
when e, goes down ez goes up by RJR1 times as much. The circuit is
widely used for generating paraphase waveforms in time-base circuits; in
such cases RI = Rz.

Addition in Feedback Amplifiers. -Referring to Fig. 2.10, if a second
input voltage eais connected through a resistance Ra to the input terminal
of the amplifier a, an additional current e~ = e3/R3 will flow to a and, by
the argument of the previous section, must also flow in Rz; this produces
an additional output voltage closely equal to – (e3/RJRz. The total
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output voltage is thus

1?, R,
“=- R7e1-F3e3°

The circuit therefore performs the function of addition. Some mutual
coupling exists between the two input voltages since the potential of a
will change slight] y in response to each input voltage. This effect is
very small if A is large. It can best be evaluated by reference to the
effective input impedance seen at a, which is discussed below. Further
quantities may be added, to any desired scale, through additional input
resistors.

E$ective Input Impedance at
a.—A knowledge of the effective
input impedance seen at a is of
considerable value in making sec-
ond-order calculations when the
approximations given above do
not suffice. This may be cal-
culated as follows: if a change er
is impressed on a, the other end of
Rz will move through Aeo so that
the voltage across Rz is (1 – A)eO,
end the current drawn by RZ is
[(1 – A)/Rz]e,: hence the effec-
tive input resistances RJ(l – A),
which tends to zero as the numeric-
al value of A is increased. I

F@we 2.1 I shows the equi-
valent input and out put circuits
of the amplifier feeding a load Zz.
This diagram permits accurate
detailed analysis where the ap-
proximations are inadequate. The
input resistors used for addition.

L

r--+=-l

(b)
~lG. 2.11.—Equivalent circuit showing

effective impedances of the plate-to-grid-
feedback ampliiier. (a) is the equivalent
circuit and (b) is the equivalent output cir.
cuit. ZL is the load supplied. Note that for
the singJe-stage amplifier of Fig. 2.12b,
-ih = mm!–1/9 = 1 + [%(R1 + Ra)/RIRJ,
and Z = Rp.

dotted resistance Rs represents other
Mutual interaction between added

quantities is proportional to RJ(l – A) and can be made small by
increasing A.

Practical Ezamples.—Two practical examples of plate-to-grid nega-
tiv~feedback amplifiers are shown in Fig. 2.12. F@re 2.12a indicates
a single-stage feedback amplifier using a high —g% pentode such as type
6AC7. The cathode is held at about +2.5 volts to prevent grid current
and the screen potential is adjusted so that et = O when el ~ O. The
output voltage et is in accordance with the relations expressed above and

1It is impnrtantto rememberherethat A iEee-eentially negative.
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a swing of +70 volts with respect to ground is easily obtainable. An
alternative form suitable for positive outputs only is indicated in Fig.
2. 12b. The cathode is again biased to +2.5 volts and the screen voltage
is adjusted to make e~ = O when el = O. If RX = R,, the anode poten-
tial will then be +150 volts (by feedback action in R, and R,). Depar-

&
+ 300v

K’,

el

R,
(1 M)

1 I
*
(a)

-150V

R,

v,
6AC7

cl

RI

I 1$*Rx
(lM) (b)

-150V ‘
Fm. 2,12.—Practicafformsof tingle-stage

plate-to-grid feedback amplifiers. (a) is
suitablefor outputsof both polarities,while
[b) is suitable for Dositiveoutputs onbf.
With the values show-nthe gain is very ne&
unity in both caees.

tures of e~ from 150 volts will be
related to el in the ratio (– R2/RJ.

Advantages of Negatire Feed-
back.-The equivalent circuit (Fig.
2.11) resembles that of a triode
amplifier and it is interesting to
examine the reasons for using feed-
back; in the triode cases, Fig.
2.1 la would, of course, consist
entirely of real resistors. Triodes
with amplification factors ap
preaching 100 (A), combined
with an internal resistance of about
450 Q(3/gm for R, = R, = R.J,
are unobtainable, and with a prac-
tical triode it would be necessary
to sacrifice either the low output
impedance, which confers the
benefit of output voltage sensibly
independent of ZL, or the low
input impedance R.z/(1 – A),
which confers the benefit of small
mutual interaction between added
input voltages. Even if such a
triode were available its char-
acteristics would be both curved
and indefinite and the compensa-
tion of variation of A, achieved
by appropriate variations of
R,/(l – A) in the feedback case,
would be lost. Linearity and con-
stancy of gain would therefore be
sacrificed. In cases where direct

coupling is used the d-c level of the output of the non feedback
amplifier would be vastly more dependent on supply voltage changes
than is the case with feedback (this is particularly tru& of the circuit of
Fig. 2.12a, in which none of the supply voltages has any first order
effect on the d-c level of the output voltage). It should be noted,
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however, that feedback does not diminish the effect of any variations of
supply voltage or tube characteristics which directly or indirectly
influence the grid-cathode voltage required to produce a given output
voltage. Contact potential and screen potential are typical examples;
their effective value at the grid is part of the input voltage and feedback
cannot eliminate the effects of their variation.

2.6. Linear Shaping Amplifiers, Capacitance Feedback.—A further
major use of feedback is made evident if Rz in Fig. 2.10 is replaced by a
condenser CJ (see Fig. 213). Once
again the amplifier must strive to
hold a near ground by changing ez,
thus drawing off il through Cz.

42But when current flows into a con- el
denser, the potential across it, ez, is

-
1

/

=
——

C2
ildt + B; FIG. 2.13.—Amplifier with capacitance

feedback.

and since i, = eJR,, e, = – (1/C~RJ Jel dt + B. Such a circuit there-
fore performs the function of integration. In particular, if el is a step
function of amplitude El starting from zero and if eA also starts from
zero, then

\

E, ~
ez=— ———

C2RI O
dt=–~,

C2R,
(13)

and the input step function is modified by the circuit into a linearly
descending voltage. This then is the second principal function of feed-
back—that of providing linear shaping circuits whose operation is defined

Q

by passive elements in spite of the
J-@ ‘1 ‘2

\

incorporation of thermionic tubes.
RI

Slope SEA - Since this circuit is of prime
Z. R, C2 importance, it is worth studying

@u from an alternative viewpoint—

1
(1-A)C2 Aeg that is, in terms of the effective

input impedance at a. By the= >
~lG.2.14.—Equiva1ent circuit of capacitance- same process as was used for

feedback amplifier of Fig. 213. resistive feedback the input im-
pedance can be shown to be that of a condenser (1 – A) C,, assuming
that A is not complex.’ The equivalent circuit is then as in Fig. 2.14,
in which 20 is the effective output impedance, equal to 2/(1 + A@), where

1This is the well-known“ ItlillerEffect.” SeeJ, M. Miller, “ Dependenceof the
input Impedance of a Three Element Vacuum Tube upon the Load in the Plate
Circuit,” Nat, Bur. Standards Sci. Paper 351.
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Z is the output impedance of the amplifier of gain A and O is complex.
The circuit is instructive in that it shows that e, is a segment of an expo-
nential rise toward El with time constant (1 – A )RlC2, and that the
open-circuit output voltage AeO is a segment of an exponential of time
constant (I — A )R ~C2 approaching a voltage A_ El. Following the policy
of using large waveforms, EI will be made roughly equal to the supply
voltage, so that ez ( = AeO) will traverse only about l/A of the whole
exponential before the amplifier overloads; the sweep of output voltage
will therefore be very nearly linear (see Fig. 2.15), even if only one
pentode stage is used (A = – 100).

The above approach is, however, not suitable for detailed calculations
z

J

of circuit performance since Z is--
E,ti=/IEl .’+; :(l.A)R, CZ complex and A will not be constant

,’
(e2)~aX=~, but will vary on account of curva-

‘m~:~~ :::~Xd==El= ~ ture of tube characteristics. The
FIG. Z.15.—Portionof exponentialused by preferred approach for detailed

capacity feedback amplifier.
work is by successive approxima-

tion, using the fact that whatever current flows in RI must flow into Ct.
The first step is to assume perfect operation (that is, a at constant poten-
tial) and so find a first approximation to Cz. Knowing this, e, ( = eJA )
can be estimated, if necessary by reference to tube characteristics. A
more accurate assessment of current in R ~is then possible, leading to anew
assessment of the potential across Ct; et can then be found by subtracting
e. from the potential across (72. The process is graphical and somewhat
lengthy. It is rarely necessary since knowledge of the physical principles
involved will usually permit choice of conditions such that the errors in
the first approximation are negligible.
The same approach is useful in assess-
ing the effect of loading the output,
If the load is linear, it can, of course,
be included in A; but if it is nonlinear,
particularly if it is in the form of a
load that is suddenly picked up during
the sweep (for example, by conduction
in a diode performing amplitude selec-

=
FIG. 2.lt3—Simplified block diagram

of negative-feedback amplifier used in
shaping processes.

tion; see Fig. 1.9), the current that must be supplied at any instant
is known and the necessary rise in grid voltage to supply it is easily found
and its probable effect assessed.

The General Case.—The general case of linear shaping in feedback
amplifiers is shown in Fig. 2.16, where 21 and 22 replace RI and RZ.
The diagram has been simplified by omitting the amplifier, whose only
function is to hold a near ground potential, as indicated by the grounded
arrow, and to provide a sink for i.
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fn tl,is figure Y is written for 1/Z, and Z for Zz, The notation T = RC near a cmve indicates exponential approach to the amplitude indicated,
with time constant R(7.
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It is obvious from thk figure that

ez z,—= — —.
el z,

Figure 2.17 shows the shaping effects that can be obtained with common
forms of Z1 and Z2. The notation and method of derivation are the
same as in Fig. 2.4. The extension beyond Fig. 2.4 lies in the fact that

now the relation ez = — ~ el allows us to introduce configurations that
z,

could not otherwise be treated simply.
In Cases 1 and 6, the input and feedback impedances are similar

and there is no change of shape, This is true of any case in which Z,

‘+f+-$’=e,1

Input
Component Case number

outputs Total output
m Fig. 217

+_&kLt (6)
/=0 C2

FIc+.2.l&-Illustration of the process of calculation in circuits with shunt input com-
ponents and series output components.

and Z2 are similar-for example, in Cases 11 and 16 with RIC1 = RZCZ
there is no change of shape. When C is included in the output network,
without resistive shunt, a constant of integration is int reduced, whereas
if C is included in the input network without resistive shunt, any constant
in the input will be lost. In practice the constants of integration are
usually eliminated on the output side by some form of resetting action.
Cases having parallel input components or series output components can
be calculated by addition of results for simpler cases, since shunt com-
ponents in the input circuit give additive components of i, and series
components in the output circuit give additive components of ez. For
inktance, consider Fig. 2.18, which is Case 12 of Fig. 2.17. In this
figure

:=-(&++4R2+a (14)



SEC.2.6] LINEAR SHAPING AMPLIFIERS 35

—— (–~+ )&+ pC,R2 +: J (15)

which is an addition of the component responses given by Cases 1, 5, 2,
and 6 of Fig. 2.17. The figure demonstrates the addition of component
responses to form the total response.

Inductance has not been included in these figures since very little
use has been found for it in this type of circuit. Also a range of inductors
is not available as a standard component.

Where the solution cannot be found by inspection, the formulas
obtained by the method can be solved as differential equations, remember-
ing that p represents d/dt.

So far 21 and 21 have been treated as simple two-terminal networks
in which no components are grounded. If they are replaced by three-
terminal networks, the third terminal being grounded, the means by
which the equation eJel = —Z.JZl
was deduced indicates that this SOIU- e,
tion still holds, provided Z, is defined
as the transfer impedance from el to -e’
a—that is, 21 = eJil (see Fig. 2.19)— Fm. 2.19.—Blockdiagram of nega-
and provided ZZ is similarly defined tive-feedback with three-terminal net-

as e2/~2.
worb.

Since a given network may be used for either input or feedback

purposes the more useful networks are shown in Fig. 2.20 together with
their transfer impedances. When the networks are used as feedback net-
works the operator is used as it stands; when used as input networks the
inverse of the operator is used. This figure largely supersedes Fig. 2.17
for design purposes. The problem of stability will not be considered
here, since it is dealt within full elsewhere (Vol. 18, Chap. 9); the problem
is no different from that arising with other types of feedback, and is impor-
tant only when both input and feedback networks are complicated struc-
tures. All the configurations shown in Fig. 2.17 are stable for single-stage
amplifiers.

The Bootstrap Circuit.—It is interesting to note that the choice of
ground point in Fig. 2.13 is quite arbitrary; the circuit operation described
is quite independent of whether the circuit is grounded or not. The
circuit can therefore be redrawn as in Fig. 2.21, e, being still the input
voltage to the amplifier, but now esis the voltage from a to ground and
et is measured in the reverse sense, so that A is positive. The potential
across Cz in response to step function input of amplitude El will not be
changed by the change of ground point, but now, since b is grounded, this
potential will appear at a, relative to ground, and will be positive-going
instead of negative-going.
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4 dc&

(6)

(7)

[SEC. 26

FIG. 2.20.—Common input and feedback networks and ttmir associated tranxfer
impedances, The ground connection into which i Rows is the virtual ground at a in
Fig. 2.19.

The mechanism here is as follows, Starting with the condition
el=ez=eg = es = O, ~~hen a step function of height El is introduced,

C, begins to charge at the rate
C2 EJR,C2 volts/see, and the potem
1[
t\ tial of a begins to depart from that

of c, producing input to the ampli-
e~ ~ $ fier e, = e, – e,. But e. = eJA;

R, egl A &
therefore e3 = et(l + l/A). Hence
as es rises, e2follows it very closely,

,
J- e2 c provided A is large. It follows that

e, the potential across RI is main-
tained as Ct charges, and a sensibly

FIG. 221.-Block diagram of “ boat-
constant current flows into Cz, giv-

strap circuit. ” This is Fig. 2.13 with the ing a linear rise of voltage at a and
ground connection moved to the amplifier c relative to ground. This circuit
output lead.

is called the “bootstrap circuit”
because, as the input generator e, charges C?, its potential, relative to
ground, is raised, as it were “by its own bootstrap.”
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A practical form of the circuit with a single stage amplifier is shown
in Fig. 2.22a. The switch SI serves to introduce the effective unit
function input by holding the circuit in the starting condition when it is
closed.

Figure 2.22b shows the Miller Integrator with single-stage amplifier
for comparison. Apart from the change of earth point and the precise
position- of the EPV‘supply and S,,
the circuits are identical. The
Miller circuit has the advantage
that both its supplies, El and EPP,
and the amplifier cathode are taken
with respect to ground so that
high gain pentodes can easily be
used. The need for a floating El
supply in the bootstrap circuit is its
major disadvantage; a variety of
substitutes for the floating supply
have been devised. The advan-
tages of bootstrap connection lie
mainly in the easier arrangement of
the switcti- S1 and in easier com-
pensation of drifts due to heater
voltage variation; these matters are
discussed in later chapters.

Development in the United
States was mainly in terms of the
bootstrap circuit; in England the
Miller Integrator was preferred.
The resulting circuits were super-
ficially very different, but once the
equivalence of the two is realized it
is easy to interchange developments
between the techniques with con-
siderable advantage to both. This
“duality” was not realized uritil
recently and it is interesting to

— -

—

I

s,
R—

(a) =

m
H
l-q ~

---

R,
c

—
— El—

-r I

_J-

—E Pn

T
(b)

FIG. 2,22.—Comparison of bootstrap (a)
and Miller Integrator (b) linear sweep gen-
erators with single-stage amplifiers. The
circuits are fundamentally the same, dif-
fering only in ground connection, power
supply, and switching arrangements.

note, in retrespect, that the major clifferences in the range-measuring
techniques developed on opposite shores of the Atlantic arose fundamen-
tally from the simple fact that whereas in America the plate was grounded,
in England the cathode was earthed.

2.7. The Use of Operational Notation.l-In the preceding sections the
effect of a network on an input waveform has been described by a fraction

IBy D. M. MacRae, Jr.
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(a “transfer function”) having polynomials in p as numerator and
denominator. It is of interest to examine the operations performed on
these “functions of p” and the conditions of their validity. 1 There are
several waysin which these operations may be regarded.

The simplest interpretation of the operational expression of the
transfer function of a network is to consider the symbol p as a shorthand
~ord/dt in the differential equations of the network. If d/dt issubsti-
tuted for p in the transfer function

ez pCR
‘=l+DCR’el

forexample, the result is - -
d

ez CR Z—.
el d.

l+cRai

The correct interpretation is that the operational equation is simply a
convenient shorthand for the differential equation of the circuit

dez del
“+CRZ=CRZ.

‘he indicated addition ( ‘)1 + CR ~t here corresponds to the addition

of the two waveforms ez and CR’~; the indicated” division” corresponds

to the fact that the denominator of the transfer function operates on ez.
Another relatively simple outlook on the operational notation, which

justifies the use of algebraic operations but is limited in validlty, is the
assumption that input and output volt ages have the form A ept, where p
is a complex exponent. Substitution of this function in the dMerential
equationz yields an algebraic equation in which p takes the place of
d/dt. A corresponding transfer ratio may be expressed and has the same
form as the operational transfer function written as a shorthand for the
differential equation. For any given exponent p, this measures a complex
numerical ratio of the output amplitude to the input amplitude.a The
special case when p is purely imaginary (p = jo) corresponds to the
usual complex sine-wave analysis, and by extension to the Fourier
integral may be used to express the response of networks to waveforms
for which the Fourier integral converges.

1For a detailedtreatmentof this subject, see Vol. 18, Chap. 1.
zIf the behavior of the network is originally expressedby an integrodifferentiaf

equation, it is assumed here that a correspondingdifferentialequation has been
obtainedby repeateddifferentiation.

3This approachis discussedin detail in H. W. Bode, Network A nalyeis and Feed-
baek Amp@ier Dew”gn,Chap. II, Van Nostrand,New York, 1945.
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A more general justification for the treatment of p as an algebraic
quantity may be arrived at by use of the Laplace transform. ~ This
transformation converts the differential equation of a network into an
algebraic equation, but does not depend for its validity on the assumption
of any particular form of input waveform. The Laplace transform F(p)
of a function j(t) is defined by the equation

F(p) = &j(t) =
\
mj(t)e-pt d,

o

where p is a complex quantity. If this transformation is performed on
both, sides of the differential equation of a linear network, the result is an
algebraic equation relating the transform of the input waveform, X(eJ,
to the transform of the output waveform, &(ea). The ratio &(eO)/S(eJ
assumes exactly the same form of the “transfer function” defined by
either of the two preceding methods; in this case, however, the operations
indicated are genuine algebraic operations and the expression is valid
for any waveform for which the integral converges.z

The output waveform is then one which has the transform

2(eJ . (transfer function) = J3(eO).

The output waveform may be found, if its transform is known, either
by an inverse transformation involving an integral similar to that for
the direct transformation, or from a knowledge of the transforms of
commonly occurring waveforms.

For the applications of this chapter, neither the transform nor its
inverse need be computed by integration. The transfer function is
arrived at by the conventional impedance analysis. The transform of ei
is not used explicitly, but considerations are based on a step-function
input; the waveforms ei and eo, rather than their transforms, are associ-
ated with one another. The value of considering the Laplace transform
for these relatively simple cases, therefore, is that it affords an algebraic
interpretation of the transfer function and justifies in a sense the indica-
tion of algebraic operations. For more complicated networks and wave-
forms, the Laplace-transform approach is often the most’ convenient
method of solving the differential equations; the expansion of a trans-
form in partial fractions is then justified, and the actual computation of
the integral for the direct and inverse transforms may be done.

1See, for example, M. F. Gardnerand J. L. Barnes,Transients in Linear S@.zrns,
Wiley,NewYork, 1942;H. S. CamlawandJ. C. Jaeger,OperationalMethods in Applied
Mathematics, The C1arendonPress,Oxford, 1941.

zIf ju is substitutedfor p in the above integral,the resultis the Fouriertransform
of j(t). Formallythe two transformationsare the same, except for a differingrange
of validity. If in the Laplacetransformthe quantity p has a positive real part, the
integralconvergesfor some functions (e.g., a positive step function) for which the
correspondingFourierintegraldoes not converge.



CHAPTER 3

OPERATIONS WITH NONLINEAR CIRCUIT ELEMENTS

BY R. KELNER, J. W. GRAY, AND BRITTON CHANCE

INTRODUCTION

The idealized linear circuit element is the resistor, inductor, or
capacitor that relates two measurable quantities, a voltage and a current,
by a constant of proportionality between the quantities or between one
quantity and the time derivative of the other. The operations of the
preceding chapter are all performed by combinations of such linear
passive elements with the addition of linear amplifiers in some cases.
However, the virtue of the ideal linear element—proportionality for all
values of applied voltage-is also a limitation. Thus, an applied
sinusoid can produce only other sinusoidal waveforms in a network of
linear elements. Likewise an oscillator or generator composed of linear
elements can produce only sinusoids.

Nonlinear elements provide a means for generating other waveforms.
The nonlinear two-variable element may relate its variables according
to a curved or discontinuous function or may provide entirely different
relationships for clifferent ranges of the variables (a diode, for example).
Particularly useful is the multiuariable nonlinear element that relates
three or more variables. The multigrid vacuum tube and some simple
circuits are often used as multivariable elements.

The number of variables in an element may be taken as the number
of useful quantities. According to this convention, a triode voltage
amplifier is a two-variable element relating input voltage and output
voltage. Alternatively the triode may be regarded as a three-variable
element in which the plate-voltage vs. plate-current relation is controlled
by the grid bias. Only in nonlinear three-variable elements can the third
variable “cent rol” a twe-variable function. Multivariable elements are
required for such operations as multiplication (three variables) or selec-
tion between two bounds (four variables).

This chapter describes the most important operations that are per-
formed with nonlinear elements. Some common nonlinear character-
istics are included together with stability data that are not widely
available. This information is essential for the design of precise wave-
form generators.

40
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3.1. Ideal Elements.—Among the nonlinear characteristics, several
useful classes may be distinguished. For two-variable elements or multi-
variable elements for which all variables except two are held constant,
the ideal characteristics are illustrated in Fig. 3.1. The linear element is
familiar. The curoed characteristic is continuous and has a continuous
first derivative. In a broken-line characteristic, two or more linear or
curved segments are separated by a break or discontinuityy of slope. A
discontinuous characteristic possesses a jump discontinuity. A hysteresis

(a) Linear
characteristic

/

— Z* — X2
(d) DoubIy-broken-

Iine characteristic
with a curved Break

,’

r

— x,
(b) Curved

characteristic

n

(c) Broken-hne
characteristic

t
x,

segment

I Break

E
— X2

(c) Discontinuous
character@ic I

I
x,

-,

(J2 Hysteresis
characteristic

t
x,

L-4
-

I
- xl

— z,

t
zl

FIG.3.1 .—Ideal two-variable characteristics. The variables XL and XZ may be any useful
quantities.

characteriai% relates the two variables according to their present and past

values. Useful hysteresis characteris~cs must be cyclic (repeatable)
yielding a double-valued function, depending upon direction.

A multivariable element may exhibit any of the above characteristics
if all vafiables but two are held constant. A set of two-variable curves
corresponding to a set of discrete values of a third variable is called a
(‘ nonconst ant characteristic. ” The third variable may be called a
“parametric variable,” but the distinction is dependent only upon the
data presentation or the usage of the element and not upon a property
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of the characteristic. A two-dimensional parametric representation of a
three-variable characteristic is illustrated in Fkg. 3 “2. This type of
graph is familiar in the form of vacuum-tube characteristics.

Although these terms are useful for circuit analysis by physical
argument, no symbols for the
“broken-line element,” etc., are in
common use. It maybe desirable
to introduce such symbols at some
future time.

3.2. Basic Operations. ~These
sections will indicate the applica-
tion of the ideal nonlinear circuit
elements to the basic operations
usually employed in circuit tech-
nique. The basic linear opera-
tions are addition, subtraction,
and linear shaping; corresponding

x,

with these there are three addi- ~z
FKQ.3,2.—Ideal three-variable nonlinear

tional operations. The first of characteristics.

these is the selection process, most
commonly used in radio receivers as frequency selection and, in that case,
dependent upon linear circuit elements. It is often found desirable to
select a portion of a waveform with respect to amplitude, phase, or
time, and in these operations nonlinear circuit elements are commonly
employed.

The second process is that of discrimination, and a well-known exam-
ple is frequency discrimination, commonly used in automatic-frequency-
control circuits for indicating the equality of two frequencies or the sense
and approximate magnitude of the difference between them. But this
process is also commonly carried out in terms of amplitude, time, or
phase. Each discriminator circuit has inputs in terms of amplitude,
frequency, time, or phase, but gives as an output a voltage indicating the
equality or the sense and magnitude of the inequality.

The third process is a newer one and has no well-known analogies in
radio-receiver practice; it is the indication of the instant of equality of
two voltages in amplitude, freqtiencyj or phase. This process has been
extensively used in radar timing equipment where the moment of equality
of the amplitude of a sinusoidal or triangular wave to a parametric voltage
iq required. The process has not yet been extensively used in terms of
phase and frequency. The comparison process has an inverse aspect; one
may wish to know the amplitude, phase, or frequency corresponding to a

1Ssctions3.2 to 3.4 by Britton Chance.
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given time. This is essentially a sampling process and one of the impor-
tant methods for demodulation.

The processes of selection and comparison depend for their operation
upon nonlinearities or nonconstancies in the amplitude, frequency, phase,
or time characteristic of a circuit. Although nonlinear responses in
frequency and phase (with respect to a reference phase) are readily
obtained with linear circuit elements, nonlinear amplitude characteristics
are not; the nonlinear properties of vacuum tubes are therefore of con-
siderable interest. The following discussion defines in detail processes of
selection, comparison, and discrimination which have been useful in the
generation and manipulation of waveforms. The detailed description
and practical circuits are presented in the appropriate chapters of this
volume.

OPERATIONS WITH NONLINEAR CIRCUIT ELEMENTS

3.3. Initiation of Waveforms.-The initiation of waveforms is one of
the most frequent uses of nonlinear and nonconstant circuit elements and

-T+-

!kI
RI Rz

(a~

v,
(b)

(a) ~ --- E,
c, ‘m

~

=
FIG. 3.3.—The initiation of an exponential waveform by a triode switch-a negative

rectangular wave is applied to the grid of a nonconstant circuit element.

needs no detailed definition. The process of waveform generation is
illustrated in Fig. 3.3. A large switching wave is applied to the broken-
line characteristic of a vacuum tube-for example, a triode. Constant
grid current supplied through RI maintains the triode on the upper flat
portion of the broken-line characteristic. The negative switching wave,
which is large compared with the grid base of the tube, will initiate an
exponential waveform at the plate of the triode. The grid base should
be short in order that the switching wave may give rapid initiation of the
exponential wave. Quick recovery time requires a large current for the
conducting portion of the broken-line characteristic.

Another important function of the conducting portion of the char-
acteristic is the establishment of the initial potential of the exponential



44 OPERA TIONS WITH NONLINEAR CIRCUIT ELEMENTL3 [SEC.34

wave denoted by E; in Fig. 3.3. &“hereas this initial level may not be of
great importance for cmde measurements made by cathode-ray-tube
displays, it is of utmost importance in precision operations, where a
slight variation of E~ would cause serious errors in precision-timing
operations depending upon amplitude comparison (see Sec. 3s5). Rea-
sonable stability is obtainable in this circuit since the plate current is
relatively independent of small variations of grid current. Often the
initial level of a wave is set equal to an arbitrary value or to its peak
value by “d-c restoration.” Siice this may depend upon the more
complicated processes of time selection and demodulation, it is discussed
in Sees. 3.6 and 3.12.

3.4. Amplitude Selectiofi.-Amplitude selection is defined as the
process of selecting a portion of a waveform lying above or below a

‘a)5 ‘a’k-
?R, “) (,) h 1,

Efk KAt~

“~
(c)

FIG. 3.4.—Amplitude selection by means of the broken-line characteristic of diode V,.
The portion b of wave a, which exceeds the cathode potential of VI, is selected and has P.
time delay At.

boundary or within two bounds. The selected portion of the input wave
is undktorted. Perfect amplitude selection requires the ideal broken-
liie characteristic, but a satisfactory approximation to this is obtained
by using the broken-line characteristic of diodes or germanium crystals
at large input amplitudes. F@re 3.4 is a typical example of the selection
of a triangular wave a lying above the cathode potential Ekk of VI, and
waveform b is obtained. The potential E,,, at which the amplitude
selector operates, is often termed “the reference potential. ”

A practical use of amplitude selection is indicated in Fig. 3.5, where
the top of portions of a pulse train obtained on differentiation of a square
wave is selected. This results in elimination of the negative excursions
of the pulse train and the slower parts of the positive excursions. These
pulses are then suitable for display on a cathode-ray tube as time markers.

One may also select portions of a wave below a limit, giving the
familiar operation of clipping or limiting as indicated in Fig. 3.6, where
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the lower half of a sinusoidal wave is selected. A more useful method
for obtaining square waves from sinusoids is that of amplitude selection
between limits indicated in Fig. 37. This method depends upon the
doubly broken-line characteristic obtained from two diodes (A). In
thk case the positive limit is set by El, the negative limit by Ez, and the

~–

FIG.35.-Waveform-shaping by amplitde selection. The negative pulms and the
broad bases of the positive pulses are eliminated by diode amplitudeselectorVI. Thess
pulsesme suitablefor timingindices.

square waves of b are obtained. For this particular purpose, amplitude
selection may also depend upon the broken-line characteristic obtained
at the grid of a pentode (B) where the positive limit is set by bottoming
of the pentode and the negative limit set by cutoff.

For the selection of rapidly varying waveforms, small values of RI
are required in Figs. 3 “4, 3 “6, and 3.7, and the broken-line characteristic
should be abrupt and have a minimum resistance.

k ‘“””
RI

(b) (a) (1

v,

Rd
(b) ‘—VVU

“&
Fm. 3.6.—Amplitude selection of the negative half cycles of a sinusoidal wave.

3.5. Amplitude Comparison.-If in Fig. 3.4 it is desired to determine
the exact moment of equality of the triangular wave and t$e cathode
potential of the diode, wideband amplification and differentiation give a
sharp pulse c, which precisely marks the time of equality of the triangular
wave and the fixed voltage. This is the process of amplitude comparison
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and may be defined in mathematical terms as the process of determining
the abscissa of a waveform given its ordinate, or, in physical terms, the
indication of the instant of equality of the amplitudes of two waveforms.

In the interests of economy, linear amplification of an amplitude-
selected wave is rarely used since regenerative devices having the backlash
or hysteresis characteristic are preferred. Their operation is, however,
nearly always initiated by amplitude selection—for example, by the
electron current initiating ionization in a gas-discharge tube or by the
selection of a small voltage initiating regeneration in a positive-feedback
circuit. It is, however, best practice to employ a diode amplitude selector

E

3

PP

R2 R3
(B)

VI (b)
---

(a) R, ‘:=

c,

(a) o

‘b): $vu-l_r
FIa. 3.7.—Amplitude selection between limits El and Ez by the two broken-line char-

acteristics (A). Sinusoidal wave a is converted into the rectangular wave b. The non-
linear characteristic of the pentode circuit (B) is also useful for this purpose.

at the input of any of these devices in order to obtain a stable voltage at
which amplitude selection occurs. The detailed design considerations
that permit a diode amplitude selector to determine the operating point
of a device having a hysteresis or backlash characteristic are discussed in
ChaD. 9.

& example of a simple amplitude comparator is indicated in Fig. 3.8.
A triangular wave is connected to the grid of a thyratron—for example,
type 2051 by resistance-capacitance network RICI and d-c restorer Vz
(see Sec. 3-11). The level of the waveform is therefore adjustable by
means of a potentiometer R ~and, if set, for example, t? a negative value,
the moment at which the firing potential of V, is exceeded is indicated by
a sharp spike shown in waveform diagram b.

In a number of important applications the amplitude comparator
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and the timing-waveform generator are interconnected in such a way
that the amplitude comparator resets the waveform generator, with the
result that repetitive or relaxation oscillations are sustained. The
hysteresis or backlash characteristic at the plate of the hot-cathode gas

Rz

R~

y I
c1 I

1
I

V2

FIQ. 3.S.—Amplitude comparison indicating the use of the dkcontinuous characteristic.
The moment of equality of the triangular wave a to the firing potential of V, is indicated by
the sharp spike b.

diode gives a good illustration of this as is indicated in Fig. 3.9. If the
gas diode is nonconducting, a positive exponential wave is generated at a.
At the instant the plate potential equals the striking potential for the
arc, an abrupt transition is observed, a large current flows, and the plate
potential of the gas diode falls
below the extinction potential.
In this way the waveform genera-
tor is reset and then a new
exponential is generated. The
circuit operation, therefore, in-
cludes the distinct processes of
waveform initiation (Fig. 3.3) and
amplitude comparison (Fig. 38)
that are basic in the operation of
relaxation oscillators and rectan-
gular waveform generators (see
Chaps. 5 and 6).

+Epp
%me - constant =RC

~$A

R “’”’l?
(a)

----- -- -- .-

----------- ---
. c +12 v (approx) ~

=

FIG. 3 9.—G as-diode relaxation oscillator.
This circuit combines waveform generation
and amplitude comparison by means of the
discontinuous characteristic of the gas diode
to terminate the waveform and give recycling
operation or relaxation oscillations.

3.6. Time Selection.-Time selection is similar to amplitude selection
except that the operation is performed on the abscissa (time axis) of the
waveform. A time selector may select a waveform occurring within a
given interval or a portion of a waveform occurring before or after a
given time. The selected portion should be undistorted, The simplest
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method of time selection is that illustrated in Fig. 3.10 where a rectangular
selecting pulse b is added to waveform a, giving c. Amplitude selection
of c gives selected waved. In all cases the amplitude of the selector pulse
must exceed that of unwanted pulses. Also the bias Ehkof the amplitude

(a)

(b)

(a)

(b)

(c)

(d)

~o

~o
Ekk-— —. ——-—

o

Ekk

o

FICA3.10.—Timeselection. Wavesa and b added in c are connected to amplitude selector
c giving time selection in d.

selector and the amplitude of the selector pulse must be critically adjusted
lest some portions of the signal be lost or portions of the selector pulse
appear in the output. The latter effect is termed “pedestal” and is.-

E
-

4 4
E Ew, !793

FIG. 3.11.—Time selection by means
of the multivariable characteristic of
pentode 1’,.

usually undesirable.
Operation independent of the am-

plitude of the selector pulse is readily
obtainable by using the multivariable
characteristics exhibited by the pen-
tode. As shown in Fig. 3.11, the
selector pulse is applied to the sup-
pressor grid and the input signal to
the control grid of normally noncon-
ducting pentode V,. The operation
is substantially independent of the
amplitude of the selector pulse which
exceeds the upper limit of the broken-
line characteristic of the suppressor
grid. In most time selectors, how-
ever, a faithful reproduction of the
input signal is required, and therefore
negative feedback is desirable in order

to minimize distortion due to the curvature of the pentode characteristic.
The coincidence of a large number of inputs may be indicated by

connecting a number of simple time selectors in series or by taking
advantage of other control electrodes-for example, the screen potential
of the pentode. These combinations are discussed in Chap. 10.
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The time selectors discussed above respond only to signals of one
polarity (unidirectional switches) and often equal response to signals of
both polarities is required. This is readily achieved by using two broken-
line characteristics. A true equivalent to the single-pole single-throw
switch is obtained and is often termed a ‘‘ bidirectional switch. ” In these
circuits the selector pulse is coupled to the circuit elements by condensers
or transformers, often depending upon whether normally conducting
or normally nonconducting operation is desired, as indicated respective y
by Figs. 3. 12a and b. In Fig. 3.12a the input is short-circuited in the
absence of negative selector pulse applied to the plate of VI and positive
selector pulse applied to the cathode of Vz. On the other hand, switch

PP

+
R,

--$

---Lp,v

+ R,

(a)
v’+

(d)

L+:‘2
—

(u)-
FIG.3,12.—Time selection by means of two broken-line characteristics, in (a) obtained

from normally conducting diodes and in (b) obtained from normally nonconducting diodes,
Thesetime selectors aresuitable for signalsof both polarities.

circuit b is normally opened and is closed only by a positive selector pulse
applied to the plate of VI and a negative selector pulse applied to the
plate of V2. The switch is maintained open by the voltages accumulated
across RIC1 and RZCZ.

Many other types of switch circuits specialized for various types of
time selection are described in detail in Chap. 10.

3.7. Amplitude Modulation.-A number of important modulation
processes depend upon variation of the reference potential of an amplitude
selector. Amplitude modulation, which is defined as modulation in which
the amplitude of the waveform is the main characteristic that is varied, is
illustrated in the simple example of Fig. 3,13. Here the variation of the
reference potential of a diode amplitude selector is in accordance with the
signal waveform b and results in amplitude modulation of the pulse
train c. For large values of the input waveform a, this process is linear
because of the relatively abrupt broken-line characteristic of the diode.
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Another method employs two broken-line characteristics—for exam-
ple, that of the diode switch circuits of Fig. 3.12. In Fig, 3.14, the
signal is short-circuited through VI and VZ in the absence of the carrier

A

(a)
R,

‘a)ol—u_l—

y (c)
(b) ‘kk

o

E J-
‘k (b) ‘c)(o)~

~

FIG. 3.13.—Electrical amplitude modulation. Amplitude selection of pulse train
a in response to variation of Ekkof amplitude selector V, gives amplitude-modulated pulse
train c.

pulse, but the short circuit is released for the duration of the carrier
pulses as shown at d of Fig. 3.14. In the circuit of Fig, 3. 12b the carrier-
controlled switch, VI and V2, is interposed between input a and output d

* ‘:~

J?(b”)xc’ ‘2

(b”)

o

(b’)w

L

Ekk “1

FIG. 3.14.—Phase-sensitive amplitude modulation b>-means of a bidirectional switch.
Signal a is connected to the output terminal hy carrier pulses b’ and b“, giving mnplitude-
modulated pulse train d, The polarity of the modulated output reverses with a reversal of
the sign of the input. Epn = —E~L, RL = R,.

and interrupts the signal. Carrier pulses of the appropriate polarity
applied to the plate of VI and the cathode of VZ close the switch and
connect the signal to the output terminal d.
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Other types of nonlinearity have been used in amplitude modulation,
The carrier-controlled mechanical switch is an excellent example; it has
the most stable nonlinear characteristic. The above discussion has been
limited to variation of a resistance by the carrier frequency, but often
inductance or capacitance is varied (see Chap. 11).

An important feature of the modulator circuits based upon the bidi-
rectional switch circuits is that the polarity or phase of the output is
identical with that of the input, giving what is called “bidirectional
modulation” as indicated by the waveform diagram d of Fig. 3.14.

An important error in the amplitude modulation of slowly varying
signals may be the variation in contact potential of the modulating

-JZRl (c)

0 0“ i

(A) (b) -%-

Q-u-
B) (b) +

EDC

(a)

(b) :0——————

(c) o ~

(a) Q

(b) ,0———————

(c) 0 ——’fQ/l P
FIG. 3.15.—E1ectromechanical amplitude modulation. (A) ind!cates the modulation of a

d-c (mro frequency) carrier, (B) the modulation of an alternating carrier.

element with variations of heater voltage. This difficulty is reduced
by employing a pair of diodes, since the variation of one may balance the
other. The effect of heater voltage is eliminated by the use of germanium
crystals, but the greatest stability is obtained by employing a mechanical
switch.

Often amplitude modulation is required in response to mechanical
input signals, and resistors, inductors, and capacitors are commonly
varied and give amplitude modulation of a steady voltage as shown in
Fig. 3.15a or of an alternating carrier as shown in Fig. 3.15b. An inter-
esting feature of Fig. 3.15b is that the phase of the output wave may be
made reversible with respect to a center tap on the potentiometer. Thus
the amplitude of the a-c wave indicates the magnitude of the displace-
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ment, and the phase of the a-c wave indicates the sign of the displacement
with respect to the center tap, thus giving bidirectional modulation.

3.8. Time Modulation.—Amplitude selection of a portion of sinusoi-
dal, triangular, or other time-variable waveforms gives a modulation that
is called [‘time modulation” and is defined as modulation of the time of
appearance of a portion of a waveform with respect to a reference time,
which may be defined by the waveform itself.

[a) ‘-
0

(b) F’”&*
0

,,
,,

0 ,
(A)

(c) ~Atli
‘Atz{

(a) ~

-+--- =

‘a) 0-4Tfi-
(b)

0
;;

(c) ~At,<
ht2:

(B)
FIG. 3 lG.-—Time modulating by amplitude selection, In (a) the cathode potential

EWof V, is varied, and the level of the waveform is maintained ronstant. In (b) the cathode
potential of the amplitude selector is maintained constant and the level of the waveform is
varied. Time modulation of the u}tervzdbetween the initiation of the triangular waveform
and the selection of portion b is obtained, Amplification and differentiation may be used
to obtain puke c.

Figure 3.16a indicates that variation of the reference potential of
amplitude selector VI between the ~’alues 131 and EZ gives amplitude
selection of portions of the inptit ~~ave a at times MI and At*. For a
triangular waveform, N is linearly related to 17~~. Amplification and
shaping of the output of the selector gives accurate time indices indicated
in c. The whole process may be represented as that of amplitude com-
parison with a variable reference potential.

The reference voltage of the amplitude comparator need not be
variable in order to produce time modulation. For example, the level
at which the triangular waveform of Fig. 3. I(M is generated might be
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varied, giving a similar variation of the interval between the initiation
of the wave and the generation of the index.

3.9. Phase Modulation.-A fundamentally different method of
obtaining time modulation by amplitude comparison at a fixed reference
voltage depends upon phase modulation of a timing wave. For example,
in Fig. 3.17 the phase of a sinusoidal wave is shifted from that of a to
that of b giving a corresponding shift in the time at which the wave
passes through zero in the positive direction. Continuous inductance
and capacitance phase shifters (Fig. 3“17) have made this a very con-
venient method for modulation in response to mechanical input si~als.
There are as yet no highly precise phase modulators responding to elec-
trical signals.

(a)

A sin
Asmut

(wt+240°)

A2s{n(.t+@)~

A sin (’)~
(@t+120”)

_b&J___
F]Q. 3.17.—Electroniechanical phase modulation. Three-phase sinusoids applied to

variablecondenser Cl give modulation of the phase of the output in response to a mechanical
8ignal. The diagmms indicate the time modulation of a pulse obtained by amplitude
comparison.

Phase modulation may be defined similarlv to the other forms of
modulation: it is a process of modulation in which the phase of a wave-
form is varied with respect to a reference phase.

3.10. Amplitude Demodulation.—Amplitude demodulation may be
defined as the process by which information is obtained from an ampli-
tude-modulated waveform about the signal imparted to the waveform in
modulation. Many methods of detection depend upon the broken-line
characteristic used for the amplitude selection of values of the modulated
wave which exceed a potential accumulated upon a storage or memory
circuit. An example of this is indicated in Fig. 3.18 where the resistance-
capacitance combination R lC 1is charged to the peak value of the positive
excursions of the modulated carrier a, giving the demodulated or detected
output shown in b. The resistance is necessary to provide decay of the
potential of b at a rate sufficient to give response to decreasing values of
the modulated input.
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A much more efficient detector circuit uses a bidirectional switch
that is operated for a predetermined interval at the carrier frequency
to connect the modulated input to a storage condenser as indicated in
Fig. 3.19. The outstanding property &this detector circuit is that no
shunt resist or is needed in order to secure an output response to decreases

8 ““A
V,

(a)
0

(b)

R, c,

‘b)o~
0

=
FtQ.3.18.—Peak detection by means of a diode amplitude selector. Exponential dec~y of

the output is obtained by R,.

of the input signal as was the case in Fig. 3.18. As indicated by wave
form diagram c, the output therefore proceeds in a series of steps each
equal to the peak amplitude of the last signal pulse. This results in a
considerable reduction of carrier content for a given speed of response.
In addition, a detector circuit of the switch type has the advantage of

u (c).,,.,,,,,,. .

[ r“w~c’(c)(--’--+ >

=

FIG.3.19.—Phase-sensitive detection with constant output obtained with a bidirectional
switch. The bidirectional property of the switch circuit permits constant output between
carrier pulses and gives reversal of the polarity of the output in response to phase reversal
of the modulated wave.

time selectivity, and interfering waveforms not coincident with the switch-
ing pulse will not affect the output. The detailed properties of this

important circuit are discussed in Chap. 14.
3.11. Level-setting.-The output of the detector of the type illus-

trated in Figs. 3.18 and 3.19 may be used to establish at an arbitrary
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potential the level of a wave at the instant of its peak value or, in the
caae of the switch detector, at any chosen instant. These circuits, some
times called “d-c restorers,” do not necessarily restore the original level of
a wave, but rather hold a particular part of the input wave at an entirely
new level. This is indicated in Fig. 3.20a, where the level of the wave is
established by the potential accumulated across Cl, which with an
appropriate choice of circuit constants is equal to the negative peak value
of the applied triangular waveform. In this particular case, the peak

m
(a)

c, ~
RI

(A)
=

c1

o-~
(w) without VI

,WllZl_

WU!_A4L
(a) with (b)

0 -’-----A ---------/ 1 / I
FIG. 3.20.—Level-setting (d-c restoration) by means of two types of detector circuits

(A) indicates the use of a peak detector to maintain the maximum excursions of wave a at
ground potential. (B) employs a switch detector to set the level of waveform a at ih
value at the time of occurrence of switching pulse b.

value of the triangular waveform does not fall below ground potential
except for the small voltage required to maintain the charge upon Cl.
Figure 3 .20b illustrates the establishment of the level of a waveform at
an arbitrary time At with respect to its initiation. Other applications
of these techniques of level setting are described later in this volume and
in Vols. 20 and 22.

3.12. Time Demodulation.-A simple method of time demodulation is
indicated in Fig. 3.21, where the time of occurrence of a rectangular pulse
is modulated in accordance with signal information. Time selection of a
portion of this modulated wave with respect to the recurrent selector
pulse b gives a rectangular wave of variable duration as indicated in c.
The area of this wave may be detected by a circuit similar to that of
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Fig. 3.18 by inserting resistance in series with the diode to avoid detec-
tion of the peak value of the wave. Alternatively, the rectangular wave
c may be converted into a triangular wave of variable amplitude by
means of the circuit of Fig. 3.3. The outDut of this circuit is then peak-
detected by the circuit of-Fig. 3“18.

(1) (2) (l)’ (2)’ (1)” (2)”

(.) MIUIJIJ
rAt14

[b)

FIG. 321 .—Conversion of a time-modu-
lated wave into a duration-modulated wave
for the purposes of time demodulation.
The rectangles 2, 2’, and 2“ are time-modu-
lated with reference to the pulses 1, 1‘, and
1” and are converted into duration-modu-
1ated pulses in c by time selection with b.
The duration-modulated waves in c are
then to be average-detected or converted
into a triangular wave and then peak-
detected.

Thi~ represents the process o~ time
demodulation, which may be defined
as the process by which information
is recovered from a time-modulated
waveform about the signal imparted
to the waveform in time modulation.

Another fundamental method of
time demodulation depends upon
the process of time comparison, the
determination of the amplitude of a
wave at a particular time. If, for
example, a triangular waveform a is
connected to the input terminals of
the detector circuit of Fig. 3.19,
which is energized by time-modu-
lated pulse b, the amplitude of the
output will vary in accordance with

the time of occurrence of pulse b as indic&ed in Fig. -322.
This extremely efficient and simple time demodulator has, however,

the disadvantage that it is sensitive to interfering pulses occurring at any
time during waveform a. Time-demodulation circuits used in radar
range measurements employ a
demodulation, which has great
time selectivity and accuracy and
consists of a time-discriminating
element and a time-modulating
element. The time-discrimina-
tion element usually consists of
a pair of time selectors, composed,
for example, of two elements of
the circuit of Fig. 3.11, where time-
modulated pulses a of Fig. 3.23
are connected to the parallel-con-
nected control grids, and selector

negative-feedback system for time

O*
At, I;fq

+-At2~ :
(b) I

—&-q

FIG. 3.22.—Time demodulation by time
comparison. A switch circuit of Fig. 3,19.
OPerating at times At,, etc. connects timing
wave a to the output circuit giving potentials
El, etc.

pulses b and c are connected to the suppressor grids. The output d of the
first time selector represents the overlap of a and b, and the output e of
the second time selector, the overlap of a and c. Detection and subtrac-
tion of the areas of pulses d and e are carried out by circuits called ‘‘ cliffer-
ence detectors” (see Chap. 14). This circuit gives zero output if outputs
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d and e are of equal areas; and, if d and e are of unequal areas because of
time modulation of the input pulses, the circuit gives a demodulated
output. This combination ‘of c~r-
cuit elements is termed a “time
discriminator,” and its function
may be defined as that of indi-
cating by zero output equality of
the times of occurrence of the
input pulse and the selector pulses
and inequality by the sense and
approximate magnitude of the
output .

The demodulated output of
the time discriminator is not,
however, used to represent direct]v

I n(a)kit,+ 1 n I n L
ret,+ h&i

(b) ~
(c) ~

(~) ~

(e) ~

FIG. 323.-The use of time selection in
time discrimination, The time of occurrence
of tha modulated pulses in a with respect to
selector pukes b and c is compared in a pan
of time selectors giving pulses d and e.
These pulses are detected, and their areas
are subtracted in a difference detector. The
whole process represents time discrimination.

the modulating signal.
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F]Q. 324,-Amplitude
discriminator. The plate
potentials are equal for
equal grid voltages and are
unequaf in the sense and
approximate magnitude of
unequalgrid voltages. In
addition, a common-mode
signal, the mm or average
value of the two input
signals, is rejected pro-
viding R~ z (R, + RO/2,
whereEppand Ekk are fixed.

The ou~put is connected to an electrically con-
trolled t~me modulator in a negative-feedback
system and thereby furnishes merely a control
voltage to the time modulator, which, in turn,
generates the select or pulses. In thk way the
selector pulses are constrained to follow the
modulation of the input signal. The linearity of
the operation, therefore, depends upon that of
the time modulator and not upon that of the time
discriminator, and consequently extremely high
accuracies are obtained (see Vol. 20, Chaps. 8
and 9).

3.13. Amplitude Discrimination.-Just as a
time discriminator indicates the time inequality
of two events, an amplitude discriminator is a
means for indicating the equality or inequality
of two voltages. Similarly, the sense and ap-
proximate magnitude of differences are indicated.
Amplitude discrimination may depend upon
linear circuit elements and may be accomplished
by the subtraction of two voltages E, and E,.
The subtraction may be carried out by inversion
and addition, or it may be carried out by a dif-
ferential or balanced amplifier circuit, as shown
in Fig. 3.24. Equality of grid voltages gives
equality of plate voltages for balanced circuit

components, and inequalities of grid voltages give corresponding inequali-
ties of plate voltages.
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An important aspect of this process is the necessity for the rejection
of common potential variations of the input signal—for example, a
signal applied in series with the ground return of both grids of Fig. 3.24.
For balanced components thk signal does not affect the differential mode
of operation of the amplifier, since it occurs in the common mode of
operation of the inputs. Such a signal is therefore called a “common
mode” signal. These common-mode signals are rejected only as long
as the circuit components of the differential amplifier are balanced and,
hence, operating linearly.

Amplitude discrimination may depend upon phase-sensitive modula-
tion and demodulation systems, and in these devices the rejection of
common-mode effects is generally complete.

Amplitude discriminators are used extensively as an element in nega-
tive-feedback systems–-for example, in amplifiers and servomechanisms.

Usually the voltage inputs to an amplitude discriminator are both
varying slowly with time, but in certain cases it may be desired to equate
the peak value of a wave to a steady voltage.

CHARACTERISTICS OF NONLINEAR CIRCUIT ELEMENTS’

Although the important properties of an element are summarized in
its ideal characteristic, every physical unit exhibits departures from this

ideal. In most cases, the major15 I
/ task of a circuit designer is to de-

termine the size and effectiveness

10 - of these sources of error. The
data of this type that are given
here cannot be exhaustive, but

?
.5 5

only exemplify the information
that the designer of precision cir-=+ cuits must obtain by measure

o ments on many units under various
conditions.

3s14. High-vacuum Diode.—
A diode provides a broken-line1 1

-10 -5 0 + 5 relationship between voltage and
EP~ involts current. The average character-

Fm. 3.25.—Typicalaveragebroken-linediode istic of a representative diode is
platecharacteristic(6AL5).

shown in Fig. 3.25. For applied
voltages, more negative than a few tenths of a volt, the current is negligible
(lO_’ amp in most diodes and 10-” amp for special tubes); for applied volt-
ages positive with respect to the” break,” the current increases rapidly with
increasing voltage. The break in the characteristic is not perfect since

tSections3.14 to 3.27 by R. Kelnerand J. W. Gray.
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Epk Epk.

(b)
Fm. 3.26.—Aver8geconduction characteristic for several diodes, Elf = 6.3 volts. (a)

High voltages (Em, 1 volt to 10 volts). (b) Low voltages (EPk <1 volt).
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there is no discontinuity in slope but only an exponentially shaped transi-
tion region. The conducting segment of the characteristic is shaped
accordxng to a power law. These two regions maybe seen on the curves
of Fig. 3 s26. The diode has the great advantage of approximating an
open switch for one segment of its characteristic.

The most common means for utilizing the diode characteristic is a

Aeries circuit with a resistor. The characteristic relating the voltage
across the combination and the voltage across the resistor is shown in
Fig. 3.27. The extent in voltage of the conducting segment is greatly
increased and the segment is linear.

5!E+10-e
i e.

n
z
~+5 -
.s
&

o

-5 t 1
-5 0 +5 +10

ei in volts

(a)

The increase in the range of the

@i R

(2)

-0.8 -0.6-0.4-0.2 0 0.2 0.4 0.6
ei in volts

(b)
FIQ. 327.-Diode-resistor circuit characteristic (6AL5) E// ==6.3, avmme tube. (a)

Broken-line characteristic with linear conduction segment. (6) Expansion of break. The
size of resistance affects the effective break voltage slightlv but not the sha~ (shanmesa) of
break. (1) R = 10k, (2) R = 100,L

voltages (for allowable currents) is very effective in stabilizing the ele-
ment against cathode drifts. The exponential decrease of current
extends over a small percentage of the voltage range and is therefore
very nearly the ideal break. The curvature may be troublesome if
very accurate selection is necessary. The exact voltage of the “break”
is defined only to the extent that subsequent circuits define the output
voltage level at which a response is observable: the higher the subsequent
amplification, the earlier will apparent conduction occur.

Since the break is of primary interest for most applications of the
diode, a discussion of the nature of its exponentiality is appropriate. The
diode consists of a two-electrode element in which electrons are emitted
from the hot surface of the cathode and are repelled or attracted by the
potential of the plate with respect to the cathode. Because of initial
electron velocities, a small amount of current flows despite small negative
plate voltages. The distribution of the normal components of velocities
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of the electrons emitted from a hot surface explains the exponential
decrease of current as the plate voltage becomes more negative. (Note
the linear semilogarithmic curves of Fig. 3“28.)

I

I?pk(volts)
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i

FIQ. 3.28.—Expanded plate characteristics nenr break. The grid tubes are dioda-con-
netted. (a) Average characteristic for several tube types. (b) Effect of heater-voltage
variation upon an average 6AM characteristic: (1) normaf heater voltage, 6.3 volts; (2)
85 per cent; (3) 115 per cent. A similar parallel shift occurs between units of the same
type of tube at normal heater voltage. The JAN specification require that all JAN tubes
h8Vea characteristic passing between points A and B.

Of the total number of electrons emitted in a given time, the portion
having sufficient energy to reach a surface of potential E volts below that

_ll,600~E
of the cathode is e , where T is temperature in degrees Kelvin.
Thus, the total plate current is proportional to this expression if –E is the
minimum potential to be found between plate and cathode of a diode
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having plane parallel electrodes. For ordinary currents this potential is
deter@ned by the space charge, and is far below the plate potential;
but if the plate voltage and current are rather low, this is no longer the
case. The minimum potential becomes practically identical with the sum
of plate potential and contact potential. The latter is a constant voltage,
depending only on electrode materials. Thus, for small currents the plate
current is approximately

~m(e,+E.J
ip ==Ie T , (1)

where ePis plate-to-cathode voltage, EWis contact potential, and 1 is total
emission current. Both I and Em may be omitted by introducing i. as the
plate current at zero plate voltage (assuming the relation to hold at this
point):

11,600
~+

ip=i& .

An oxide-coated cathode is operated normally

1100°K; hence Eq. (2) in this case is approximately

‘iP = ~oeep/o.09

If the current is expressed logarithmically,

in i, =*+lnio,

log,o ip = & + log,o ‘iO.

(2)

between 1000° and

(3)

(4)

(5)

The current thus increases geometrically with respect to plate voltage,
increasing tenfold for each 0.21-volt increment of voltage. The meas-
ured characteristics of Fig. 3.28 follow the predicted relationship [Eq. (5)]
closely except for small variations in slope.

The above applies to concentric cylindrical electrodes as well as to
plane-parallel configuration. 1 The end effects of other tube geometries
seem to result in a larger figure than the O.21 volt quoted above. The
increase never is more than about 50 per cent, however, and the value is
quite constant for a given tube (filamentary cathodes are not considered
here).

The value of plate current below which the logarithmic relationship
is fairly linear depends on cathode area and interelectrode spacing, and
ranges from 50 to 300 pa for receiving tubes, whether they are diodes or
diode-connected triodes, etc. Figure 3.28b shows the curve for a 6AL5
diode. This has cylindrical electrodes with very little end effect, and
the sernilogarithm.k curve is linear up to 100 pa.

1J. blilknan and S. Seely, Ekc$mnier,McGraw-Hill, New York, 1941.
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Cathode !I’emperature.-Cathode temperature (heater voltage) affects
the total electron emission, and the most noticeable effect of temperature
variation is a shifting of the curve with respect to plate voltage. That is,
a given change in temperature may be offset by a certain change of plate
voltage, which is largely independent of the value of the current. The
temperature change, as shown by Eq. (2), affects the slope of the logarith-
mic curve, so that the effect on plate voltage at a given current is slightly
greater at lower currents. The relative insignificance of the latter effect
is shown by the dashed curves in F“ig. 3.28b, which were obtained with
higher and lower heater voltages applied.

Lowering the heater voltage shifts the curve to the right; the steepen-
ing effect is small in comparison.

34567
Ef in volts

Fm. 3.29.—Voltageshift at constantdiode (6AL5) current caused by heater-voltage
change.

The effect of heater voltage is shown more completely in Fig. 3“29
where the plate voltage required for various constant values of current
is plotted against heater voltage. It is seen that, in the neighborhood of
normal heater voltage, the plate voltage for any given current must
increase by about 0.1 volt. for a 10 per cent decrease of heater voltage.
This figure seems to apply, as an approximation, to all tubes with oxide
coated cathodes. There is some variation from it, perhaps 20 per cent in
either direction, with respect both to tube. types and to tubes of the same
type. This variation from tube to tube is an important consideration in
the design of circuits wherein an attempt is made to eliminate the effect of
heater-voltage variation by balancing the shift in one tube against that in
another. More will be said of this method of cancellation in Sec. 9“6. A
more complete discussion of the whole subject appears in Chap. 11, Vol.
18 of the Series. Pentode drifts are largely canceled by those of a com-
pensating diode in one of the methods discussed there.
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Dti&-Drift of the characteristics as the tube ages can cause appreci-
able shift in the operating voltage. This drift is due mainly to change of
the cathode affecting the total emission, and has the same general effect
as heater-voltage variation, shifting the curve of Fig. 3 .28u to the right or
left without appreciably affecting its shape. As a tube ages, the general
trend is toward the right. The drift may be quite large and erratic in a
new tube, but after a few hundred hours with heater voltage applied, drift
decreases to a fairly small average rate, such as 10 or 20 mv per week.
The short-term drift over a few hours is more erratic but maybe as small
as 4 Pv/min.

A lateral drift of the curve of Fig. 3.28a, whether the result of heater-
voltage change or change of the cathode with time, produces an equal
lateral drift in Fig. 3 .27b, so that a drift of the characteristics of a certain
number of millivolts results in that many millivolts change of the oper-
ating point of a comparator diode, regardless of the resistance employed.

Factors A~ecting Slope of Characteristic. -The lack of definition due to
the curvature of Fig. 3“27b would be lessened by a steepening of the loga-
rithmic curve of Fig. 3.28a. As already pointed out, this is accomplished
to a small degree by lowering the heatir voltage. The slope of the loga-
rithmic curve is inversely proportional to cathode temperature, but a very
large decrease of thk will reduce the emission to zero. Reducing the
heater voltage to half of normal decreases the temperature and increases
the slope of the curve by about 20 per cent, without reducing the emission
enough to affect the operation of most circuits employing broken-line
characteristics. This may be permissible and advisable if the maximum
current drawn in operation is considerably less than the emission so that
the cathode surface is not endangered. A given percentage heater-voltage
variation has slightly less effect upon diode voltage at a constant current
if the absolute value of heater voltage is low. Rate of drift may also be
decreased by the reduced temperature. 1

The best cathode material is that which will give satisfactory emission
at the lowest temperature since the constant of Eq. (2) is not a function of
material. Thus, thoriated tungsten would have a characteristic much less
steep than that of Fig. 328a, as it is operative at above 2000”K.

As has been stated, tubes with electrodes neither plane-parallel nor
cylindrical produce characteristics somewhat less steep than that of Fig.
3.28a, but nevertheless linear. The 6J6 has a plane cathode, but the

1If a tixedresistoris employedto drop the heatervoltage from normalto half of
normal,the changeof heaterresistancecausedby deteriorationof the heaterwilIhave
no effect on the heater power and thereforenone on the cathode temperature,thus
affecting a further decreaseof the drift. The effect of variation of heater-supply
voltage,however, is increasedby about thirty per cent by the seriesresistorbecause
nf the change of heater resistance with temperature.
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endeffects are large. Asrevealed bythe slopes of the diode characteristics
plotted logarithmically in Fig. 330awithg ridt ied to plate, the slopeat
normal temperature is one decade in plate current per 0.3 volt. The
dashed curves show the effect of operating with grid connected to cathode.
These curves are slightly steeper, though still not so steep as in Fig. 3.28a,
until the current becomes large, when the resistance becomes much greater
than with the usual diode connection. There is little effect on the shift
with heater voltage at the low currents.

Figure 3.30b, for a diode-connected 6SH7, shows that the suppressor
grid connected to the cathode has no apparent effect.

A filamentary cathode is quite unsatisfactory for most applications to
waveform generation and analysis. Aside from the need for a separate
filament supply, and the large amount of hum (if alternating current is
used), the nonuniform cathode potential results in a much more curved
characteristic.

Some low-current d-c amplifier tubes’ utilize a filamentary cathode,
and may be used advantageously if stability rather than sharpness of
break is important since the 10-ma filament current may be regulated
electronically, and this source of drift is thereby eliminated. The diode,
type V-21, has a rated inverse peak voltage of 3500 volts and an approxi-
mate leakage resistance of 10’s ohms. The plate current is 250 pa at 5
volts EP~.

In general, the best diode has a cylindrical oxide-coated unipotential
cathode and a cylindrical plate, and is operated at a subnormal heater
voltage. The types 6AL5 and VR-91 (British) have a cylindrical struc-
ture. For most applications, where the current is rather low, the size,
power rating, and nominal conductance are immaterial. Employing
two diodes in parallel is of no advantage, since the combined logarithmic
characteristic has then the same slope.

Tolerance of Characteristics. -There is considerable shift to the right
and left of the curve of Fig. 3 “28ZJbet ween different samples of the same
tube type, although the slope of the curve is quite independent of this.
For example, the 6AL5 JAN” specifications require that each diode will
cause between 5 and 20 pa to flow in a 40-k resistor from cathode to plate.
This allows the curve (at Z’f = 6.3 volts) to be anywhere between points
A and B in Fig. 3 .28b. The sldft of the curve which may occur trans-
lates directly into a change of the operating voltage of the device, and
must be taken into account in some way with a “zero” adjustment.

In many amplitude selectors in which a diode is employed, its shift
with respect to heater voltage is balanced against that in another diode
by causing either the reference input voltage or the wave itself to be
shifted, This is accomplished in a more satisfactory way if the two diodes

f VictareenInstrumentCo.
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are the sections of a double-diode tube since the characteristics thereof are
most like]y to be similar. The zero adjustment required is also somewhat
reduced, for the same reason. The JAN specifications for the 6AL5 per-
mit a difference of only 5 ~a between the values of current that each of the
diodes in a given tube passes through a 40-k resistor, while, as stated
above, it may vary by 15 pa from tube to tube. The result of this
specification is that there should be no more than 0.25 volt, laterally,
between the curves for a pair of diodes. The curves for a 6SU7 double
triode, diode-connected (grid to plate), should be within 0.1 volt of each
other, by extrapolation from one of the JAN specifications pertaining ta
triode operation.

Heater voltage
FIG. 3.31 .—Effect of cathode temperature on heater-cathode leakage of diodes. One section

of each of four 6H6’s.

Leakage.—At ordinary inverse voltages the reverse current in a good
diode is in most applications negligible. In diode-connected grid tubes,
however, it may become appreciable, sometimes rising to over 0.01 ~a at
– 100 volts. Since reverse current is mainly the result of ionization, it is
nonlinear with respect to inverse voltage and increases more rapidly
at higher voltages. It is not very greatly affected by cathode tempera-
ture. Surface leakage may also be present, both inside and outside the
tube. If special precautions are taken, the base leakage resistance
between any two pins may be held above a thousand megohms, even at
high temperatures and humidities.

Leakage takes place between the cathode and heater, and may be
several microampere for some tube constructions. It is therefore
desirable to design the circuits so that the cathode-to-ground resistance
is low, or to provide a separate” floating” heater supply for the diode.

Reduced heater voltage may reduce the leakage considerably. For a
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number of triodes (6SN7) operated as diodes, with the cathode 150 volts
negative with respect to the heaters, the average leakage has been observed
tochange from &Paat6.0 heater volts to&~aat 4.5 heater volts. The
results of a test on the6H6 diode are shownin Fig. 3.31. A majority of

m
g~.g
+.:
;:: 80 . n-,/,
z%j~ N
z%:-:jo .
O-C:-,=,-
~=~
~L&lLl — -100 valts heater
~gg 40 -
yu - to cathode
~~g ----- +100 volts heater

5 to cathode
200

0.2 0.4 0.6 0.8
Heater. cathode leakage in #a

FIG. 3.32.—Heater-cathode leakage for
100 tubes (Sylvania 6SN7 GT triodes).
E,, = 6,3 volts, Ep~ = +250 volts, Eo, =
-s volts

the tubes have leakage currents
less than & pa at 6.3 heater volts.
The leakages of one hundred
triodes (6SNT7) operated at ordi-
nary cathode temperatures are
indicatedin Fig. 3.32. Over half
the units have leakage currents
Iessthanfi pa. In another test
atafewmilliarnpere sofplate cur-
rent it was found that the life of
the tube was not lessened by oper-
ation at E~ = 4.8 volts.

Capacitive current will flow
through the tube in either direc-
tion at high frequencies. Ordi-
nary analytical methods may be

applied in the calculation of this current from the known interelectrode
and the measured wiring capacitances. For most diodes, a few micromi-
crofarads are present.

3.15. Contact Rectiiers.-Crystal rectifiers were formerly used in
communications receivers and have been recently applied as detectors

FIG, 3.33.—Germanium-crystal rectifier cross section. (From J. H. ,%aff and H. C,
Theurer, “Preparationof High Back Voltage Germanium Rect{$ers, ” .VDRC 14--555, p. 28, )
A—Metal end piece. B—Ceramic insulator. C—Point contact. D—Germanium wafer.
E—Pigtail connector.

apd converters of uhf signals. Their characteristic resembles the diode
characteristic, but the effects of electron transit time, interelectrode
capacitance, “contact potential, ” drift, and curved break in the charac-
teristic are smaller than for the diode. These contact rectifiers are
simply made; a pointed wire of a conducting material such as tungsten is
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placed in contact,with a crystal of silicon, germanium, or some other
semiconductor. A germanium crystal is shown in Fig. 3.33. The con-
tact rectifier requires no filament supply and, in general, is smaller and has
a longer operating life than the diode.

The surface contact rectifier is familiar as a converter of a-c power to
d-c, and is particularly useful for large current loads at low voltages and
smalf current loads at high voltages.1 The characteristic of a selenium
surface is shown in Fig. 3.34. Copper oxide or selenium rectifiers are
often used for a-c meters that are to be accurate to 1 or 2 per cent.1

The applications of these devices to waveform-shaping have not been
important. This is due chiefly to the excessive reverse current at low
reverse voltages, the negative-resistance characteristic that is entered at
higher reverse and forward voltages, variations from unit to unit, and a
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L——_J—i 1,),1,,,,,
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1412108642024 12 8 4 0 1.02.03
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~lG.3.34.—D-c characteristics of the selenium rectifier.

severe temperature sensitivity. Hysteresis, drift, spontaneous and vibra-
tion noise ~nd aging effects have been obse&ed. -

These sources of error have been investigated and reduced greatly in
the past few years, since the uhf crystal detectors are extensively used in
radar (see Vol. 15 of the Series). Among the crystal materials that have
been investigated, germanium is outstanding for high back resistance
at comparatively high voltages. The germanium crystal has been studied
considerably with a view toward waveform-shaping applications. In
some instances (in addition to those of the first paragraph of this section),
the crystal may be substituted for the high-vacuum diode.2 The nega-
tive-resistance characteristic may occasionally be of some use.

‘ See “Selenium Rectifiers,” EngineeringManual and NandurdEiemsn.t Specifica-
tions, BulletinRDP-107, FansteelMetallurgicalCorporation,North Chicago,111.

2SeeE. C. Cornelius,“Germanium Crystal Diodes,” Elect~onics, 19, 118 (Feb~-
ary 1946).
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Germanium C~stals.—A typical germanium-crystal characteristic is
shown in Fig. 3.35. The back-voltage characteristic is sufficiently good
that such a unit could be used in place of a diode for many waveform
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FK~.3,35.—Typical germanium-crystal characteristics (d-c). (a) Complete character-
istic. Forward and back voltage scales are different. A resistance of 100,000 ohms may be
realized at a and of 200 ohms at b. Point s represents the maximum reverse current per-
mitted by the specification for the WE D-172925 d-c restorer crystal (0.S5ma at -50 VOltS).
(b) Expanded characteristic. (c) Variations in the expanded characteristic. The shaded
area indicates the variat]on from one unit to the next at 25”C.

operations. Unfortunately, the closest specification for the WTED-172925
d-c restorer crystal permits larger back currents, as is shown in the figure
by the point s, defining maximum back current.
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The variation of characteristic in manufactured units is great as
Fig. 3.36 indicates.1 The best method for preparing the materials,
assembling the units, and stabilizing the characteristics (by heat and
voltage cycles) resulted in the distributions shown. If inferior methods
are used, a much smaller percentage of crystals suitable for waveform
operations at high voltages is found.

The temperature dependence of the characteristic is larger for high-
back-resistance units than for low-back-resistance units. A complete
characteristic is shown for several clifferent temperatures in Fig. 3.37.

(E ED
o 5 10 15 20 0 10 20

DC forward current at 1 volt in ma DC reverse current
at 1 volt in pa

100

g
250~

o n
o 0.2 0.4

DC reverse current
at 30 volts in ma

100

~
Y 50 -
1?!

o 1 , 1
0 100 2@l 300 400 503

Peakreverse voltage in volts

FIG.3.36.—Variations in germanium-crystal units at 25”C. (From J. H. Scnf, NDRC
1*555.) The ordinate is the percentage of manufactured units having the characteristic
(at womt) specified by the corresponding abscissa.

The comparative insensitivity to temperature at large forward and back
voltages suggests that the crystals are suitable for operations utilizing
these portions of the characteristics if temperature variations are expected.
For high-voltage waveform operations for which low back current and
stability of break are important, temperature control is necessary.

An advantage of the crystal is that zero current corresponds to zero
applied voltage since no power can be supplied by the element. In order
to take advantage of this stability, the effective break should be placed at
as low a current as possible. The current at the effective break is defined
by the neighboring circuits for any application of the crystal. For various

1J. H. Staff and H. C. Theuerer, “ Final Report on Preparationof High Back
VoltageGermaniumRectifiers,” NDRC 14-555,Bell TelephoneLaboratories.
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units supposedly prepared in an identical manner, the effective break
voltage may vary by one or two tenths of a volt if it is defined at too
high ~ current value. A few hundred microvolt of noise are generated
in the germanium-crystal rectifier, though some crystals have been
observed that generate as little as 10PV of noise.

The shunt capacitance of the point contact rectifier maybe from ~ to
~% wf. This is a factor of 10 lower than diode capacitance. At ultra-
high frequencies this property is important.

The shape of the break is shown in Fig. 335b. The theory of the
crystal rectifier is not yet complete, but the rise of current is roughly

10Q

10 z

g 1.0 _
>

.01 .

0 I 1))I11.11 1 1 (Ilul 1 J I
0,001 0.01 0.1 1.0 10 100

Current in milliamperes

FIG. 3,37.—EfIect of temperature upon the d-c characteristics of a typical germanium
rectifier, (From J. H. Scuff, NDRC 14555.)

represented by a positive exponential rising from a negative current value
and passing through the origin. Deviations from an exponential char-
acteristic are always present and may be represented by a small resistance
in series with the truly exponential element. At room temperatures the
crystaLrectifier logarithmic slope may theoretically be five times that of
the ideal thermionic diode with its cathode at 1000° K. Actually the
average crystal characteristic does rise more rapidly than the diode at low
currents. The two characteristics may be compared in Fig. 3.35b. This
slope for the crystal characteristic may vary by a factor of 2 or 3 from
unit to unit and with large temperature changes (see Figs. 3,35c and 3.37).

3.16. Photocells.—The characteristic of a high-vacuum photocell (two
metallic unheated electrodes) is given in Fig. 3.38 for two values of
incident light intensity. The voltage-current curve’ exhibits two breaks.

I See M.I.T. E. E, Staff, App2ied.?Nectronice,Wiley, New York, 1943,p. 105.
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At the origin the potential difference between electrodes reverses direc-
tion, and the electrons emitted bythesurface exposed tolight are drawn
back to the emitting surface. The distribution of initial electron veloci-
ties determines the shape of cutoff characteristic.

As the plate or collector electrode is made positive with respect to the
cathode, a larger and larger per-
centage of the emitted electrons 14~~

are collected. The flat portion of 12 Light fhJX
the characteristic corresponds to $10 - lumens =0.5

the collection of all emitted elec- ? 8 -
trons. The addition of gas to the .: 6
photocell introduces ionization W%4
effects. The current does not 2 “
become independent of the applied ‘Ofzo ‘ & ‘ ~& ‘ ~40 ‘ & ‘ & a
voltage in this case. EPk in volts

The photocell is also an exam- FIG. 3,38.—High-vacuum photocell 919

ple of a multivariable element, (average plate characteristi.a).

relating a current, a voltage, and a light intensity. The common applica-

tions of the photocell require a resistance in series with the element. The

IR-drop across the resistor is the useful output and the light intensity is
the useful input.

3.17. Cutoff in Grid Tubes.—The addition of one or more grids

200

eO

100

0

200 K e. i’

$$]

---
ei

Y

1 1

-20 -15 -lo -5
ei

FIG. 3.39.—Broken-linecutoff char-
acteristic (6SL7). The value of e, at
which the break occurs is a function of Emp.

between a thermionic cathode-and
a plate electrode results in the fa-
miliar current ‘{valve. ” The plate-
cathode current I@ is considered,
at least for amplifier usage, to be
controlled by the grid-cathode volt-
age E~bas well as by the plate-cath-
ode voltage ~pk. More generally,
the element relates these three vari-
ables in the manner described in
Sec. 3.27. This is a multivariable
element and provides a variety of
multivariable characteristics
and nonlinear two-variable
characteristics.

If the triode is connected as for
ordinary amplifier applications, the

117gkto E,k relation (with AEPkproportional to –Alp,) is the most descrip-
tive characteristic. The relationship may be nearly linear over large
portions of the characteristic as maybe seen in Sec. 3.27. As the grid is
made more negative, however, the tube “cuts off .” The characteristic
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shows a break at the cutoff bias. The sector of grid control is called the
“grid base.” For the cutoff tube, the characteristic is flat-the output
does not vary as the input is varied. Such a curve is shown for the
6SL7 in Fig. 3.39.

This is a very useful broken-line characteristic. The same triode
element may perform a nonlinear operation and amplification. The
impedance of the grid circuit may be very high on both sides of the break
(on the grid base and “beyond” or “below” cutoff). The diode cir-
cuits, on the other hand, exhibit different impedances on the two sides of
the break, an inherent property of the direct nonlinearity.

The sharpness of the break may be shown by plotting l=~-Eak
curves for various fixed values of Ep~ (for a triode) or E~,k(for a pentode).
The curve is logarithmic in the low-current region but is considerably less
sharp than the diode cutoff curve. Any potential between the control
grid and the next electrode (plate or screen) causes the slope of the loga-
rithmic characteristic to be less than for the diode. For the best defini-
tion of the break, the plate or screen voltage should be as low as possible.
The grid base is also shortened for these low plate or screen potentials.

Figure 3.40 shows the effect of the plate-to-grid potential on the slope
of the logarithmic relationship of current to voltage in the low-current
region. The plate-to-grid potential rather than plate-to-cathode poten-
tial was held constant in each curve, so that the diode characteristic
(e,, = O) could be included for comparison. Total cathode current is the
ordinate for the same reason; but for all values of egk below about —0.8 to
– 1.0 volt this is almost entirely plate current.

In triode operation the slope of the logarithmic characteristic is
evidently constant up to as high a current as in diode operation, but with
diminishing slope for greater plate potentials. All tubes give about the
same slope for the diode curve, but there is much variation between tube
types in the rate of decrease of slope with respect to plate potential. In
general, well-constructed high-y tubes are less affected by plate voltage

than are low-~ tubes.
In so far as the curves of Fig. 340 are straight, the transconductance

is proportional to the current. If the slope of a curve is

d log,~ i 1
T=z’

(6)

E, being the increment of e,tiproducing a tenfold increase of current, then

di 2.3i_ —,
~k – E,

(7)

where i is the plate current wherever egk is below about – 1 volt. [The
fact that e,g is fixed for each curve, rather than %k, only meam that the
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transconductanceis P/(P+ 1) of the expression of Eq. (7).] Thus, a
high-p triode, at a given plate voltage and current will have a higher
transconductance in the low-current region than will a low-p tube, regard-
less of rating or nominal transconductance. At a plate voltage of 90
volts and a plate current of 0.1 ma, the transconductance of the 6SL7 is
400, while that of the 6SN7 is only 140 pmho. Another conclusion to be
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Fm. 3.40.—Logarithmic cutoff characteristics of trioclea. (a) 6SL7; (b) 6SN7; (c) 6SN7;

(d) 6J6. Figures (a), (b), and (d) have.& as parameter, (c) ~p~. Figure 3.71 is the 6SL7
characteristic with Ep~as parameter. The 6J6 characteristic shows incomplete cutoff, such
aa ia observed in many 6Jfl tubes. In (d), -E!,/ = 85 per cent normal for the dashed curves
(see Fig. 11.2, Vol. 1S of this series for other low-current triode characteristics).

drawn from Eq. (7) is that in the low-ourrent region no increase of trans-
conductance may be obtained by employing tubes in parallel since the
current, and therefore the transconductance, of each tube is lessened.
It will be remembered that this conclusion applies also to the variational
resistan~e of diodes.

In many tubes the cutoff is incomplete, so that a measurable plate cur-
rent will flow regardless of grid bias. This is subject to large variations
from tube to tube. It is always greater at higher plate potentials, and is
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usually decreased with a decrease of heater voltage. Figure 3.40d reveals

1000
the effect in the case of one 6J6
triode.

300-~ Curves similar to those of Fig.

100- $’ 3.40 are given for a pentode in
II Fig. 3.41. In this case the differ-

.:10 -
ent curves are for different screen
potentials, the plate potential bc-

3 - ing held fixed at 90 volts. The

1 - effect of the latter on total current

0.3
was found to be very slight al-

-8 -6 -4 -2 0 though it does affect the ratio of
E~l~in volts screen to date current.

F1c+.3.4 1.—Logarithmiccutoff character- The c~toff characteristics of
istics of pentode (6SH7). h’o,bas parameter.

several triodes and pentodes are
shown in Fig. 3,42. The plate-to-cathode voltages are used rather than
plate-to-grid voltages.

Biases on other grids may cut off plate current if made sufficiently
negative. The slope of the logarithmic curve is usually smaller than for

6SH7
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the curve corresponding to first control-grid cutoff. The multivariable
nonlinearities are often useful, however, and Sec. 324 is devoted to the
elements possessing them.

In comparing the pentode and the triode as nonlinear elements, an
important consideration is the isolation of the screen voltage from the
output signal in the case of the pentode. In order to provide a large ouk
put signal, the supply voltage must be large for a triode. This, however,
implies that the grid base is comparatively large. For the pentode, how-
ever, a short grid base and a large output may be obtained together.
The screen voltage may have a lower bound imposed by its effect on con-
trol-grid current.

The most important distinction between the diode and the triode
(cutoff) nonlinear elements is that the diode break is considerably more
stable with respect to tube change. If this factor and the sensitivity to
triode plate potential are considered, the diode is clearly preferable for
most precision operations.

3.18. Plate-voltage vs. Plate-current Nonlinearities.-In the last
section a two-variable characteristic—the broken-line transfer character-
istic of a vacuum-tube amtiifier-was
discussed. The important ~ariables for
that nonlinear relation are input voltage
and output voltage.

If the relationship of EPkto IP~ were
examined for the circuits of the last sec-
tion, it would be convenient to consider
them as nonconstant with respect to Eok.
The relationship between Ep~ and I,i also
has two nonlinearities. The first may
be called “bottoming” and, for the pen-
tode, occurs below the “knee” in the
plate characteristic. The transition from

“h-i
“~

o 100 200 300
Epk involts

FIG. 343.-The ‘cknee” and
‘‘ bottoming effects.” A broken-line
characteristic for a pentode (6SH7).
I?// = 6.3 volts, li,i~ = 100 volts.

the usual plate impedance of several hundred kilohms to this low value is
the break in the characteristic. The impedance at the plate-cathode
terminals is 1 or 2k for many pentodes (that of the 6AG5 is larger). The
break is not sharp compared with a diode break but is often useful for
comparatively nonprecise operations. An example of this break is shown
in Fig. 3.43 for a constant grid bias of —1 volt on the 6SH7 tube.

The same curve shows the second break, the cutoff of plate current for
negative Ep~. This effect is sharper than the knee and may equal the
sharpness of diode cutoff for small values of EP~. The stability of this
break is generally worse than for the diode, but the sensitivity {O cathode
temperature is approximately the same.

For switch-tube applications, the same curve for a constant value of
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grid current rather than grid bias may be desired. Such a curve is
shown in Fig. 3.44 for the 6AG7 pentode. This too, is a doubly broken-
line characteristic. The beam-power tetrode has a plate characteristic

7
Er2=55 v.Max.acraandissipation=1,1w /

\ &+55v .@ti

Enkinvolts
Fm. &44.-Pentode characteristicinlow-plateresistancerecion(6AG7). E,,t = 6S volts.

Maximumscreendissipation= 1.1watta.

that is similar to that of the pentode but less sharp for either constant
control-grid voltage or current. See Fig. 3.45.

For the triode connection of a pentode, the “bottoming” or “knee”

E&involts
F1~, 3.45.—Broken-line oharacter-

iatic for a beam tetrode (6Y6-G).
Jl,/ = 6.3 volts, E9~ = 135 volts.

complete triode characteristic is

break disappears for the negative grid
biases. The cutoff break remains, and
the variational plate impedance of a
triode is low so that the triode may be
said to retain the two left-hand seg-
ments of Fig. 3“43. Thus the “ bot-
toming” operation that is often useful
in setting the lower bound of a plate
waveform may be performed with
triodes. Part of the cutoff break is
shown for a penilode, pentode- and
triode-connected in Fig. 3“46. The
singly broken and the pentode char-
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Fm. 3,46.—Triode and pentode connections, low-plate-voltage region (6AK5). E,~ = 46
volts. Maximum screen dissipation = 0.3 watt.
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Fm. 3.47.—Triode in low-plate-voltage region (6SN7). For large grid-mrrent values, a
“ knee” is present.
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acteristic is doubly broken. A doubly broken triode characteristic can be
obtained at a constant positive control-grid bias.

The upper segment of two-triode EP~-lpk characteristics for constant
values of grid current are shown in Fig. 3“47. The lower portions of
the break are exponential, and like the pentode may be nearly as sharp as
but not so stable as the diode cutoff. (This part of the characteristic is
not well known. From Fig. 3.69 it would appear that the corresponding
curves for constant values of ~~k would be similar in shape. An upper
bound can be placed on the plate current for E=~ = Eg~, The character-
istic of the diode-connected tube provides the sum of plate and grid cur-
rents in this case. )

3.19. Grid-current Nonlinearities.-The flow of electrons to the first

3

fJ-o.50~
10 30 100 300

i. in.ua
FICJ.3.48.—Grid-current characteristic

of a triode with fixed Epk (6SL7), (Dashed
curves, EJ~ = 85 per cent of normal.)

control grid of a vacuum tube is
very small if —E~kis negative and
larger than about one volt, pro-
vided the next electrode is at a com-
paratively high potential so as to
maintain the electron velocities
through the grid openings. 1 hc
grid current is desired to be negligi-
ble for most amplifier applications
but may provide two useful non-
linear characteristics.

The first is the direct nonline-
arity in the grid-voltage vs. grid-
current curve. This effect is
similar to the diode broken-line
effect and may be explained in the

same way. The break is an exponential curve as may be seen in Fig. 3.48.
The slope of the logarithmic curve is approximately the same as for the
diode.

The characteristic is taken with a large series grid resistor (the voltage
across the resistor provides a measure of the grid current). Such
a resistor or its equivalent—the internal impedance of a waveform
generator—is necessary in order to limit the grid current if the applied
wave-form el assumes positive values. The series resistor and the grid-
to-cathode circuit provide a characteristic corresponding to the resistor-
diode circuit of Sec. 3“4.

The second nonlinearity is produced by the same circuit as the first.
The mutual characteristic between el and i, (or ipR~, for an amplifier
circuit) possesses a sharp break. Just as cutoE bounds the grid base at a
low value, so the flow of grid current provides an upper and sharper
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boundary. Cathode temperature variation shifts the grid voltage at any
given grid current, just as for a diode, resulting in very little change of
plate current. The stability of the upper bound of the mutual char-
acteristic permits this break to be used in precision circuits.

The lines of constant grid current on a plate characteristic follow the
lines of constant grid bias very closely. The grid and plate currents have
a fixed ratio. This fact may be obsemed for the 6SL7 tube in Fig. 3.69.
Another grid-current characteristic for this tube is shown in Fig. 3.70.
The cutoff of grid current at negative values of Eokis not complete. The
JA’N specification for the 6SL7 at E,b = – 2 and E,k = +250 allows a
maximum current flow to the grid of 1 ~a. The 6SU7 (selected 6SL7) has
a much smaller value of maximum current for a similar operating condi-
tion (0.01 pa). Other standard receiving tubes (except the 6AK5 pen-
tode) are permitted a larger flow of grid current under similar (Class A
amplifier) operating conditions (1 or 2 20
pa).

Pulses of grid current may assume
large values if the average power is held 2

.E 10
rather low (~ watt for the 6SN7 tube). .-m
Blocking oscillators make use of this
region of triode characteristics. Such H
tube characteristics are described in 5 +10
Chap. 6. The plate-cathode character- ~~ mJS5

istic of a triode with a very positive Fm. 3.49.—Suppressor-grid-char-

grid appears on the basis of a few tests acterktic break at &8k = O volt.

to be that of a low impedance diode
EJJ = 6.3 volts, Epk = 120 V0)t9,EOt~
= 120 volts, Eolk = -1 volt (6AS6)

without filament-voltage drift effects.
Suppressor Grid.-Unlike the control-grid characteristic, with its high

C%pk
aeg.k
— value for positive E.~, the suppressor grid tends to lose control of

pla’te current for positive biases. The combination of this effect and of
the grid current to the suppressor grid at positive biases results in a sharp
break in the Ea,k – rpk characteristic. Such a characteristic is ,shown in

Fig. 3.49. For low values of plate voltage a similar effect maybe observed
with the first control grid of a 6AC7. The resultant waveform in a pulse
amplifier may be observed in Fig. 9.40.

3.20. Composite Characteristics.-The cutoff and grid-current breaks
for a triode provide a doubly broken mutual characteristic. The effects
that cause the breaks have been described in the last three sections and
will not be discussed further here.

F@re 3.50 shows the mutual characteristic for a triode-amplifier cir-
cuit, with two different values of EPPand of load resistance. The effect of
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variation of the series grid resistor is also illustrated. In the cases where
R = O, the upper break is cauwd by plate-bottoming. The size of grid
base is directly proportional to Ep~

The doubly broken-line characteristic at the pentode plate is shown in
Fig. 3.51. The two breaks correspond to the knee in the plate char-
acteristic and to the cutofl of plate current by plate voltage.

A

200

100,
B

30 - ‘\
1

Y! +1C41v~S!3
c

3 <

50 k R=IM.-
; 40 -R eP

ei ‘--
20 -T

R=o

0
-2 0 +2 +A

e~involk e~involts
Fm. 3.50.—DoubIy broken amplifier characteristics.

A complete suppressor-grid characteristic is ahown in Fig. 3.52. The
sharpness of second-control-grid breaks are in general inferior to those of
the first control grid.

3.21. Gas-611ed Tubes.—Conduction through a gaseous atmosphere
between two electrodes is characterized by a distinctly nonlinear voltage-

25
c.-
*Z

0Lu
-30 0 +50 +100

IIpkinvolts
FIG. 3.51.—Doubly broken plate char-

acteristic (6SH7). EJJ = 6.3 volts, Eo,k =
160volts, Ealt = -1 volt.

10
E
.s 5
&

o

EzEl
-20 -10 +10

Eg3kinW;

FIG. 3%2.-Doub1y broken suppressor
characteristic (6AS6). E,f = 6.3 volts, E@

= 120 volts, Ec,k = 120volts, llr,~ = —1
volt .

cur-rent curve. 1 Several different regions are defined by clifferent effects,
but the most valuable nonlinearities are provided by the ionization of the
gas. Additional freeing of electrons and nullification of space charge by
the ionized particles make large currents available. The current flow

I M.I.T. E. E. Staff, A ppiied Ekdronicx, Wiley, New York, 1943, p. 19S, Figs.
13and 14.
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may increase spontaneously after ionization has progressed sufficiently
and must, therefore, be limited by an external resistance in order to pre-
vent injury to the electrodes. The voltage drop across the tube may be
constant over a wide range of currents.

The regenerative nature of the breakdown or rise of current is an
important property of gas tubes. Such effects are observed in regenera-
tive vacuum-tube circuits.

With two unheated electrodes in a gas tube (the commercial voltage-
regulator tube-for example, the VR-105), the constant voltage after
breakdown (60 to 150 volts) is the property of greatest interest. The
applied voltage for breakdown is somewhat above this constant voltage
and is subject to considerable variation with time, temperature, tube unit,
and incident light. For this reason, the discontinuityy in the cold-cathode
gasdiode characteristic is not much used for amplitude comparison. The

zE out

E In

●

-,,
Fz~. 3.53.—Characteristic discontinuities for a cold-cathode gas-diode circuit, The char-

acteristic has b,otb discontinueties and hysteresis properties.

characteristic of a gas-diode and series resistor circuit is shown in Fig.

3.53.
With a thermionic cathode the characteristic is similar to that of the

high-vacuum thermionic diode for voltages less than the ionization poten-
tial (not the breakdown potential of the element) of the gas. & the plate-

t~cathode voltage is increased, breakdown occurs as for the cold-cathode

diode, but current prior to breakdown is considerably higher. The break
in the high-vacuum diQde characteristic is present as }vell as~the ideal break

at the breakdown potential. The latter point on the characteristic is sub-

ject to the same variability as the corresponding point for the cold-cathode
tube and to cathode drifts in addition.

For many purposes it is desirable to control the start of the regenera-
tive increase of current in a gas tube by means other than the acceleration
of electrons by diode plate bias. 1 In particular, a grid structure around a
thermionic cathode permits the firing to be controlled by the grid-cathode
bias. The bias at which regeneration is self-sustaining is approximately

~Ibid., p. 244,
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as constant as is the high-vacuum triode bias for a specfled current. The
discontinuous characteristic that is provided by some grid-controlled gae-
filled tubes with negligible grid current before firing is shown in Fig. 3454.

The grid current that flows before and after firing may affect the
applied waveform. A series resistance to limit the grid current after firing
is often necessary. The conducting gas-filled tube has “noise” of much
greater amplitude than that of a vacuum tube; under suitable conditions

Epp,=100v

z

e.

2050
---

Egk ‘--

=

75

e.

50

25

L
-2.0

J%
Fm. 3v54.-Grid-controUed hot-cathode

gas-tube Circuits. Voltage-transfer char-
acteristic. The tiing may not be turned
off by the grid potential but only by an
auxiliary means of lowering the plate cur-
rent. &~ at Sring is a function of EW

this may be as much as several volts.
During conduction, the plate

current is determined by the supply
voltage and the series impedance,
the plate-to-cathode voltage (gen-
erally between 5 and 20 volts) being
almost entirely independent of
plate current. When the plate cur-
rent is flowing the grid has little
control, and means must be pro-
vided to extinguish the current by
dropping the plate-to-cathode volt-
age to some low or negative value.
The current flow must be reduced
to a value of 0.5 to 5 ma.

Before initiation of plate cur-
rent, the negative potential of the
grid acts to keep electrons from the
cathode from reaching the high
gradient produced by the plate po-
tential, where they would acquire
sufficient velocity to ionize the gas.
The grid potential at which enough
electrons get through to cause
breakdown thus depends on the
initial velocities at the cathode,
just as does the voltage that is
required to obtain a certain cur-

rent in a high-vacuum triode.- The breakdown potential is therefore
subject to the same sort of drifts due to aging and change of heater volt-
age and to others due to the variation in gas composition and density.
F@e 3.55 shows the effect of heater voltage on the critical potential in a
~50 thyratron. The curves have much the same slope as for a hard-
vacuum tube, and a fair degree of compensation for heater-voltage varia-
tion may be achieved by balancing the effect with a diode or triode.

A fundamental difficulty in the application of ionization processes to
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fast waveform control is the relative slowness of ion movement. The
breakdown may be delayed by a microsecond or more from the time at
which the critical voltage condition is attained. This delay may vary
from one repetition of a waveform -0.2
to the next. The time required
for deionization is considerably -0.4
greater and is dependent upon the
degree of ionization and the volt- -0.6
ages available to remove ions.
This recovery time may be from 15 -0.8

to 200 psec for various tubes and +
operating conditions. y -1,0

3.22. Feedback Circuits.-The ~
regenerative nature of the firing ~ -1.2
of a gas-filled tube is described in ~
Sec. 3.21. The characteristic of -1.4

that element possesses a dkcon-
tinuous segment and a hysteresis -1.6

property that describes the ir-
reversible nature of the firing. -1.8

Such properties can also be found -20
in regenerative vacuum-tube 2345678

amplifiers. EJ- VOttS

The doubly broken-line char- Fm. 3.55.—Effect of cathode temperature on

acteristic of Sec. 3“20 may have a
thyratron firing potential.

large slope on the central segment. This corresponds to a high-gain ele

ment. If the signal levels at which saturation of the amplifier occurs are

held fixed and the gain is increased, as, for example, by additional stages,
the result is as shown in Figs. 3“56a, b, and c. The entire range of output

‘“YYJ @
r ~ ~ r

(A) (B) (c) (D)
Fm. 3.56.—Effect of conductive regeneration on amplifier characteristics.

variable is traversed for a smaller and smaller increment at the input.
The characteristic approaches a true discontinuity.

Regeneration is employed to provide very high gain in a single ele-
ment, The effect of d-c-coupled regeneration is shown in Fig. 336,
including Fig. 3 .56d. These characteristics provide even more variety
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than that produced by the increase of gain with additional stages. As
d-c regeneration is increased, the element may pass through the condition
for a simple discontinuity and exhibit hysteresis properties (see Fig.
3.56d). Adjustment c is often called the “infinite-gain amplifier” since
the output signal is produced by an infinitesimal input increment. This
characteristic would be suitable for many applications where a discon-
tinuity is desired at the same value of a variable regardless of the dh-ection
of approach if the element gain and gain variation were stable. The
vacuum-tube gain varies considerably, of course, and the voltage value

4+150

LRB
IC -150

-8 -6 -4 -2

I700J2

ic =1.96ma

~,

2 4 6 8
E2 involts

2

I
Fm. 3.67.—Fonr-diode element giving a doubly broken characteristic symmetrical about

the origin. Two 6SN7’S are used, diode-connected.

for regeneration also varies. Balanced circuits may be used to compen-

sate systematic cathode drifts. The time scale of operation is limited by

the stray reactance. Two circuits and their characteristics for various

amounts of feedback are given in Sec. 9.16. These examples are not
designed for rapid operation, and the point of regeneration is very unstable
in each case.

3423. Multiple Circuits.—By the combination of several diodes and
resistances, simple circuits can be formed that have doubly broken-line
characteristics of various kinds. Two examples appear in Figs. 3.57 and
3.58 for the 6H6 and 6SN7 (diode-connected). For identical resistocs
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and tubes with identical characteristics, the curves are symmetrical
about the origin. The bidirectional conduction of these circuits may be
necessary for some operations.

+150

h

R~ { lC

6H6 6H6

~

E2

1P
2
.s

RA Ic
-a

-150

-8 -6 -4 -2
1.2k

75k=RA

~

2 4 6 8
E2 involts

2

Fm. 3,58.—Four-diode element using 6H6’s.

For many purposes, however, two-diode sections provide a suitable
doubly broken-line characteristic (see Chap. 9“3). A representative
circuit is shown in Fig. 3.59. A two-crystal characteristic is shown in
Fig. 3%0. This circui~, used as an amp~-
tude comparator, is discussed in Chap. 9. I ~+E

3.24. Multivariable E 1e m e n t a .—The
multigrid vacuum tube is an example of a
multivariable element that relates several e2 *>
electrode Potentials to the date-cathode
current and to grid currents. “ Other multi-
variable elements are constructed as cir- Ow
cuits of two-variable elements. o e,

The pentode has been shown to possess FIG. 3.59.—Two-diode ele-
several two-variable nonlinear characteris- ment giving a nonaymmetrical

tics. For some of these, all variables ex-
doubly broken characteristic.

cept two are held constant; for others, the attention is focused on two
variables, such as input voltage and output voltage, despite the variation
of others. The current variables are ignored if voltage relationships are
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important, except during the calculation of the transfer characteristic of
the element.

If three variables are in use, their relationship maybe represented by a
simple equation or by a set of graphs. The nonlinear functions are of
the greatest interest, since linear multivariable elements are equivalent
to circuits of linear two-variable elements.

The major portions of the 6AS6 pentode characteristic are shown in
Fig. 3.61. The breaks in the several tw~variable characteristics are not
given in detail, but they are similar to the breaks that are previously

L I I
Total current through matched

crystal pair inma

A -;.

‘wa-
- Referencevoltage

Fm. 3.60.—Two-crystal characteristic.

described for pentode~, except for
the suppressor-cutoff break. The
6AS6 is designed with a compara-
tively ;harp suppressor-cutoff char-
acteristic so that this tube is often
called a “two-control-grid tube.”
The screen grid bias exercises less
effective control over the plate cur-
rent but may be a useful variable.

One important property of the
6AS6 is the dependence of the varia-
tion in plate current upon the pro-
duct of AE,,k and A (EO,~ – EC,J.

This property is utilized for a mul-
tiplying circuit in Chap. 19.

A second control grid (Grid No.
3) in a pentagrid converter tube
(6SA7) provides the characteristics
shown in Fig. 3.62. The second
control grid is placed between two
screen grids, and a suppressor
shields the plate from the outer
screen. The cutoff break of the

6SA7 is less sharp than that of the 6AS6, and the tube is also less
suitable as a multiplier. The switching of an amplifier on and off is a
comparatively nonprecise application for which the 6SA7 characteristic is
suitable.

The VR-116 (British pentode) suppressor-cutoff characteristic is
shown in Fig. 3%3. This tube has been much used where two-control
grids are required.

Atriode is a three-variable element, but the effect of plate voltage upon
plate current is often an undesired effect. If this relation is used in a
circuit operation, the triode may be considered a two-control electrode
element. The 6K6 triode may pass a plate current proportional to the
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FIG. 362.-Three-control-grid characteristic of 6SA7. The first grid curve is not given.
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product of the incremental plate and grid signals in some operating
regions (see Chap. 19).

A pair of triodes may be connected in many different combinations to
give a threr+variable relationship. An unusual
example is shown in Fig. 3“64. The approxi-
mately identical response to positive or negative
values of Ez may be desirable in some instances.
If two triodes are connected in parallel with a
common plate resistor or in series with one tube
serving as plate resistor for the other, many of
the functions of a two-control-grid amplifier can
be performed.

3.26. Curved Cha.ractenatics.-This char-
acteristic is used for special applications such as
the generation of curved waveforms, the syn-
thesis of curved functions in computers, or

FIG.3.63.—VR116suppres-
sorcharacteristic.

modulation by curvature. The curv~d characteristics that are at present
available are neither as stable nor as faithful to the desired curve as are
linear elements,

y

+
Ie

=

-10 -8 -6 -4

J?2 in volts

L

Fm. 3.64.-A multivariable characteristic from a two-triode circuit.

In Sec. 3.14, the curvature of the thermionic-diode characteristic is
described. For high currents, a power law is obeyed; for low currents, an
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exponential. An exponential grid characteristic for a tnode is given in
Sec. 3-19. These curvatures find use in some automatic logarithm com-
puters. (The exponential waveform may be simply generated by linear
networks.) Thus, the grid current for a triode is obtained from a photo-
electric cell, in a photographic densitometer, so that the plate current of
the triode is a measure of the logarithm of the illumination of the cell.

The curvature for many elements obeys a square law. Such char-
acteristics are described in detail in Chap. 19. The stability of shape
(fidelity) of a vacuum-tube plate chziracteristic is better than its stability
of absolute values.

The variable-p pentode has a w-veal transfer characteristic that is
used for AGC. This characteristic is achieved by varying the spacing
betweeh grid wires, and some variation in the type of curvature is
possible,

3.26. Displacement Elements.—The concept of waveform may be
profitably extended to include nonelectrical physical systems. The
preoccupation of this volume with electrical systems does not exclude
some systems such as meter and cathode-ray-tube indicators. ‘I’here are
a number of nonlinear characteristics available with such elements.

The use of a mask with a visual presentation of any variable by dis-
placement provides a broken-line characteristic. The connection
between the observer and the data is completely severed for a range of
values of the variable. This maybe said to correspond to an ideal &lode
characteristic. Nonlinear scales are a flexible and often-used device for
focusing attention upon a particular region of the variable.

The meter is restricted to the presentation of slowly varying quantities.
Special galvanometers may provide fast response, and the cathode-ray
oscilloscope, even faster response; the latter is limited only by transit-
time effects. The oscilloscope is often used for a displacement presenta-
tion, and masking is perfectly possible in this case.

Automatic control of electric circuits by a photocell, perhaps on a
cathode-ray-tube face, or by electrical contacts to which the electron
beam can be switched by deflection, provides a set of valuable nonlinear
relations. The latter device has been developed for a special wavef orm—
coding operation.

3.27. More Complete Descriptions of Physical Elements.-The
“element” of the preceding sections may be described symbolical y by

F,(x,, x2, Xs, ‘ ‘ ‘ ) = o, (8)

where F1 represents a set of graphs, a set of equations, or some tables of
data. The variables X,, X2, X$, . , . are those inputs and outputs that
are useful to the circuit designer. Among them he may designate inde-
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pemdent variables, dependent variables, or parametric variables. These
names are often helpful in analyzing a circuit by physical reasoning.

Reactive E$ec&-If inductances or
capacitances are present within the
element, F1 must be equivalent to
equations containing derivatives with
respect to time. Such elements are
said to have reactive characteristics.
In order to simplify the descriptions
of such elements, all distributed react-
ance are lumped and all elements
me broken down into simple elements
until the lumped reactance can be
placed across the external terminals of
the element. 1 The element may then
be considered to be resistive, and the
reactive effects are compukd by a cir-
cuit analysis. The resistive charac-
teristic must often be represented by
linear segments for such calculations.
l%s may not lead to excessive errors
if the reactive effects are compara-
tively small. Throughout the re-
mainder of this volume nonIinear
elements are treated in this way.
Nonlinear reactance have only a few
special applications in waveform-
shaping. “Nonlinear characteristic”
WN be taken to imply the resistive
component of a rmrdineaz character-
istic unless “nonlinear reactance”. is
specified. ‘l?herefore PI contains no
derivatives with respect to tirue,g al-
though other derivatives represented
by the hysteresis characteristics may
be present.

CompWe Characteristic Sources oj
li’rror.-The functional relationship
of I’l is incomplete; for a careful cir-
cuit design, the sources of error that

FIW 365.-Subminiature high-e triode
(SD-917)

cause deviations from the normal or average must be known as welL

~SeeM.I.T. E. E. 6taff, Electric G’ircuiti, Wiley, New York, 1943,Chap. 1.
* Unisaetime is a useful.vmiable.

-.

The
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sources oj moT cannot be distinguished from the usejul vam”ablesuntil a
particular use for the element is prescribed. For elements used in a
familiar way, however, the distinction between useful variables (or, sim-
ply, variables) Xl, X2, X3, . . . and sources of error a, & ~, . - . is
clear. The complete (resistive) characteristic becomes

Fz(xl, xz, xs, -””; a,iil, T,”” “)=0. (9)

The sources of error may include temperature, age, usage, incident light,
atmosphere in the tube, the geometry of the electrode structure. Sources
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Fm. 3,66.—Triode symbols.

of error in one application may be useful variables in
screen-cathode voltage of a pentode is a familiar example.

The means for representing these undesired effects

another. The

are graphs, or
data, showing the departure of a characteristic from a standard or average
value for an incremental change in the source of error. The analytical
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equivalent is a knowledge of the partial derivatives or clifferences of the
useful variables with respect to the sources of error, for some regions of the
ideal characteristic. The relationship FZ is never represented completely.

The data of this chapter consist, in part, of important deviations from
the average characteristics. The manufacturer’s handbook data and the
textbook descriptions of elements seldom include this information, even
though it is required for accurate circuit design. The remaining data
included in this chapter are made up of unfamiliar portions of common
characteristics. In particular, the exact shape of the characteristics
near cutoff of current is of interest
are made, or greater predictability
is desired, the designer is usually
forced to take extensive new data.

In order to clarify the relation
of ordinary vacuum-tube charac-
teristics to a more complete des-
cription, the high-p triode is
discussed here. The construction
of such an element is shown in
Fig. 3.65 with the filament wires,
cathode, grid, and plate visible as
concentric structures. The com-
mon symbols for thk element are
6hown in ~lg. 3 “66.

When new applications of elements

E~i!wt& ‘
FXQ.367.-Average plate characteristics for

high-p triode (6SL7). EJf = 6.3 volts.

In the manufacturer’s published tube data, the following information
may be found:

1.
2.
3.

4.

5.

Rated heater voltage and current,
Interelectrode capacitance values.
Maximum average tube dimensions, base type, and base connec-
tions.
A set of llr~, EO~,maximum plate-power dissipation, amplification

factor, ~, tran~conductance ~, —---vplate current, and plate resist-
9 0

ante, $$% recommended for Class A-1 a-c amplifier usage with an
P

average tube.
A plate characteristic such as is shown in Fig. 3.67.

This information is sometimes all that is necessary to design an amPli-
fier for which extreme economy, linearity, and stability are not important.
The manufacturers may supply, in addition, curves of transconductance
or plate resistance vs plate current for several values of plate voltage,
or plate current vs. grid voltage for several values of plate voltage (a
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transfer characteristic). A third representation of this three-variable
characteristic would designate plate current as a parameter. 1

For amplifier operation with all signals sufficiently small so that the
element may be considered linear, the triode may be represented by an
equivalent generator and resist ante. The constant-voltage and constant-
current generator circuits of Fig. 3.66 are used when the load resistance
is high or low respectively compared with the plate resistance of the tube.
The two simple familiar analytical expressions corresponding to these
circuits are derived from the equations

AiP~ = g~Ae~~+ ~ Aepk (10)

and
AeP~= – RLAiPk. (11)

These expressions are

(12)

and
RLrP

AePk = —g.Ae~k —
R. + r,

(13)

~ – g.AeOkRL if RL <<rP.

This analytical approximation is widely used despite the fact that

gw r,, and, to a lesser extent, v are not constant throughout the triode
characteristic. For larger signals in high plate-current regions, a three-
halves-power law approximates a plate curve at constant grid voltage.
An exponential law is suitable for expressing the low-current control by
grid voltage. These more exact expressions may be necessary for some
applications of the tube. The variation in tube characteristics from
various sources of error is so large that the exact analysis is usually not
profitable. 2

The two less familiar representations are shown in Figs. 3066a and
3.68b. The complete three-variable characteristic could be represented
by a three-dimensional model as in Fig. 3.68c. The two-dimensional
graphs are projections onto coordinate planes of sections of the character-
istic surface. All of these provide the same information, the character-
istic of an average tube at 6.3 filament volts. They all assume that there
are only three useful variables for this high-p tnode-plate current, grid
voltage, and plate voltage. For some tubes the plate characteristic and

: See E. L. Chaffee,Theo~yof Thennionic Vacuum Tubes, McGraw-Hill, New York,
1933.

z An exception is nordinear modulators. See M.I.T. E. E. Staff, Applied Elec-
tronics, Wiley, New York, 1943, Chap. 12.
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grid current are given for the positive grid region in addition to the above
data.

For a particular Klgh-p triode unit in operation, the characteristic may
vary widely from the average because of sources of error. The size of

(a)

/
Egk

[ , I , ! I
-6 -5 -4 ‘3 -2 -1 0

E~k

(b)

(c)
~~ Fm. 3.68.—Other average characteristic (Z’J/ = 6.3). (a) Transfer characteristic.
voltage to current (6SL7). (b) Tr~sfer charac~ristic. vOlta& tO vOltaEe (~L7). (c)
Thre&dimensional 6SL7 characteristic.

such effects as these is not often specified. For precision equipment the
~ize of these
average has
standardized

effects was excessiv~, and selectiou of the tubes near the
been practiced during the war. This process has been
in the Joint-Army-Navy 8pecifzcation for Radio Electron
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Tubes. Some excerpts from the specification for a high-y triode, the
6SL7 (one section), follows in order to illustrate the important sources of
error.

Ezcerpts from the .JAZ? specification for a hi-p triode (6SL7).
Ratings (as in manufacturers’ data).

E, = 6.3 + 10% volts absolute maximum
EP~ = +275 volts absolute maximum
P. = 1.1 watts absolute maximum

Ehk = 100 volts absolute maximum

Test Conditions.

Ej = 6.3 volts
E=. = +250 volts
E., = –2 volts

Vibration Test. The tube is connected under the test conditions
(4000-ohm load resistor) and vibrated with a simple harmonic
motion of 0.04in. amplitude at frequencies from 12 to 25 CPS. The
resultant alternating current appearing across the load resistor must
not exceed 400 mv rms.

Heater Current. With E, = 6.3 volts, the heater current may vary
from 275 to 325 ma.

Heater Insulation. With the heater voltage applied, 100 volts is
applied between the heater and the cathode. The current flow
between the two elements must not exceed 20 pa for either polarity
of applied voltage.

Grid fk-rent. Under test conditions the current flowing to the grid
(positive ion and secondary emission current) shall not exceed I ya.

Plate Current. Under test conditions the plate current shall be
within the range of 1.4 to 3.2 ma. With Ea, reduced to – 5.5 volts,
the plate current must not exceed 25 ~a.

Transconductance. Under test cond~tionsj the transconductance shall
be within the range of 1200 to 2000 umhos.

Anzpliji.cation Factor, Under test conditions the amplification factor
shall be within the range of 55 to 85.

C)ther tests are specified for a-c amplification, life test (500 hr before
tranaconductance falls below its limit), noise, emission, the physical
dimensions of the tube.

From the tolerance of the specification, the large variations that are
common in unselected tubes may be inferred. The plate characteristic
for Eu~ = – 2, even of a selected tube at 6.3 filament volts, can oqly be
predicted to lie within a region such as that shown as a shaded area in
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Fig. 3.69. The actual characteristic for a given unit is usually, but not
always, parallel to the average characteristic. The effect of varying
the filament voltage for an average tube is shown for one grid bias,
E, = – 4 on the same graph. These effects are additive and are smaller
than would be observed on unselected tubes. (These sources of error
affect all constan~grid-voltage curves similarly. ) A tube life of 500 hr
means that the characteristic drifts out of the specified region in 500 hr.

The JAN specification represents an enormous improvement in the
predictability of vacuum-tube characteristics. This standardization is
~ssential for-accurate circuits and
for maximum reliability. The
development of tubes that will
satisfy more stringent stability
requirements seems desirable in
view of applications in computers
and. laboratory instruments.
However, it is not expected that
it will be economically feasible to
select all commercial vacuum tubes
even to the JAN specification.

Even the JAN specification is
aimed at only a few of the pos-
sible applications of the high-~
triode. For some purposes a
knowledge of the average gnd-
current characteristic (see Fig.
3.70) is desirable. Another use

E* involts
FIG 369.-Deviations from average plate

characteristics. The effects of JAN pre-
acrihed unit-to-unit variation and of a A 10
per cent variation in IIff are shown. The
plate current and plate voltage for which 1
&a of GI current flows is shown (dashed) to be
parallel to a constant grid-bias curve. AU
curves are affected similarly to thoee shown
with tube and E/f variations.

of the circuit may require a more exact knowledge of the transfer
characteristic near cutoff. Such a curve is shown in Fig. 3,71. The
effect of various sources of error on these curves is not shown, although
it is often of interest.

An illustration of the inherent similarity of all the variables-useful,
parametric, or sources of error—may be noticed in the triode. Grid
current is a source of error in an amplifier that is ideally linear. It is a
useful variable if a resistance is placed in series with the grid signal, for a
useful nonlinear characteristic is provided. The plate-voltage vs. plate-
current curve for a fixed value of mid current is shown in Fig. 3.69. The
grid current is shown as a parame~ric variable in the doubl~~riode circuit
of Fig. 3.64.

For linear amplifier service the E,k voltage is an independent variable;
it changes continuously. If the plate and cathode terminals of the tube
are to provide a resistance, variable in steps, the E~b voltage is a con-
trolling parametric variable. Similarly, if the plate-cathode impedance
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Fsm 3.’?O.-Nekative ianct poeikive grid current in mtriocie operated with coneta~t Plate
current (6SL7), & = 0.1 ma,

is to be low or infinite (a switch), the l?g~must amume two distinct and
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Cg-tufk
Fm. 3.71.—Expandedcutoff characteristic

(6SL7triode).

fixed values.
There is a useMl didinction

between mutual and direct elec-
trical characteristics. A direct
characteristic relates current and
voltage at a single pair of termi-
nals. A mutual characteristic re-
lates variables at two different
pairs of terminals, which may
share a terminal. The mutual
characteristic often provides isola-
tion between one variable and
another or. in other words, be-

tween the waveform generator and a circuit operating on the waveform.
Thus, an “electron-coupled” device is described by a mutual character-
istic. In such circuits, the choice of independent variable and dependent
variable is prescribed by the unidirectional isolation.



CHAPTER 4

SINUSOIDAL WAVIHX3RM GENERATORS

BY G. R. ~AMEItTSEELDER AND .J. ~. ~OLDAM

CONTINUOUS WAVRS

Classical electrical circuit theory has been concerned largely with
circuits in which the variations of current, voltage, and charge are
sinusoidal functions of time. The emphasis is eritirely understandable
since sinusoidal variations occur so frequently in the solution to network
problems. Indeed the sine function, along with the exponential function,
may be considered one of the <‘natural” modes of an electrical circuit.
In the introduction to -this vohmm it has been emphasized that the point
of view would be essentially clifferent fram the classical, and that atten-
tion would be focused on methods of generating mmsinusoidaf waveforms
for particular applications. OrI this basis, it might seem that a chapter
on the Sinusoidal wavef ouin is out of place. However, in the development
of the art, new uses have been found for the sinusoidal waveform, often
in conjunction with o$her less standard waveforms, and for this reason
the present chapter is included. Emphasis will be placed on the genera-
tion of sinusoidal waveforms having frequency stability, amplitude stabil-
ity, and freedom from harmonics,

4.1. General Properties.-The sinusoid is unique among waveforms
in thak its shape is unaffected by any Enear network. Because of this
property it is, in principle, one of the easiest of waveforms to generate.
Suppose that a sinusoidal voltage is applied to a linear amplifier. The
output of the amplifier will have the same shape as the input and will
differ from it only in amplitude and phase. If the. output is passed
through a suitable linear network, the amplitude and phase can be so
altered that the voItage is an exact replica of the input voltage. If the
original voltage source is removed and the output of the linear network
is connected to the ampiifier input, the, circuit continues to operate in
exactly the same manner, and the result is a sinusoidal oscillator. Ordi-
narily the characteristics of the amplifier and feedback net-work are such
that the output and input are in phase at only one frequency, and thus the
frequency of oscillation is determined by the phase-shift properties of
the amplifier and feedback network. Such a generalized feedback oscil-
lator is illustrated in Fig. 4.1. If the gain of the amplifier is A and the
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transfer function of the feedback network is P, both being complex
numbers and functions of frequency, the required condition for sustained
oscillations may be written

A~=l (1)

Shce both A and D are complex quantities their product is also a com-
plex quantity. Both A and @ are functions of frequency and, in any
practical system, functions of amplitude. In any system that can sustain
continuous oscillation, the frequency and the amplitude adjust themselves. .

1 I
-e * — -o 0-

Amplifier
Feedback

In ~ out network

P
o- ——- O 6 0-

1 I
Fra. 4.1 .—Generalized feedback oscillator.

so that fiq. (1) is-fulfilled. The
problem of design is to make A and
Dthe proper functions of frequency
and amplitude so that the desired
frequency is generated and the de-
sired amplitude is obtained.

The production of continuous
oscillations can be looked upon

from another standpoint—that of negative resistance. Consider, for
example, a simple resonant circuit composed of an inductance L and
capacitance C in series as shown in Fig. 4.2. The a-c resistance of the
circuit, which can never be completely eliminated, is represented by R.
A solution of the dillerential equation for the circuit indicates that, if by
some means a current is started, the natural behavior of the circuit is
oscillatory, the amplitude of the oscillations decreasing exponentially with
time. The oscillations are associated with the interchange of energy
between the inductance and capacitance. However, the resistance R is
constantly dissipating energy, and
therefore the amplitude must con-
tinually decrease. If energy is
supplied to the circuit at the same
rate as that at which the resist-
ance R dissipates it, there is no ‘m’
decrease of amplitude. From the FIG. 42.-Generalized neeative-resi.tance
circuit standpoint a negative re- oscillator.

sistance equal in magnitude to R and connected in parallel with R makes
the effective resistance infinite, preventing any net flow of current in this
branch and hence preventing the dissipation of energy. Such a negative
resistance is equivalent to a source of energy. The production of negative
resistances will be discussed later; for the present it is intended only to
point out that such a device is capable of maintaining the natural
oscillations of a resonant circuit at constant amplitude.

In any practical circuit the amount of negative resistance depends
upon the amplitude of oscillation and balances the dissipation for one
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amplitude only. Also, circuits that can be used as negative-resistance
elements usually contain reactive components that influence the resonant
frequency. Just as in the case of feedback amplifiers, the frequency and
amplitude establish themselves at levels where the negative resistance
exactly cancels the dissipative resistance in the circuit.

These two ways of looking at an oscillating circuit are not meant to
imply a rigid classification of oscillator types. Frequently a given
oscillator circuit can be analyzed equally well from either point of view.
Usually, however, the circuit configuration makes one or the other of the
two viewpoints more natural, and hence the oscillator circuits discussed
in this chapter are divided according to this rather arbitrary criterion.

Amplituck Stability and Wave Shape.—It has been pointed out that
both A and ~ are functions of the amplitude of oscillation, and that as a
result the amplitude adjusts itself so that Eq. (1) holds true, For the
amplitude of oscillation to be held constant, either A and @ must be held
constant, or their variations with variable external conditions must have
compensating amplitude characteristics.

In general, both A and f? depend on time (age), temperature, and
supply voltage. Consequently, it is generally necessary to use regulated
voltage supplies and components with low temperature coefficients.
Furthermore, it is generally necessary to include in P elements that
compensate for the change in A with time and temperature.

Automatic-gain-control circuits, composed of active elements, can be
designed to stabilize the amplitude to about 0.1 per cent. Passive
nonlinear elements, that is, thermistors, etc., in either the positive- or
negative-feedback loops are more efficient than AGC circuits, but are
not as effective for stabilization. Stabilization employing these methods
is discussed more fully in Sec. 49.

In order to preserve good wave shape it is necessary that the non-
linear elements employed in the stabilization circuit have time responses
that are long compared with the period of the oscillation. This assures
that the stabilizing element is linear for the oscillatory AC, a necessary
condition for a sinusoidal waveform to be unaffected by the element.

FTequerwyStability.—The frequency dependence of A and@ is usually
determined by a circuit having a transfer function in which the phase
angle changes rapidly with frequency near the oscillation frequency.
Consequently, the frequency stability can usually be tied down to a few
components in the circuit. In most circuits the frequency is also some-
what dependent on the characteristic of the active element in the circuit,
particularly on the plate resistance of the oscillator tube.

In Sec. 4.10, the most common methods of making the frequency
independent of temperature and aging are discussed. The principal
methods employed are plate loading of the oscillator tube so that changes
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in the plate resistance are negligible compared to the total resistance, and
temperature compensation of the resonant element, particularly the
condensers. Circuits that employ crystals for the frequency-determining
element are’ made stable in frequency by thermostatically controlling the
crystal temperature or by employing a crystal cut that has a low tem-
perature coefficient. In practical circuits, crystal oscillators can be made
to be stable within a few tenths of a part per million per degree centigrade,
whereas LC-oscillators can be made stable to a few parts per million per
degree centigrade.

4.2. Resonant-circuit Oscillators.-Oscillators in which one or more
resonant circuits are used to determine the frequency of oscillation are
probably more widely used than any other typ+particularly for radio
frequencies. Crystal oscillators are included in this category because a
crystal is equivalent to a resonant circuit; but since their properties are
somewhat different they are considered in a separate section. The
principal advantages of this type of circuit are simplicity, high efficiency,
and the fact that the resonant circuit discriminates strongly against
harmonics of the oscillation frequency. The use of oscillators for deliver-
ing large amounts of a-c power is not treated here; frequency stability,
amplitude stability, and good waveform are the matters of primary
concern.

The LC-oscillator circuits most commonly used are the Hartley,
Colpitts, tuned-plate, tuned-grid, and tuned-plate tuned-grid. These
circuits are discussed in all standard references such as Terman, I and
satisfactory operating conditions have been established for each circuit.
The theoretical treatment of these circuits is also complete. Williams
derives the conditions for oscillation by negative resistance methods, and
Reich and Chaffee establish these conditions by feedback methods. 2

It is generally necessary to verify experimentally the operating condi-
tions and stability of any L.C-oscillator circuit. The theoretical treat-
ment of such circuits generally assumes that p and RP are constant—that
is, the tube characteristics can be properly represented by equally spaced
straight lines. These assumptions are justified only for Class A operation
and when negligible grid current is allowed to flow. For Class C oPera-
tion there may be considerable error.

It is also generally assumed that the losses in the inductance can be
represented by a series resistance. This assumption is not justified if
detailed performance characteristics are desired from the theoretical

1F. E. Terman, Radio EW”neers’ Handbook, McGraw-Hill, New York, 1943,
&3C.6.

zN. H. Williams, Electron Tubes, Edwards Brothers, Arm Arbor, 1937; H. J.
Reich, Theory and Application of Electron Tubee, McGraw-Hill, New York, 1939,
Chap. 10; Chaffee, Theory of Thermienic Vacuum Tubee,McGraw-Hill, New York,
1933, Chap. 13.
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treatment. For example, an isolated inductor-one that is not mag-
neticallyy coupled to another circuit—may be represented either as a
series or parallel combination of inductance and resistance for any single
frequency. Because the inductor is completely characterized at a given
frequency by a single quantity, namely its impedance, the impedance
can be synthesized in any way whatsoever as long as it has the correct
magnitude and angle. The theoretical conditions for oscillation and
frequency of oscillation depend upon the model chosen to represent the
inductor. For example, in the case of a tuned-plate ~oscillator, where
the inductor is characterized by a series inductance and resistance, the
conditions for oscillation are

~= CrRP+L
P

and -

()~2=L& 1+;.
P

(2)

(3)

The frequency-determining elements are L and C; r is the series resistance;
R, is the plate resistance of the oscillator tube; p is the amplification
factor of the oscillator tube, and M is the mutual inductance between
the resonant circuit and the secondary winding of the inductor.

If the inductor is synthesized as a parallel combination of inductance
and resistance, the conditions for oscillation are

and

(4)

(5)

where R is the resistance in parallel with L. The correct representation
is even more complicated than a combination of series and parallel
resistance, since it is also necessary to take into account the distributed
capacity of the inductor winding. As a result, it is rarely worth while
to make an elaborate theoretical examination, taking into account all
of the possible variables; the direct approach of laboratory experimenta-
tion generally yields satisfactory results more quickly.

Figure 4.3 shows a modified Hartley oscillator designed to operate on
approximately 20 kc/see. The amplitude and frequency stability of
this circuit are discussed in Sees. 4.9 and 4.10.

When an output of large amplitude is desired and extremely good wave
shape, frequency stability, and amplitude stability are not required,
oscillators are usually operated Class C. The grid bias is so adjusted
that the tube conducts for only a fraction of a cycle, with the result that
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the plate current is distinctly nonsinusoidal. However, the impedance
in t,he plate circuit is high for the fundamental frequency, and relatively
low for the harmonic frequencies, and consequently, the voltage output
is very nearly sinusoidal. The amount of distortion depends largely

+30il

510k

AFC
voltage=:

0.1
14 mh

FIG.4 .3.—A 20-kc/sec modified Hartley oscillator.

on the Q of the resonant circuit and may usually be kept as low as 1 per
cent. 1

If much less harmonic distortion is essential, it is preferable to operate
Class A, and keep the amplitude of oscillation very small. Bias may be
obtained as illustrated in Fig. 4.3 from a self-bias resistor in series with

FIO. 44. -
Equivalent cir-
cuit of crystal.

the cathod~, bypassed so that the impedance at the
oscillation frequency is very small. When the ampli-
tude is small, the curvature of the characteristics is so
slight that satisfactory amplitude stability cannot be
obtained unless a small amount of grid current is
allowed to flow at the peaks of the grid voltage wave-
form. At the point where grid current starts to flow
there is an abrupt increase in the circuit losses, which
prevents the amplitude from increasing further. If the
circuit is barely oscillating, the amount of grid current
is small and there is very little distortion of the
waveform.

4.3. Crystal Oscillators.—A quartz-crystal plate clamped between
two electrodes is electrically equivalent to the circuit of Fig. 4.4. The
capacitance of the electrode with the crystal as a dielectric is C’. The
inductance L and the capacitance C correspond respectively to the mass

1Harmonic rejection as applied to frequency multiplier circuits iz &cussed h
Chap. 15. The same considerationshold true for ClassC oscillators.
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and spring factors which determine the mechanical resonance of the
crystal, and r corresponds to the frictional damping of the mechanical
oscillations. Ordinarily the damping is very small and as a result the Q
of the circuit is very high and may range from 2000 to 500,000, depending
upon the manner in which the plate is cut and the method of mounting.

The capacitance C’ is usually much larger than C. At frequencies
such that the reactance of L and C are nearly equal, the impedance of the
LrC branch is so small that the effect of C’ can be neglected, and the
crystal behaves as a series-resonant circuit. At some slightly higher
frequency the impedance of the LTC branch is principally an inductive
reactance equal to the reactance of C’. In-this region the crystal behaves
aa a parallel-resonant circuit. The difference between the series-resonant
and parallel-resonant frequencies depends upon the ratio of C’ to C. If
u, is the series-resonant frequency, UP is the ,,

‘&

~:~--
parallel-resonant frequency, and k is the ratio ,
of c’ to c ---

~P .
r

1+;. (6)
u.

FIG. 4,5.—Crystal oscil-
At frequencies remote from either ~P or u. the later equivalent to the tuned-

crystal appears simply as a capacitance C’.
plate tuned-grid circuit.

Since a crystal has the properties of a resonant circuit, it can be used
in a feedback oscillator to determine the frequency of oscillation. Crys-
tals are very stable and are affected to only a slight degree by temperature
and hence are ideally suited to this application. 1

Figure 4.5 shows an example of a crystal oscillator using the parallel
resonance of the crystal as the frequencydetermining characteristic.
The plate circuit is tuned to a frequency somewhat higher than the
parallel-resonant frequency of the crystal so that at the oscillation
frequency the plate circuit has an inductive component of impedance.
The coupling to the grid circuit is through the grid-plate capacitance of
the tube.

In the Pierce oscillator, Fig. 4.6, the crystal is connected directly
between plate and grid. Since the crystal has a low impedance near its
series-resonant frequency, there is sufficient feedback at this frequency
to maintain oscillation. The capacitance from grid to ground is used to
control the grid excitation. Since the grid circuit is capacitive, the
crystal must appear inductive to give the proper phase shift between
plate and grid. At most, this phase shift is less than 180°, and for that
reason the additional phase shift must be achieved by loading the plate
circuit of the tube capacitively—by use of a detuned resonant circuit

I Vol. 17 givesthe physicalcharacteristicsof the principaltypesof crystalsusedin
radartiming systems.
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whose resonant frequency is less than the crystal frequency. In some
cases a resistor or an untuned choke can be used for the plate load if
there is sufficient stray capacitance from plate to ground.

A widely used variation of the tuned-plate tuned-grid crystal oscil-
latoris the Tritetshown in Fig.4.7. Atetrode
or pentode is used and the screen grid is
connected as an anode for a series-fed tuned-
plate tuned-grid oscillator. The parallel-

@

s’ ‘---
250##If 50 k 0.1

500

+

Fm. 4.6.—Pierce crystal oscillator.

Eb

/u I
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...-

400

#Ll c,

~
F1e, 4.7.—Tritet oscillator.

resonant plate circuit may be tuned to the crystal frequency or it may
be tuned to a harmonic of the crystal frequency. Electron coupling
reduces the usual reaction of the load on the oscillator and hence increases

+250

0.01

4B--’JQJ
FKa.4.S.—Standard frequency oscillator.

the frequency stability.
The circuit shown in Fig. 4“8 is

often used as a frequency standard
at about 100 kc/see. Here the
crystal acts as a filter in series with
the inductance of an electron-
coupled Colpitts oscillator. When
the circuit is tuned approximate] y
to the crystal frequency, it oscil-
lates at the frequency for which the
crystal has it lowest impedance,
that is, its series-resonant fre
quency. The frequency can be
varied over a range of about 0.01
per cent by the tuning condensers.

The circuit shown in Fig. 4.9 is used in the CPN-11 and CPN-12 to
control accurately the recurrence frequency in the AT Loran equipment.
For master-station operation the resistor R, in series with the crystal is
bypassed by a small condenser and no correction voltage is applied to R,.



SEC. 4.3] CRYSTAL OSCILLATORS 109

The circuit is equivalent toatuned plate-tuned-grid oscillator, and the
proper feedback phase is realized when the plate circuit has a natural
resonance at l15kc/sec. Since theoscillator isapentode, it is necessary
tou=anextemal mpacitance between theplate andgtid circuit (Czin
the figure) to supply regeneration. The crystal has slow temperature
coefficient, and the stability is further improved by thermostatically
controlling the temperature of the crystal mount. Capacitances Cl and
Cz preselected with the proper temperature coefficient to improve the
stabilty even further. Theshort-time stability of this circuit is at least
as good as 2 parts per million per hour; the long-time stability is much
better.

For slave-station operation R, is the cathode load of a cathode follower
whose grid input is the fundamental frequency. The phase and ampli-
tude of the grid input to the cathode follower are automatically controlled

75k

m 50##f,:

+
Fm. 4.9.—I(M kclsec crystal oscillator, ANICPN-I1,12.

so that the slave station’s oscillator maintains exact synchronization
with the master station.

Oscillators employing low-frequency crystals as the frequency-
determining element have a somewhat different design than the crystal
oscillators c&cussed in the preceding paragraphs. Figure 4.10 shows the
construction of a low-frequency crystal and Fig. 4,11 shows a circuit
employing such a unit. The crystal is wire-supported and vibrates in
either a longitudinal or a face flecture mode, depending on the cut. The
division of the electrode surfaces makes the unit a four-terminal network.
The two pairs of electrodes are coupled primarily by the mechanical
vibration of the crystal; hence, in an oscillator, direct feedback through
the shunt capacity is avoided.

In Fig. 4s11 the crystal is shown with four electrodes, two of which
are connected to ground. Resistors R, and Rz maybe made adjustable
in order to control the amplitude of AC on the plate of VI and the ampli-
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tu& of *he crystal excitation. With the exception of the crystal con-

nections, thecircuit is standard. Tube Vt is an amplitude-limiting diode
for the purpose of delayed AGC (see Sec. 4“9). The plate load is not

-
FIG. 4.10.—Low-frequency crystal.

(Bell Telephone Lobe.)

tuned because, for the use to which
tbiscimuit was put, a sinusoidal wave-
form wasnot essential. In thiscircuit
the purest sinusoidal waveform is found
at the grid of V1.

4.4. Phase-shift Oscillators.—A
phase-shift oscillator consists of a simple
amplifier, usually a single tube, whose
output is fed back to the input through
a phase-shifting network composed of
reactive and resistive elements. In a
sense, the classification is artificial since
the above description applies to any of
the feedback oscillators discussed in
this chapter. The circuits to be con-
sidered here differ in that the amplitude
of the fedback voltage does not have
a maximum at the oscillation frequency.

A typical phase-s~lft oscillator,
shown in Fig. 4.12, consists of a triode
amplifier that drives a phase-shifting
network composed of three resistance-
capacitanee sections, the output of
which is fed back to the grid. The
plate load of the amplifier is a resistance
that is low compared with the imped-
ance of the phase-shifting network at
the frequency of oscillation, with the
result that the voltage at the plate is
roughly 180° out of phase with the grid
voltage. At the frequency of oscilla-
tion the phase-shifting network pr~
duces an additional 180° phase shift.
If the attenuation in the phase-shifting
network (1/8) at this frequency is equal
to the gain of the amplifier, the condi-
tion A13 = 1 is satisfied.

There are four kinds of phase-shifting networks, illustrated in Fig.
4.13, that can be used in this type of oscillator, some of them having
advantages over the others for particular applications, For analysis, it
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is advantageous to generalize the impedance elements as illustrated in
Fig. 4.14. One of the elements ZI and 2* must be reactive and the other
resistive.

By straightforward circuit analysis, the transfer function 2’ of the
network can be shown to be

(7)

which can be written

T=
1

l+6k+5k’+k3’
(8)

where

k=~.
z,

(9)

The ratio k is always imaginary since the impedances Z, and 2* have

+300v
phase angles differing by 90°.

) 1 I Therefore, the second and fourth

100k
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8k
R1 0.01
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Fm. 4.11.—Low-frequency crystal oscillator.

terms in the denominator of Eq.
(8) are imaginary, and the other
terms are real. In order that T

FIG. 4.12.—Typical circuit of a phase-shift
oscillator.

have a phase angle of 180°, the sum of the imaginary terms in the
denominator must vanish, giving as one of the conditions for oscillation

6kl+k~=0
or

k, = fj &, (lo)

where kl is the value of k at the oscillation frequency. The positive sign
is used for networks B and C and the negative sign for networks A and D
(since resistance, inductance, and capacitance are positive real quanti-
ties). Equation (10) determines the frequency of oscillation til, since
one of the impedances 21 and 22 is a function of frequency. The value



112 SINUSOIDAL WAVEFORM GENERATORS [SEC.4.4

of ulforthe four networks isgivenin Table 4”l. If Z’lis the value of 2’
at the frequency of oscillation, Eq. (8) becomes

1
T, =—”

1 +51c;
(11)

Substituting the value of k, from Eq. (10) gives

T, = –~q. (12)

In the simple one-tube phase-shift oscillator considered here, the trans-
fer function is identically@ and the gain of the amplifier stage is identically

A. Hence 131= T1 = – ~ and
in order to satisfy the requirement

mm muStbSin
Ap = 1, the gain G of the amplifier

function of the signal amplitude,
the amplitude of oscillations will be

titi X
c D

FIG. 4,13.—Phase-shifting networks suitable FIG. 4,14.—Generalized phase-shifting
for phase-shift oscillators. network for phase-shift oscillators.

stabilized at that value which makes the gain – 29. The negative signs
for A and /3 denote a 180° phase shift in both the amplifier and the filter.

TASLE4.1.—VALUESOFCONSTANTSFOEFOURTyFESOFl’HASE-SHIFTKNGNETWORKS
SHOWNIN FIG. 4.13
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The curvature of the amplifier characteristics which gives rise to this
amplitude stability also introduces harmonics into the output. How-
ever, harmonic distortion so introduced is multiplied by a factor H where

H = -L
I–A@

(13)

because these distortion voltages are also fed back to the amplifier input.
Let H., k., and O. respectively be the value of H, k, and P for the nth

harmonic of the oscillation frequency. For oscillators employing net-
works A or D of Fig. 4“13, the value of k. is equal to lcl/n; whereas for
oscillators employing networks B or C in Fig. 413, k. is equal to nkl.
For A and D,

or

hence,

l–Aj3*=l+
29

()
l–~–j6fi ~–$

or
nz — 30 .6v%— ——
nz—l~n

H.= 1
l–Afire=

30-j~ -

(14)

n

For B and C it is only necessary to replace n by l/n and j by –j, giving

1 – 30n’
~_n2 +j6fin

H. =
30+j6@n “

(15)

The absolute value of H. is of principal interest and the value of ]Hal,
that is, the reduction ‘in second harmonic, is included in Table 4.1.
Note that for B and C this quantity is greater than 1, indicating that the
distortion is enhanced rather than reduced by the feedback. For net-
works 1? and C, the limiting value of IH. 1, as the order of the harmonic
n approaches infinity, is 1. For A and D, however, the factor lHnl
decreases with increasing n, having& as a limiting value.

The above remarks apply if the output is taken from the plate. If
the output is taken from the grid, n’h harmonic distortion introduced
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bythetube is multiplied by afactor K., where

Km=~Hm

b..
8,(1 –Ai%)

For A and D

K.=[l_;)g-~T)
and for B and C

– 29

‘“ = (1 – nz) (30 -- jn6 ~)

Values of IK,! are also given in Table 41. It is apparent that for A and
D the purest waveform is obtained at the plate, for B and Cat the grid.

Phase-shift oscillators are particularly adapted for fixed audio
frequencies. Variable-frequency operation is possible but is not as
easily achieved as in some other types. It is necessary to vary three
elements simultaneously in order to keep the value of ~ at the oscillation
frequency equal to – &.

The input impedance Zi of the phase-shifting network is

Z, = Z2 (l+6k+5kz+k3

)3+41c+k2 “

At the frequency of oscillation Eq. (16) becomes

z,,. =
– 2%Z2

–3 + 4j @S”

(16)

(17)

If variable-frequency operation of the oscillator is desired, it is
important that the impedance presented to the plate circuit of the ampli-
fier be constant to prevent change of amplitude with frequency, Equa-
tion (17) shows that the impedance of the network at the oscillation
frequency is proportional to Z’, and since at this frequency ZI = kZZ
and one of these elements is a resistance, the impedance is in every case
proportional to R. Hence, tuning should be done by a simultaneous
variation of the three reactive elements. Because variable inductances
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are inconvenient, networks A and C are more easily adapted to variable-
frequency than networks B and D. Network C has an advantage in
that the three capacitances have a common terminal that is at ground
potential, making it possible to use an ordinary 3-gang variable condenser.
However, the waveform produced is not as pure as that given by A, in
which the capacitances do not have a common terminal. It is possible
to vary the frequency by tuning only one of the reactance elements, but
the frequency range is limited and an automatic gain control is necessary
to keep the amplitude constant.

A phase-shifting network having much less attenuation than those
illustrated in Fig. 413 can be built by making the impedance of the
second section high compared with the first, and the third high compared
with the second.; In the limiting
design of such a network, the phase
shift per section is exactly 60° and
the attenuation per section ~, giving
a total attenuation of ~, and hence
requiring an amplifier with a gain
of 8. The reduction in harmonic
distortion is also slightly greater
than given in Table 4.1. The net-
work is not, however, suited tc
variable-frequency operation be-
cause of the difficulty of varying

I---T--B’ “output

three unequal elements and keep-
ing their ratios constant. Figure 1

4.15 shows a network that resem-
bles this type, designed for fixed- FIG~15.—5O9O-cyclephas.-.hiftos.ill.tm
frequency operation. This circuit (AN/ART-lS).

employs a network of type A and hence has a good output waveform.
Bias is obtained from the cathode resistor, which is bypassed with a large
condenser to prevent a-c degeneration.

It is also possible to reduce the attenuation by using four sections in
the phase-shifting network instead of three; however, this method also
complicates the problem of achieving variable-frequency operation.

4.6. Bridge Oscillators.-A high degree of frequency stability and
excellent waveform can be achieved in an oscillator combining positive
and negative feedback. The two feedback paths can conveniently be
realized by the use of a bridge circuit as shown in the generalized bridge
oscillator in Fig. 4.16. A bridge oscillator is an amplifier having a
differential input with the output fed back to the input through a bridge
circuit or equivrdent. The function of the bridge circuit is to allow

I R. W. Johnson,Pi-oc. I,R. E., 33, 597 (September1945).
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regeneration at only one frequency, all other frequencies being
degenerated. The so-called null networks have amplitude and phase

I J
FIG. 4.16.—Generalized bridge oscillator.

responses which make them ideally
suited to application in the bridge
circuit of oscillators pf this
type.

The most common null net-
worksl are the twin-T, the
bridged-T, and the Wien bridge
illustrated in Fig. 4.17. By proper
choice of the parameters k and b,

the transfer function T for these null networks can be represented by

Network

Twin T

3ridged T

—

Wicn
bridge

Cmcuit

o 1 1 0
,

O-J7-%LT2C 2C
R

OR

E,

o L o

El
(a)

R R,

cdc

E, EO

R c
Rz

(b)

Cflchhn

n V2

‘“=m-

W02LC= 1

~=y

‘“’R%

Rz
R, +Rz= ~

k

1

b

:2(n92+L)
Y>, 2

:4 forn=l

FIG. 4.17.—Characteristics of null networks.

I The transfer functions for various nulI networks are derived in Vol. 18, Chap. 10.
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~=~= k
E, b’

(18)
l–j

()

w Loo———
Uo (JJ

where w is the angular frequency and wo is the null angular frequency,
and the values for k and b are given in Fig. 4.17. Figure 4.18 shows how
the phase and amplitude of the transfer function vary with frequency.

The amplitude and phase angle
of the transfer functions for the
twin-T and Wien bridge and for
a bridged-T in which the induct-
ance has a Q of 10 m-e plotted on
a logarithmic frequency scale in
Fig. 4.19.

Since the twin-T and the
bridged-T are three-terminal net-
works, they can be used in the
same way to form a bridge os-
cillator. The remainder of the
bridge consists of a resistance
voltage divider as shown in Fig.
4,20. The output EO is A times
the difference between the input
voltages, El – E2, and is assumed
to be real. If the resistance volt-
age divider Rlflz is so arranged
that E, = E,/A, then for the null
frequency of the bridged-T net-
work Ez is zero, the feedback
factor 6 is just l/A, and the con-
dition A@ = 1 is satisfied, and
oscillations can occur: At all
other frequencies, the voltage Ez
is not zero and the feedback fac-
tor J9is 1/.4 – T.

(0=

FZQ.4.1S.—Generalized transfer function for
null networks.

The amplifier output E, is A times the difference between the input
voltages and is assumed to be real and not a function of frequency. If

tbe feedback factor fi is given by

(19)

(20)
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and at the null frequency T is zero and the condition for oscillation is
satisfied. Regeneration occurs at all frequencies through the resistors

10

k=l

T 0.5 - —-
‘.,‘%

‘.\\
.

0
0.10.150.2 0.3 0.5 01.52 3 5 10

w
@j-

Fm. 4.19.—Transfer functions for null networks.

RlR2 but it is counteracted bythenull network atall frequencies except

the null frequency.
Because ‘the Wien bridge is a four-terminal network, it cannot be

FIQ. 4.20.—Bridged-T oscillator.

used in the same fashion as the
twin-T and bridged-T networks.
However, ‘a feedback factor j3 of
the form of Eq. (20) can be ob-
tained in a simple way. Since this
circuit is already a bridge circuit
no additional feedback path is
needed: the amplifier inputs are
connected to points c and d of Fig.
4. 17c. The transfer function of a
balanced Wien bridge can be writ-
ten as

T= “
R, + R,

–F =&F, (21)

where F is the transfer function of the three-terminal reactive half of the
bridge. The transfer function F is given by
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F=
1

()

J
3+j ;o_: (22)

which has a maximum amplitude of ~ at o = rm.
If the bridge is unbalanced by changing R, and R, to Rl and R:, and

the points c and d are connected to the amplifier input in the proper
phase, the feedback factor can be written

P= F- E,~Rl (23)
I

Substituting the value of F from Eq. (21),

If R; and R; are made to satisfy the equation

R; 11— —.—.
R;+ R;–3 A’

then

which is identical to Eq. (20).
It should be noted here that for the Wien bridge oscillator positive

feedback is applied through the network containing reactive elements
and negative feedback through pure resistances; whereas with the twin-T
and bridged-T the network containing reactive elements is in the negative
feedback loop and the resistances in the positive feedback loop. The
form of the net feedback is the same, however, for all cases.

Because the net feedback is negative at harmonics of the oscillation,
frequency distortion produced in the amplifier will be reduced. Specifi-
cally, the harmonic distortion is multiplied by a factor

H = ]]-lA@]”
From Eqs. (20) or (24)

H =A;TI” (25)

High gain is therefore desirable, provided the gain is not accompanied
by excessive distortion. For fixed amplifier gain the best waveform is
obtained when I!l’I is large at the harmonic frequencies. The rate at
which ITI increases as the frequency deviates from the null frequency
is determined by the factors b and k in Eq. (18).
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The relative merits of the three oscillators from the standpoint of good
waveform can be seen from Fig. 4“19. The value of ITI for the Wien
bridge at a = 2W is about 0.15. For the twin-T, the maximum value
of b, obtained for n = 1, makes the value of ITI at u = 200 about 0.34.
For a bridged-Tin which the inductance has a Q of 10, IZ’1is nearly equal
to its maximum value of unity at o = 2u0. Therefore the bridged-T oscil-
lator is inherently capable of producing the most nearly pure sinewave.

For optimum frequency stability the phase angle of 9 should change
as rapidly as possible with frequency. The bridged-T is superior in this
respect also and the phase changes most rapidly with frequency when the
Q is high. However, it must be remembered that inductors, particularly
at audio frequencies, are less stable than resistors or condensers. They
are susceptible to pick-up from power lines or stray fields. These facts
may more than offset the advantage of the steep phase-frequency
characteristic.

Of the three oscillators discussed, the Wien bridge oscillator. is best
adapted to variable-frequency operation. Simultaneous variation of the
two capacitances C, or the two resistors R, will provide a convenient
frequency control and does not require any alteration in the values of
Rt and RI. A 2-gang variable condenser with a ratio of 10 between
maximum and minimum capacitance will produce a 10 to 1 change in
frequency. By combining such a condenser with a switch to change the
values of R in steps, a total range of 10,000 to 1 in frequency has been
achieved in a production instmment.

The twin-T oscillator is not as well suited to variable frequency
operation. An examination of the conditions for a null in Fig. 4.17
shows the nature of the difficulty. For the twin-T, the oscillation fre-
quency uo can be changed by a variation in R, C, or n. If R is varied, a
3-gang variable resistance can be used as a control. If such a resistance
is used, and if n has its optimum value of unity, one of the variable
resistors must be equal to half the value of the other two. If n is made
equal to 4, all three resistors will be equal. If n is made equal to 2, the
three capacitances will be equal and a 3-gang variable condenser can be
used as a control. The frequency can be changed by a variation of only
two elements, namely the shunt resistance and shunt capacitance, but
this involves a peculiar relation between the values of the two elements
and the frequency. Moreover the value of n (and b) changes with
frequency and therefore the shape of the transfer function depends on the
oscillation frequency.

Tuning of the bridged-T oscillator requires a simultaneous variation
of at least two elements, one of which is a resistance and the other an
inductance or capacity. Such a variation, maintaining the required
relation between these elements, is very difficult in practice.
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Figures 4.21 and 4s22 show two applications of a twin-T rejection
circuit in an RC-oscillator. In Fig. 4.21 positive feedback is obtained by
connecting the common terminal of the twin-T to the plate load of Vz.
This connection is regenerative since the plate voltage at VZ is in phase
with the grid voltage of V,. Negative feedback is applied from the

+ I {
6k

L L ,
6F5G 6Y6G

FIQ. 4.21 .—General Radio 008 oscillator.

oubof-phase cathode of V2 through the twin-T to the grid of VI. Site
the twin-T has zero transfer impedance at LOO,there is no negative feed-
back at mo, and the positive feedback permits the circuit to oscillate.
The amount of positive feedback can be varied by moving the tap on R,;

+300V
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FIG. 4.22.—General Radio 1301 oscillator.

hence the regeneration can be adjusted to allow the circuit barely to
oscillate. This assures good waveform in the output.

The circuit in Fig. 4.22 has separate positive and negative feedback
loops. The out-of-phase cathode voltage of V, is fed back to the grid of
VI through the twin-T to form the negative loop. The in-phase plate
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voltage from Vi is fed back to the grid of VI to form the positive loop.
The amplitude of the oscillation is measured by V~ and controls the gain
of Vi to correct the amount of positive feedback. BY thus varying the
amount of positive feedback the amplitude of oscillation is stabilized.

The circuit shown in 13g. 4“23 is designed for variable frequency oper-
ation with stable output. The elements RI and C i form the reactive
network in the positive feedback 10op and R2 and R8, being connected
to the cathode of V,, provide the negative feedback. The thermally
nonlinear resistance Rs operates to maintain constant amplitude inde-
pendent of frequency.

Crystal-bridge Oscillator.—It was pointed out in the discussion of the
bridged-T oscillator that the purity of the output is closely related to
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3?IG.4.23.—Wien-bridge oscillator.

the Q of the circuit. If a high-Q crystal is used as the reactive “net-
work,” the stability is very good. lVith reasonable care the frequency
stability can be held to one part in 108 or 10g, being limited only by the
frequency stability of the crystal. Figure 4.24 shows an oscillator’ that
employs a crystal as the reactive arm of a bridge. The crystal is oper-
ated at its series resonance t~ minimize the effect of stray shunt capacity
and, together with the fixed resistor Ra, itforms the negative-feedback
arm of the bridge. Resistors R2 and Rl form the positive-feedback arm
of the bridge and R 1 is a tungsten-filament lamp, which exhibits thermal
nonlinearity. The bridge is operated slightly unbalanced—otherwise
there would be no signal or the grid of Vi—but the unbalance becomes
very large and degenerative if the feedback frequency is not exactly at
the crystal resonance. Resistor RI increases in resistance with dissi-

I See L. A. Mecham, “The Bridge-stabilizedOscillator,” PTOC.I. R.Il., 26, 1278
(October 1938).
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pated power and thus operates to maintain a constant output. Over
large ranges of plate and heater voltages, the frequency stability is
limited only by the crystal. If the crystal is operated in a thermo-
statically controlled oven, a stability as good as 1 part in 109 can be
achieved.

Summary.-Of the various bridge-oscillator circuits discussed in this
section, the crystal-bridge oscillator has by far the greatest amplitude
stability and frequency stability. Following the crystal-bridge oscillator
are the bridged-T, the twin-T’, and the Wien bridge in that order. Fre-
quency and amplitude stabilization depend on the constancy of the com-
ponents and on the use of a stabilizing nonlinear element. As far as

+200

FIG. 424,-Crystal-bridge oscillator.

waveform is concerned, there is little difference between the crystal-
bridge and the bridged-T oscillator with a Q as great as 10. Since the
maximum value of T is 1, maximum harmonic rejection is obtained if the
Q is as large as 10.

4.6. Negative-resistance Oscillators.-In the introduction to this
chapter it was shown that a parallel-resonant circuit shunted by a suit-
able negative resistance is capable of sustained oscillations. Devices
that exhibit negative resistance can be constructed in several ways. One
of the simplest and best known methods makes use of the secondary
emission from the plate of a vacuum tube. An oscillator employing

this type of negative resistance is called a “ dynatron oscillator.” Most
modern tubes are treated to reduce secondary emission but some older
tubes exhibit this phenomenon very markedly. Since secondary emis-
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sion characteristics change with age and use, the dynatron is unsuited
to use as a precision oscillator.

A more satisfactory method of obtaining a negative resistance is
based upon the fact that in a pentode in which the suppressor grid is at
negative potential, an increase in suppressor voltage causes a decrease in
screen current, even though the screen voltage increases by the same
amount as the suppressor. If thescreen iscapacitively coupled to the
suppressor, an increase in screen voltage is accompanied by a decrease in
screen current; the tube then has a negative resistance between screen
and cathode. A tuned circuit between screen and cathode may be
capable of sustained oscillations.

B+

+’ +’

*

Fm. 4.2fi.-Tr8ntitron oscillator.

An oscillator of this type, called a
transitron,”is illustrated in Fig. 4.25.
The negative resistance obtained
in this way is much more stable
than the dynatron negative resis-
tance since it does not depend upon
the surface characteristics of the
tube elements.

The transitron oscillator shown
in Fig. 4.25 has component values
for satisfactory oscillation-at about
1 Me/see. The exact frequency is
determined by L,C1 in the usual
way and the principal component
that has to be changed for different
frequency operation is Cl. The
advantages of the circuit as an
oscillator are that LIC1 is a two-
terminal network and the plate
circuit is electron coupled to the os-
cillatory circuit. These advantages

make the circuit very stable—the frequency stability being limited pri-
marily by the temperature coefficients of Ll and Cl, and the amplitude
stability being limited by regulation of the supply voltage. The
control grid can be used in an AGC circuit to stabilize the amplitude.

A negative resistance can be obtained by the use of positive feedback
from the output to the input of a noninverting amplifier. Oscillators
using this type of negative resistance, however, are usually treated as
feedback oscillators.

4.7. Beat-frequency Oscillators.-If two sinusoidal currents differing
slightly in frequency are added together and passed through a nonlinear
element, the output will contain not only the original frequencies, but
also frequencies equal to the sum and difference of the original frequencies.
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A low-pass filter can then be used to elimbate all but the difference
frequency. Devices of this sort are called “beat-frequencyo scillators.”
Strictly speaking, they are not oscillators but generate the desired
sinusoidal waveform by means of a heterodyne action. They have the
advantage that a small percentage change in the frequency of one
oscillator causes a large percentage change in the difference frequency,
with the result that a large range of output frequencies can be covered
with a single tuning control. This same property maybe considered
disadvantage from the standpoint of frequency stability and can be very
troublesome at low beat frequencies.

Variable oscillator
I 1

3
Jl#f. . , 1 1 I 1 1 7,-,-.

~ Zero Fgyl#
adjustment

L, Fixed oscillator coil 913-350
J22 Variable oscillator coil 913-340

FIG. 4.26.—Beat-frequency oscillator. (Generolliadio.)

A&agram ofabeat-frequency oscillator isshownin Fig. 4.26. Out-
puts from the two high-frequency oscillators are taken from tertiary
windings on the transformers and are applied to the multigrid-tube
modulator. The filter ontheoutput selects only the beat frequency.

In designing a beat-frequency oscillator the following precautions
should be taken: (1) The two liigh-frequency oscillators should be made
as nearly alike as possible so that frequency variations due to temperature
or voltage changes will be about the same for both. (2) They should
be well shielded and decoupled from each other to minimize any tendency
to synchronize. (3) In order to have the beat frequency free of har-
monics, the high-frequency oscillators should have no distortion.

4.8. Electromechanical Sine-wave Generators.—Frequ6ntly it is
desirable to produce sinusoidal waveforms with frequencies as low as a
fraction of a cycle per second. Such waveforms are useful, for example,
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in the testing of the response of servomechanisms. Ordinary oscillator
circuits can not be used conveniently for frequencies as low as this, and
it is generally necessary to resort to some sort of electromechanical device.

The electromechanical devices that lend themselves to this application
are potentiometers, variable condensers, synchros, and cam-interrupted
light beams. These methods are discussed in Chap, 12, in Vol. 17 and
Vol. 22. Potentiometers, variable condensers, and cam-interrupted light
beams are admirably suited to the generation of waveforms of arbitrary
shape, whereas synchros are carefully designed to make the output-vs.-
shaft rotation a true sinusoid.

Since this chapter deals exclusively with sinusoidal waveforms, only
the synchro is dkcussed, since sy’nchros are engineered to give exact
sinusoidal output with mechanical rotation.
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FIG. 427.-Meotromechanical ogfiator.

F@re 4.27 is a schema of a mechanical assembly using a symchro
to generate a low-frequency sinusoidal waveform. The synchro rotor
is mechanically connected to a constant-speed motor (or a variable-speed
motor if variable frequermy is desired) through mflicient gear reducers to
cauw the synchro rotor to turn at the same angular rate as the desired
sinusoidal output. Most synchros are designed either for 60-cps or for
400-cps carrier operation. Assuming a 10 to 1 ratio between carrier
and modulation frequencies (for good carrier rejection), the maximum
frequency output is 6 or 40 cps. The principal use of such systems,
however, is the generation of sinusoidal waveforms at Iower frequencies.
There is no lower limit since the circuits are carrier operated and give
output for zero mechanical rate.

STABILIZATIONOF OSCILLATORS

4.9. Amplitude Stabilization.-The qualities most often ret@ed of an
oscillator are the following: (1) the waveform must be pure, that is, free
of harmonics, (2) the amplitude must be constant, and (3) the frequency
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must be constant. It is the purpose of this section to consider how these
requirements can be met.

In many respects purity of waveform and amplitude stability are
mutually exclusive, at least in a simple circuit. Waveform purity
depends on the linearity of the characteristics of the oscillator tube,
whereas amplitude stability depends on the nonlinearity of character-
istics with signal amplitude to maintain AP = 1 during component aging
and supply-voltage variations. Methods of stabilization include grid-
leak biasing, grid limiting, variation of grid bias produced by rectified
output, and control of feedback
factor either by a thermosensitive
element or by a variable-gain feed-
back amplifier controlled by the
rectified output. For applications
that require good amplitude stabi-
lization and purity of waveform,
the latter is by far the best
approach. This principle of am-
plitude stabilization by thermo-
sensitive elements without
waveform distortion is employed
in the bridge oscillators shown in
Figs. 4.22, 4.23, and 4.24. In all
three circuits the amplitude is con-
trolled by automatically varying
the amount of feedback. Wave-
form distortion is kept to a mini-
mum by operating all tubes in
class A and by degenerating har-

Iiki
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f I 777’
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FIG. 42S.-Delayed AGC for amplitude
stabilization.

monies in the feedback loop. Vol. 21, Sec. 14”5 contains other examples of
stabilized oscillators employing nonlinear resistance elements.

Variable regeneration is not practical for LC-oscillators such as are
discussed in Sec. 4.2. Regeneration in these oscillators is usually the
result of mutual inductance or capacitanc-that is, quantities that are
not easily varied. Consequently, for such circuits, the output is stabi-
lized either by grid current in the oscillator or by a separate AGC circuit.
Since grid current, no matter how small, introduces some distortion into
the output waveform, AGC circuits are required when purity of wave-
form as well as amplitude stability is a specification.

Terman’ describes a simple arrangement for stabilizing amplitude
without distorting the waveform. A biased diode is connected to the

1F. E. Terman, Radio Engineers’ Handbook, McGraw-Hill, New York, 1943,
SSC.6.



128 SINUSOIDAL WAVEFORM GENERATORS [SEC. 4.10

oscillator tank circuit to absorb energy when the amplitude of oscillation
is greater than the bias. Such a system can be made to introduce less
than 0.01 per cent distortion.

Figure 4.28 is a schema of a Hartley oscillator with delayed AGC.
The cathode of V, is biased positive by an amount equal to the desired
amplitude of the a-c oscillator output. If the output of V, is greater
than the positive bias of the cathode of Vz, the amplified difference
between the a-c amplitude and the bias voltage is plate-detected in Vz
and used to reduce the gain of V1. The positive supply voltage that is
first applied to the grid of V, assures that oscillations start and build up
rapidly.

The grid of Vz presents very little loading to the plate of V, since it
need not draw grid current, but probably introduces some harmonic
distortion. If V, were an electron-coupled oscillator, the plate loading
would have much less effect on the frequency and the harmonic distortion
would be very small. The accuracy of this method of amplitude stabili-
zation is limited by the drift of the reference voltage at the cathode of
V2 and by the drift in grid-cathode cutoff characteristic of V,.

401O. Frequency Stabilization.-The frequency of an oscillator is
determined by the fact that the condition for oscillation given in Eq. (1)
is ordinarily satisfied at only one frequency. Anything that varies the
phase angle of either A or ~ changes the frequent y of oscillation.

Frequency stability is greatest if somewhere in the circuit there is an
element or network of elements whose phase angle changes very rapidly
with frequency. A very slight change in frequency will then cause a
sufficient change in the phase angle to compensate any spurious shift.
An example of such an element is a resonant circuit. At the resonant
frequency the phase angle is zero but a slight shift in frequency causes a
lai-ge change in phase angle. Since the rate of change of phase angle.
with frequency increases with the Q of the resonant circuit, high-Q
circuits are desirable for good frequency stability. A quartz crystal is
equivalent to a resonant circuit with an exceedingly high Q and is there-
fore almost invariably used when frequency stability is important. The
Q of crystals is so high that in a crystal oscillator the frequency is almost
independent of the values of the other circuit components.

The most obvious cause of frequency variation is a change in the
values of the circuit components due to either temperature effects or
mechanical deformation. The latter can be avoided by proper design
and good construction practice.

The effects of temperature are oft wo kinds: those due to local heating
either by vacuum-tube filaments or by power dissipated in circuit ele-
ments, and those due to changes in ambient temperature. The only
remedies for the former are to choose overrated components and mount
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them in well ventilated regions so that the temperature rise is reduced
(see Chap. 17, Vol. 21) and to allow the circuit to warm up for a period
sufficiently long to establish temperature equilibrium. Frequency varia-
tion due to changes in ambient temperature can be reduced by tempera-
ture compensation, provided the temperature change is slow enough for
all the critical components to be equally affected. Temperature com-
pensation is a process of choosing components with proper regard to
their temperature coefficients so that the net effect of a temperature
change is zero. The process is usually based upon the assumption that the
value of a component varies linearly with temperature, that is, that an
equation of the form

A = Ao[l + lc(z’ – TO)] (26)

can be written where A is the value at a temperature T, A 0 is the value
at a temperature Z’O,and k is the temperature coefficient. Thk assump-
tion is valid if the temperature change is not too great.. As an example
of the process of temperature compensation, suppose that a resonant
circuit oscillator is built and that experiment shows that the frequency u
increases with temperature. In order to compensate for this change
some circuit component, whose effect on frequency is known, is made to
vary with temperature in such a way as to make the change in frequency
zero. For a resonant circuit oscillator the frequency is given approxi-
mately by

(IJ = -&, (27)

and for that reason C is a convenient element to use for the compensation.
It is necessary first to determine quantitatively the effects of changing
the temperature of all components except C. The most satisfactory
way of finding these effects is to use for C a condenser whose temperature
coefficient k, is known. Then if the oscillator circuit is subjected to a
known change in temperature AT, and a frequency change Au is observed,
the proper temperature coefficient k, of C is:

k, = k, + : A;T. (28)

A similar analysis for an oscillator with RC tuning where the fre-
quency is specified by

1
“‘= EC

yields for the desired temperature coefficient of the condenser,

(29)

(30)
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In some instances it is possible to choose resistors with compensating
characteristics, and an analysis similar to the above can be made assum-
ing the condenser is fixed and selecting the temperature coefficient of the
resistor to provide temperature compensation. When either method is
used, it is generally advisable to choose the fixed component with a low
temperature coefficient.

Suppose there is available an assortment of condensers with coefficient
ka greater than kt and an assortment with coefficients kb less than lcz.
The values of two condensers, C= and C~, that have these coefficients and
will give a total capacitance COwith coefficient k~can then be determined
from the following equations:

~ = Co(k, – k,)
W k. – k,

(31)

and
Cb = Co(k, – k.).

kh — ka
(32)

If condensers are not available in the exact sizes specified by Eqs. (31)
and (32) it is necessary to add a small trimming condenser to set the
frequency to the required value. This trimmer will usually be so small
a part of the total tuning capacity, however, that its variation with
temperature will be unimportant.

The frequency of an oscillator will usually be found to change with
variations in heater current and plate supply voltage. This change can
often be traced to a change in the plate resistance of the tube. For
example, Eq. (3) shows how the frequency of a tuned-plate oscillator
depends on the plate resistance of the tube. In order to minimize the
effects of these variations, the effective plate resistance may be increased
by the addition in the plate circuit of any external resistance that is
large compared with the actual plate resistance. Thus a change in the
actual plate resistance becomes only a small change in the total or effec-

tive plate resistance and hence causes much less change in frequency.
For maximum frequency stability, the stabilizing resistance should be
2 to 5 times the tube plate resistance, and a low-p tube should be used
for the oscillator if the resistor is in the plate circuit.

Figure 43 shows a modified Hartley oscillator with resistance stabili-
zation. A 12,500-ohm resistor, R 1, is in the cathode circuit but performs
the function of plate resistance stabilization. Being in the cathode
circuit it is equivalent to 12,500 X (~ + 1) ohms in the plate circuit.
This constitutes a nearly constant plate resistance since p is constant and
12,500 x (p + 1) is large compared with r,,.

Llewellyn has shown that for resonant circuit oscillators it is possible
to minimize the effect of changes in supply voltages by inserting suitable
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reactance in the plate and grid leads. 1 These series reactance can
conveniently be the grid and plate blocking condensers.

The interflectrode capacitances of the tube frequently affect the
frequency of oscillation. Since these capacitances are not constant, the
circuit should be so designed that they are small compared with other
frequency-determining capacitances. In the case of a resonant circuit
oscillator, such a design entails the use of a low L to C ratio in the tuned
circuit. A low L to C ratio is also desirable since it increases the effec-
tive Q of the tuned circuit. Many authors2 have treated the effects on
frequency of variations in tube characteristics. For most oscillators
employing high-Q circuits it is possible to minimize the effects of tube
variations and to make the frequency essentially independent of them.

The effect of a load on an oscillator is to introduce phase shifts
because of the impedance coupled into the resonant circuit. The coupled
impedance also serves to reduce the circuit Q and thus reduce frequency
stability. To achieve maximum stability the load should not be coupled
directly to’ the oscillator but should be isolated from it by a buffer
amplifier. Electron-coupling allows the functions of oscillator and
buffer to be combined in a single tube.

POLYPFIASE SINUSOIDS

Phase modulators (see Chap. 13) require two or more sinusoidal wave
trains of the same frequency that have a definite phase relationship.
For example, a phase-shifting condenser used to produce a continuously
variable phase shift requires three sinusoidal voltages differing in phase
by 120°; also the production of a circular sweep on a cathode-ray tube
requires two sinusoidal voltages whose phases differ by 90°. Usually
there is also a requirement for the relative amplitudes of the voltages.

There are two approaches to the problem of producing polyphase
sinusoidal waveforms. A polyphase oscillator or generator can be
devised; or the output of a single-phase oscillator or generator can be
split into several channels, each of which shifts phase by an appropriate
amount to achieve the desired output phase relations. Devices of the
first kind are apt to be more complex and to involve considerable inter-
dependence of the phase and amplitude controls. They have not been
used to any great extent and will not be considered here.

1F. B. Llewellyn, “ Constant Frequency Oscillators,” F’roc. I. R.E., 19, 2063
(December 1931).

2See, for inetance, F. E. Terman, Radio Engineers’ Handbook, McGraw-Hill,
NewYork, 1943,Sec. 6, Fig. 5.

3Rene Mesny, “ Generation of Polypbase Oscillations by Means of Electron
Tubes,” %oc. Z.R.E., 16, p. 471 (August 1925); I. Takas, “ FundamentalConsidera-
tionson Four-phaseOscillatorCircuits,” Ele.tro.Tech. J., 3, p. 75 (April 1939).
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Because of rather large tolerances on values of components, and
because tube capacitances and stray wiring capacitances are not pre-
cisely predictable, it is necessary that anydevice forproducing polyphase
waveforms involve some adjustable components in order to achieve the
exact phase and amplitude reiations desired. An *phase device will
require n -- 1 adjustments for phase and n — 1 adjustments for ampli-
tude. For convenience these adjustments should be independent—that
is, the setting of one phase should not affect the other phases or any of the
amplitudes. Complete independence of the controls is never achieved,
and it is necessary to make repeated settings until all phase and amplitude
conditions are simultaneously satisfied.

4.11. Generation of Circular Sweep for Cathode-ray Tube.—An

‘b
exceedingly: simple and accurate time base

T

m

can be achieved by causing the electron

c1 El
beam in a cathode-ray tube to follow a cir-

L1
cular path with constant angular velocity.

L’

E

Thk results in a circular trace on the face
~~ C2 E2 of the tube upon which timing pulses can be

superimposed by means of a radial deflecting
--- electrode, or by intensity modulation of the

electron beam. The use of these circular
FIQ. 429.-Circuit for making sweeps is discussed in Vo[. 20, Sec. 8.7 and

circular sweep. in vol. 22, Cha~. 7 of this series.

The motion of a point on a circle with comtant angular velocity can
be resolved into two component sinusoidal motions of equal amplitude
along two axes in the plane of the circle, the relative phases being equal
to the angle between these axes. To achieve a circular motion of the
electron beam in a cathode-ray tube requires two sinusoidal voltages
differing in phase by the angle between the two pairs of deflecting plates,
and having amplitudes inversely proportional to the deflection sensi-
tivities of the plates. The following analysis will be simplified by assum-
ing that the deflection sensitivities are equal and that the two pairs of
plates are mutually perpendicular. The required voltages will then be of
equal amplitude and 90° apart in phase. In practice the phase and
amplitude controls are adjusted by observing the trace and making it
circular, so thk assumption does not restrict the validity of the discussion.

The method most commonly used for producing the required voltages
is illustrated in Fig. 4.29. The tuned primary L’ of the transformer is
in the plate circuit of an oscillator or amplifier. Two secondaries L, and
L2, tuned by condensers Cl and Cz, are loosely coupled to the primary and
are connected to the two pairs of deflecting plates of the cathode-ray
tube. If there is no coupling between L1 and L, and the mutual induct-
ances between the primary and the two secondaries are the same, the
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voltages induced in L I and L% are the same.’ Let this voltage be V.
The equivalent circuit of Fig, 4-30 represents either secondary, the only
difference in the two being the value of C. When it becomes necessary
to distinguish between the two secondaries the subscripts 1 and 2 will be
used, otherwise they will be omitted. The resistance r represents the
a-c losses in the circuit and the ratio of the reactance of L to r WN be
represented by Q.

‘P r

vector impedances Z 1 and Z% have
angles of approximately +45° and

-:::;F’LP’”L2~’

FIe. 4.30.—Equivalent circuit fo~ either FIm 4.31.—Vect or-impedance diagrams
secondary of Fig. 429. for circuit of Fig. 4.30.

relation is not exact since, if the angles were exactly -I-45” and —45°, the
magnitudes of the two impedances ZI and .2?2would be equal and the
magnitudes of the currents would be the same; however, since bhe capaci..
tive reactance in the two circuits are not equal, the output voltages
which are the products of the currents and the capacitive reactance
would not be equal in magnitude. The required relation between the
voltages El and llz is

EZ = jE1. (33)
E is given by

or

‘=[”+’(J%P’
or

v
E = ——-Y.

1 – W2LC + jwrC

(34)

(35)

(36)

Substitution in Eq, (33) gives

1 – C02LC1+ jwCl z j – @2LC2 – UYC2, (37)

I The F. W. SicklesCo. has built most of the coil akqembliesueedin this applica.
tion, The Sickles number for the 82-kc/see coil is RE 10001; 163-kc/see, 13386;
820-kc /see, 1280?.
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and equating real and imaginary parts

C02LCI— cwCz = 1

I&M21+ W2LC2 = 1 “
(38)

Solving the simultaneous equations of Eq. (38) for Cl and C~,

c1 =
@L+7-

(39)
&l(&L2 + P}

and

c, =
uL—r

(40)
&l(CIAv+ ??”

Setting
WL—.
T Q

Eqs. (39) and (40) may be rewritten

cl= 1 Q(Q+l) (41)
aQ2+l

~, = ~Q(Q – l).
o)*I, Qz + 1

(42)

Both of these expressions can be expanded in powers of l/Q. Taking
the first two terms of the expansions gives a very close approximation if Q
is reasonably large, say 10 or more, so

()CL+L Q1+: (43)

and

()
c2+& 1–;. (44)

Note that l/u2L is the value of capacitance necessary to tune either
secondary to resonance. Equation (36) can be written’

u,c-j +,*~-1 —

E= [(1 – U%cy + u%’cq~ g
1–uzLC (45)

ISubstitutingEqs. (41) and (42) in Eq. (45) and letting wL/r = 4?gives

‘1=++w’’an-’~’ {46)

‘2= +w’’-nnn~,’~, (47)

and shows that the analysis is correct sincethe requirementexpressedin Eq. (33) k
fulfilled.
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It is of interest to see how the values of E, and E, are affected by small
changes in Cl and C!. Writing Eq. (45) in the form

E = lEle@, (4!3)
dE _ dlEl
z

– ~ + jdo. (49)

But from Eq. (36)

dE a2LC(l – UZLC) – cFr%’z – jarc dC—.
E (1 – WZLC)’ + W2T2(72 ~“

(50)

Equating real and imaginary parts of Eqs. (49) and (50)

d\El U2LC(1 — W2LC) — &#C2 dC—.
\E\ (1 – dLC)2 + w2r2C’ ~

(51)

and
—c@2

‘o = (1 _ ~2LC)2 + ~,r,c, ~“ (52)

Again substituting from Eqs. (41) and (42) and letting uL/R = (J these
may be written

d\E,l Q+ldc,——
T& = ~ _ ;dc~’

(53)

~=TcJ (54)

dO,=_~~J (55)

and
~02=_Q–l&

2 c,
(56)

If the percentage changes in Cl and Cz are the same (the usual behavior
if the changes are caused by variations in ambient temperature), the
changes in the phase angles are very nearly equal with the consequence
that the relative phase of El and Ez is not appreciably affected. How-
ever, there is considerable change in the absolute phase resulting in a
shift in the zero point of the time scale. The changes in amplitude are in
opposite directions with the result that the pattern on the cathode-ray
tube becomes elliptical. The effect of ellipticity on the accuracy of the
time scale is dkcussed in Vol. 22, Chap. 7 of this series.

The variations in output voltage caused by changes in tuning capaci-
tance are proportional to the Q of the secondary windings, as indicated
in Eqs. (53), (54), (55), and (56). It would be advantageous from this
standpoint to use low Q windings. However, the amplitude of the out-
put voltage is also proportional to Q as shown by Eqs. (46) and (47)
and the disc~mination against harmonics is proportional to Q. For these
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reasons a high Q circuit is desirable. Obviously a compromise must be
made. It has been found in practice that with a Q of 35 a sufficient
degree of temperature compensation can be achieved so that, under
laboratory conditions, the pattern will remain circular for many hours.
For any application in which a wide range of temperatures is encountered,
it would probably be necessary to use a lower Q.

Although the phase and amplitude controls are in no sense inde-
pendent, it is quite easy to make the adjustments by watching the trace
on the tube and tuning the two secondaries alternately for minimum
eccentricity of the ellipse.

E,

1 1 1

=

-1 1500 k

k

1C.R.T.

1-

FIG. 4.32.—SCR-5S4 circular-sweep circuit.

Another method of generating a circular sweep makes use of the 90°
difference in phase between the voltages in two loosely coupled resonant
circuits. This method, illustrated in Fig. 4.32, was used in the SCR 584
radar. Link coupling between the resonant circuits and the deflecting
plates is used in order to reduce the effects of stray capacitances. In
use, the primary is tuned for maximum amplitude, after which the
secondary amplitude and phase are adjusted by means of the condenser C
and the loading resistor R. These adjustments are made by visual
observations of the trace on the CRT.

4.12. Resistance-reactance Phase Shifters.-A series combination of
a resistance and a reactance can be used to shift the phase of a sinusoidal
waveform. If an alternating voltage is applied across the combination,
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(a) (b) (c)

(9) (h) (a)

$-$ @.L @

(k) (1)
(2)

FrQ. 4.33.—Resistance-reactance phase-shifting circuits.

i+!ii4!&

(u)
FIG.4.34.—Equivalent circuit for determining effect of load impedance

reactance phase shifter.
on resistance

the voltage across either element differs in phase from that across the
other by 90° and differs in phase from the applied voltage by an amount
that depends upon the ratio of the reactance to the resistance. In the
arrangements illustrated in Fig, 4.33 the resist ante-reactance combination
is connected across a balanced or push-pull voltage source, which maybe a
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center-tapped transformer or a phase-inverting amplifier. The output
voltage is then taken between ground and the junction of the resistance
and reactance. Since the voltages across the two elements are 90° out of
phase and since their sum must equal the applied voltage 2E, the locus
of a graph of the output voltage is a semicircle with 2E as a diameter as
shown in the vector diagrams in Fig. 4“33. The phases of the output
voltage with respect to the voltage E for the four cases shown are:

I (a) 0 = +2 tan-’*

(d) e = –2 tan-’ uRC
El

L
t t 1 1

(9) o = +2 tan-’ -$ “ (57)

(j) o = –2 tan-l #

= t
ES Since the output voltage is repr~

Fm. 4.35.—Four-phasevoltagesystem. sented as a radius of the semi-
circle, its magnitude is always equal to the magnitude of E.

The above relations are true only if no current is drawn from the
output terminal. The effect of an impedance Z connected between the
output terminal and ground can be found in the following way. Let the
phas~shifting elements be gener-
alized as ZI and ZZ. Then in the

c1 z =
circuit of Fig. 4.34a, the voltage
Eo can be shown to be

Z2– ZIE
E,=—

z, + Z1

$2+2

$fp( $7 y :RI E3 E2 - - ~2

(58) 4● t * b

and hence the circuit can be repre
=

FIQ.4.36.—Three-phasevoltagesystem.
sented by the equivalent circuit of
Fig. 4.34b, in which a generator having an open circuit voltage equal to
z, – z, Z,Z2
ml E and an internal impedance —z, + z,

is connected across the

load impedance Z. It can be easily shown that the equivalent generator
voltage is equal to the voltage output expected with infinite load imped-
ance, that is, the amplitude is equal to the amplitude of E and the phase
given by the appropriate expression in Eq. (57). From this equivalent
circuit the output to be expected for any Z can readily be calculated.

In Fig. 4.35 the circuits of Figs. 4.33a and 4.33d have been combined
to provide a four-phase voltage system suitable for the operation of a
phase-shifting condenser. For this application the voltages should be
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90° apart in phase and, hence, R should be made equal to l/wC. A
variable resistance across the transformer is used instead of a center tap
on the transformer, sincea more accurate voltage bal-
ante can be obtained in this way. It is sometimes ~
necessary also to connect a capacitance from one end
of the transformer secondary to ground to make the
voltages at the two ends of the transformer 180° apart
in phase. A similar arrangement shown in Fig. 4.36 L

k

R

can be used for a 3-terminal phase-shifting condenser.
Thephases inthis case must differ by 120°, therefore
therelationsb etweenthe components must be,

—c Eo

1
— = R, tan 60° = <3 R,
UC 1

(59) !

1 R,—.
WC2 $m=—”

*
(60) F,o, 4.37.–Ph,,e-

shiftingcircuit.

Another method of obtaining a phase-shift variable between O and
180° is shown in Fig. 4.37. Since the input and output have a common

(a)

1
JG

1‘

(b)
Fm. 4.3S.—Impedance-vector diagrams for

circuit of Fig. 4.37.

terminal, neither a transformer
nor a phase inverter is required.
Figure 4.38a is an impedance dia-
gram for the part of the circuit
composed of the resistance R and
the inductance L in parallel. If
OA represents the reactance of L,
and OB the resistance R, then
OD, drawn perpendicular to AB,
represents both in amplitude and
angle the impedance of the par-
allel combination. 1 Since angle
ODA is 90°, a plot of the locus of
D as R is varied from O to co is a
semicircle with OA as diameter.
Figure 4.38b is the impedance diw
gram for the complete circuit.
The reactance of the capacitance
C is made equal to one half the
reactance of L and, therefore, the
sum of the impedances ZRfi and
l/@C will always be a radius of

the semicircle. Thus the total impedance of the circuit Z is of con-

IThis is a general theorem applicable to any two parallel impedanceshav!ng
anglesthat differby 90”.
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stant magnitude equal to l/tiC and has a phase angle that varies
from – 90° through O to +90° as R ranges from zero to infinity. The
voltage E“ across C will then be equal in magnitude to the applied
voltage E and will lag it in phase by an angle 2 tan–l R/tiL which may
be va~led from O through

E~

90i to 18+. -

c

%

R

E.
L

f
-I-=

FIff. 4.39.—P h as e -
shifting circuit.

R

jwL

1

1 z
&

FIG. 4.40.—Impedance-vector
circuit of Fig. 4.39.

To obtain a voltage which leads the input by an angle variable from

diagram for

0° to 180°, the circuit of Fig. 4.39 may be used. Here l/tiC is made
equal to 2uL as shown in the vector diagram of Fig. 4.40. The angle of
lead is 2 tan-’ aRC.

PULSED OSCILLATIONS

The importance of sinusoidal waveforms in time measurement has
been discussed in the introduction to this chapter. In general, the use
of a continuous sine wave for measuring the time interval between two
recurrent events requires that the earlier event be synchronized with the

sine wave. In manv instances.

one that is zero until the beginning of the interval, becomes sinusoidal for a
time greater than the interval, and then returns to zero and remains there
until the start of the next timing interval. It is necessary that the oscil-
lations always start in the same phase, and it is desirable that the starting
transient be of as short a duration as wossible. In addition, it should be
possible to stop the oscillations quick~y in order that the ci’rcuit may be
ready for another timing cycle. This type of waveform, illustrated in
Fig. 4.41, is known as a pulsed sinusoidal oscillation.

In order to start an oscillation with no transient, all voltages and
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currents in the quiescent state must have values that they will have
simultane.ously at some instant in the steady state. To achieve this
in a simple manner, one chooses an oscillating circuit that involves the
fewest components. Phase-shift oscillators or bridge oscillators are
obviously unsuited to this application. Resonant circuit oscillators, in
particular the Hartley circuit, are better adapted to this type of opera-
tion, provided certain precautions are taken in regard to time constants
involved in the biasing circuits.

4.13. Ringing Circuit.-The cir-
cuit shown in Fig. 4.42, a parallel
resonant circuit connected to a con-
stant voltage E through a current
limiting resistor R, is a logical intro-
duction to the discussion of a pulsed
Hartley oscillator. The a-c losses in
the resonant circuit are represented
by a shunt resistor r rather than by
a resistance in series with L. This
gives a more accurate representation
of the starting conditions since the
d-c resistance of L is usually small
compared with the a-c resistance and
L short circuits r for direct current.

L=
Fm. 4.42.—Circuit for producing damped

sinusoidal oscillations.

Initially the switch S is closed and a steady current equal to EIR

flows through the inductance. At time t = O the switch is opened and
the subsequent behavior of the circuit is determined by the differential
equation

LrC$+L$+ri=O (61)

where i is the current through the inductance.
The solution is

where
i = Ae–*c cos (w~ + ~)

d- –1 1
u = LC – 4r2C2-

(62)

(63)

The arbitrary constants A and +, evaluated by noting that when t = O,

i = E/R and di/dt = O, are

(64)

and

(65)



142 SINUSOIDAL WAVEFORM GENERATORS

The voltage Eo is then given by

‘0=’$’ -:(’+=a”’+si””’
The quantity rCu is just the Q of the resonant circuit.
l/4Q2 in comparison with 1, Eq. (66) can be rewritten

[SEC. 4,14

(66)

Neglecting

d. (67)

~ Equation (67) indicates that the.J
Fm. 4.43.—Dampedoscillationproduced

by circuitin Fig. 444.
voltage 130 is a damped sinusoidal
oscillation, the rate of damping being

such that the amplitude is reduced to I/e of its initial value in Q/~ cycles.
Figure 4.43 is a photograph of a waveform of this type produced

by the circuit of Fig. 4.44. It is identical with the circuit of Fig. 4.42
except that the oscillations are initiated by a triode that is made non-
conducting by a negative gate applied to its grid. This gate must be so
large that the tube is completely cut off for all subsequent values of the
cathode voltage, that is, it must be greater than the cutoff voltage plus
the inkial amplitude of the oscillations.

The waveform of Fig. 4.43 is not the
E&

desired waveform and has been discussed
principally as an introduction to the ma-
terial to follow. However, in some ap-
plications, time markers are generated by Neg.
connecting the damped sinusoid to an
amplitude comparator (see Chap. 9).
If the point of amplitude selection is not
exactly zero, there will be some error in
the generated time markers, although the
zeros of the sinusoidal waveform are
equally spaced.

(

4.14. Pnlsed Hartley Oscillator.—
-s_=

In order to prevent the decay of the
FI~.4.44.—R@@g circuit.

oscillations in the ringing circuit, it is necessary to replace the energy
dissipated in the resistance r. This can be done by means of the circuit
of Fig. 4“45 which will be recognized as that of a Hartley oscillator. As
in the previous case the oscillations are initiated by a negative gate
applied to the grid of 1’1, The voltage from point b of the resonant
circuit is applied to the grid of a second vacuum tube,Vz connected as a
cathode follower, the cathode being returned through a resistance RI
to the center tap a of the inductance. Assuming perfect coupling
between the two halves of the inductance, the impedance looking into
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the center tap is QuL/4 and is resistive. Hence if R 1 is equal to QwL/4,
the voltage fed back to the center tap will be one half the voltage at b.
Because of the auto-transformer action of L, the net feedback voltage
at the grid of V2 is just twice the
voltage at a, or is just equal to the
voltage at b. Assuming Vz to have
unity gain, it is apparent that the
condition A8 = 1 is satisfied and
that oscillations of constant ampli-
tude will occur. In practice, the
gain of Vz is always slightly less
than unity, and the coupling be
tween the two halves of L is not
perfect. The effect of these factors
is to reduce the amount of feed-
back; this can be compensated for

Eb
T

<
R I

~

FIG. 4.45.—Pulsed Hartley oscillator.

by a reduction in R,. - Usually R, is a variable resistor and is adjusted
to give oscillations of constant amplitude.

At the end of the negative gate, VI again becomes conducting so
that the oscillations are rapidly damped to zero amplitude, usually
within 2 or 3 cycles, by the low-cathode impedance of VI.

Because of the distortion in
Vz, the waveform at b is more

~ pure than that at c. However,

Neg.
gate

c==
L

+
FIG. 4.46.—Pulsed Hartley oscillator with

low-impedance output.

the impedance at c is much the
lower, and for any load other than
the grid of a vacuum tube the
output is taken from c. In some
cases, it may even be necessary
to add a buffer amplifier to reduce
the reaction of the load on the
oscillator. The waveform at c is
particularly bad for large ampli-
tudes of oscillation because of the
tendency of VZ to Cut off on
the negative grid-voltage swings.
This fault can be eliminated by
biasing the grid of Vz positive

with respect to ground as shown in Fig. 4.46.
‘The frequency stability of this oscillator is very good, since the

oscillator tube Vz is operated in a linear region and no grid current flows.
In a carefully designed oscillator at 160 kc/see, the frequency changed
by less than 10 parts per million with a change in supply voltage from
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100 to 400 volts, by less than 1 part per million with a change in filament
voltage from 4,5 to 8 volts, and by 5 parts per million per degree centi-
grade. The operation of the circuit here is quite different from that in
the conventional r-f oscillator in which the tube operates in class C.
As a result, there is little or no amplitude stability in the ordinary sense.
That is, if the clamp tube VI remains nonconducting for a sufficiently
long time, the oscillations eventually either decay to zero amplitude or
build up until grid current limits the amplitude. For most uses this
lack of amplitude stability is not to be considered as a defect, since the
circuit is allowed to oscillate for so short a time that no appreciable change
in amplitude occurs.

T-eNeg.-% -.

c= =L
out

1+ I

FIG. 447.-Pulsed Hartley oscillator to minimize effect of tube change on frequency.

It will be noted that the input capacitance of V, and the cathode-
heater capacitance of V, form a part of the tuning capacitance of the
resonant circuit. As long as the same tubes are used these external
capacitances cause no trouble, but if it becomes necessary to change
these tubes, a change in frequency may be observed. In cases where it
is not feasible to reset the oscillator frequency after changing a tube, the
circuit of Fig. 4“47 will minimize this effect. The heater of VI is ener-
gized from a transformer separate from the normal filament supply.
The secondary winding of this transformer is maintained at the same, or
very nearly the same, r-f potential as the cathode of VI by connecting
either the center tap or one side to a buffer cathode follower Va driven
from the oscillator. If the ratio of the a-c voltage at the cathode of VS
to the a-c voltage of the cathode of VI is B, the apparent capacitance
from the cathode of VI to ground due to the heater-cathode capacitance
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is (1 — 1?) tilmes the heater-cathode capacitance. Thus B will be the
product of the gains of V2 and Vs and will be slightly less than unity.
Hence the quantity (1 – B) is very small, and changes in heater cathode
capacitance have much less effect on the frequency. The input capaci-
tance of Vz can be minimized by using a pentode with the screen grid
bypassed to the cathode. Use of a pentode also increases the gain of V,
and makes the quantity B approach one more closely.

An alternative form of the pulsed Hartley oscillator has the resonant
circuit in the plate circuit of the switch tube, as shbwn in Fig. 4.48.
Here the plate supply voltage for the switch tube is taken from a voltage
divider on the power supply. The circuit has several disadvantages.
The voltage divider must be bypassed to ground so that the top end of
the resonant circuit is at ground
potential for a-c. Variations in
duty ratio change the potential ob- {

- ,$
tained from the divider and hence
the amplitude of the oscillations.

c

Furthermore, at the end of the
3’ ‘

~
period of oscillation the circuit is ~~~
damped only by the plate resist- ~1 out
ante of VI, which is much higher
than the cathode resistance. Al
though this circuit has the advan- *
tage that a separate biasing circuit RQ. 4 48.—PulsedHartley oscillator with
for the grid of V, is not necessary plateclamping.

to get a good waveform from the cathode of Vl, it is, on the whole, inferior
to the circuit discussed previously.

4.16. Pulsed Crystal Oscillators.-In Sec. 4.3, Fig. 4.4 shows the
equivalent circuit of a crystal—a resistance, inductance, and capacitance
in series shunted by a capacitance. The equivalent Q of a crystal is so
high that when oscillations are started they continue with a very small
decrement, and regeneration is unnecessary. A feature of the crystal
which restricts its application is that several of the connections between
the impedance elements of the equivalent circuit are inaccessible. As a
result, oscillations of the crystal cannot be initiated in the same manner
as in the pulsed Hartley oscillator, and it is difficult to stop the oscilla-
tions at the end of the timing interval.

A complete pulsed crystal oscillator designed for operation at 82 kc/see
is shown in Fig. 4.49.1 A positive gating voltage applied to the grid of
V, cuts’off the current in VZ by raising the cathode voltage. The trans-
former differentiates the current waveform in the plate circuit of V,, and
the balanced secondary winding applies the pulse to the two input

1Anotherpulsedcrystaloscillatoris describedin Vol. 21, Chap.7.
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terminals of the crystal bridge. The function of the bridge circuit is to
allow the voltage pulse from the transformer secondary to excite the
crystal without having the pulse appear in the bridge output. For the
pulse to be completely eliminated, the bridge would have to be balanced
for all the frequencies contained in the pulse, a condition that could only

250

t

6SN7 6SN7
(a)

L—.
(b)

Fm. 4.49.—(u)Pulsed crystal oscillator, 82 kc/see. (b) Output waveform from puked
crystal-oscillator, 82 kc/see.

be achieved by using identical crystals in two branches of the bridge.
This is no solution, however, for both crystals would be excited and their
voltage output would cancel in exactly the same way as the pulse.

At frequencies not near the natural frequency the crystal appears as
a fixed capacitance, and, therefore, the most satisfactory balance is
obtained with a capacitance in the opposite branch of the bridge, as
shown in the circuit. The frequencies in the pulse which are near the
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crystal frequency are not balanced out and cause some distortion at the
beginning of the pulsed oscillation; the duration of the distortion, how-
ever, can be restricted to about one-half a cycle. Figure 4.49b is a
photograph of the output pulsed sinusoid; it shows the distortion due
to the unbalanced residue of the pulse.

The output of the bridge circuit is amplified by Va and Vd, the output
being taken from the plate of V+ At the end of the gate, V2 again
becomes conducting. The grid of Vz is connected through a phase cor-
rection network to the amplifier output so that when V2 conducts, the
amplified crystal voltage is applied to the crystal in opposite phase.
Thus the termination of the input gate quickly damps the output voltage.
Small changes in gate width or in repetition rate have no effect on ampli-
tude provided the quiescent period corresponds to 30 to 50 times the
crystal period.

The amplitude of the oscillations as a function of time is proportional
d.._

to the quantitY ~ 2Qwhere w is the angular frequency of the oscillations

and Q, in terms of the equivalent circuit of the crystal, is uL/R. The
relative amplitude can be expressed in terms of the number of cycles n

as e
-~.

If N is the number of cycles required for the amplitude to be
reduced P per cent, it is evident that

e–~.l–~,

or

-%=ln(’-A)o
But, if P is small,

so

N=~.

If, for example, Q is 3000, the amplitude decreases only one per cent in
10 cycles.

It is well known that quartz crystals can oscillate in any or all of
several modes, each of which has its characteristic frequency. There
will, in general, be one mode that is more easily excited than any of the
others. However, it is possible for a coupling between modes to exist
so that excitation of one mode induces excitation of the other. This
condition can be very troublesome in a pulsed crystal oscillator since
it leads to an output voltage containing two or more frequencies which
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are not harmonically related and which are therefore useless for time
measurement. A crystal cut has been developed in which the coupling
between modes has been virtually eliminated and single frequency oscil-
lations can be obtained. This has been done for an 80-kc bar, 1but it is
presumed that crystals for frequencies up to several hundred kc/see can
be made in the same manner.

Chapter 21 describes a method of using a continuous crystal oscillator
to obtain pulses that are synchronized with a random trigger. Such a
circuit avoids the necessity of pulsing the crystal.

PULSED POLYPHASESINUSOIDS

The problem of shifting the phase of a pulsed oscillation is much more
difficult than that of shifting the phase of a continuous oscillation (Sees.
4.11 and 4.12). The nature of the difficulty can best be seen by consid-
ering the response of one of the circuits, described in Sec. 412 to a pulsed
oscillation. Let a pulsed oscillation of the form

E=o t<o (68)
E= Asin~t t>o

be applied to the circuit of Fig. 4.33a. The differential equation for
the current for t >0 is

#+~i=2Aucosut
dt C 1 (69)

the solution of which is

‘= r~~(:f +

e = tan–l ~.

where

Be-;C (70)

(71)

The output voltage EO is given by iR – E which, after some simplifica-
tion, can be written

EO = A sin (tit + 20) + BRe ‘c.
——

(72)

The requirement that Eo be zero at t = O determines the arbitrary con-
stant B, giving

EO = A sin (cd + 28) – A sin 20e ‘c.
——

(73)

In the above expression the first term represents the desired output.

1This crystalis manufacturedby the ValpeyCo. and is calledtype RL.
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The second term, required tosatisfy theinitial conditions, is a decaying
exponential, which distorts the early part of the output voltage. Even-
tually, of course, the exponential term becomes so small that it may be
neglected in comparison with the sinusoidal term; but, until the exponen-
tial is small, the output waveform is not useful for time measurement.
Note that the initial amplitude of the transient term is proportional to
the sine of the angle of phase shift and that the time constant RC is
inversely proportional to the tangent of one half the angle. For small
phase shift angles, the initial amplitude is small but the function decays
very slowly; whereas for large an-
gles, near 180°, the initial ampli- ~ ‘–—-
tude is comparable to the amplitude ; ~-
of the sinusoidal term and decays ~
rapidly. Figure 450 is a photw 1!. ..... .... .... .. . . ... .. “’<’”. u
graph of the waveform EO for a FIG, 4.50.—Pulsed oscillation shifted in

phase by 60° by circuit of Fig. 4.33a.
phase angle of 60°. The number

of cycles elapsing before the exponential term becomes less than P times
the amplitude of the sinusoidal term can be found in terms of the angle
of phase shift 20 by solving the equations.

——
A sin 2%e ‘c = PA (74)

(75)

sin 29
ln~–#C=O (76)

But from Equation (25)

where T is the period of the oscillation.
Whence

t
RC
—=27r$tan0

(77)

(78)

(79)

But t/T is just the number (n) of cycles which have elapsed. Therefore,

sin 20
in ~

‘=27rtane (80)

For a given application, the accuracy requirements determine how small
the exponential must become in order to be negligible. At small angles
the useful portion of the waveform is delayed by several cycles; whereas
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for angles greater than 90° the delay is less than a cycle. In many
instances it is required to measure very small time intervals; the allow-
able delay, therefore, is only a small fraction of a cycle.

4.16. RC-feedback Circuit.-At the sacrifice of useful output ampli-
tude, the time constant of the exponential term can be made as small as
desired. Consider the circuit of Fig. 4.510 and the corresponding vector
impedance diagram of Fig. 4 .51b. This circuit will shift phase by an
angle between O and 90°. The capacitance C 1 and the resistance R are
chosen so that the phase angle of their combined impedance is approxi-
mately – (90° – O) where @ is the desired angle of phase shift. The
value of Cz is made so small that its reactance is large compared with

ff
either R or the reactance of Cl;

‘Tc,
~ the total impedance Z, therefore,

; x, Wc,

+

very nearly equals the reactance

.90 of Cz. The angle between the

c,

1!

total impedance and that fraction

z I_ of it across which the output volt-

R wC2 age is taken is o aad consequently
the output voltage leads the input

6
voltage by ~, The angle o is
controlled principally by the val-

= ues of C, and R. The time con-
(u) (b) stant for the exponential term !in

Fx~.4.51.-—Circuitforshiftingphaseof pulsed the output is, on the other hand,
oscillation and vector-impedance diagram.

the Droduct of R and the equiva-
lent capacitance of Cl and Cz in series. Si~ce C, is small compare~ with
C,, this equivalent capacitance is very nearly equal to CZ and the time
constant-can be reduced without limit.

As a result of making Cz small, the ratio of the total impedance Z
to the impedance of Cl and Ii becomes large and the output voltage
becomes small. It is of interest to find the relation between the time
constant and the reduction in amplitude. Let N be the ratio of input
to output amplitudes, that is, Z to Z1. The time constant r is given by

R‘r .-,

;+;2
1

(81)

(82)
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From Fig. 4.51b

z, z NZ,
(83)

‘=sin(@+B)sm ~ = sin I#Jcos B -i- cos O sin P’
Nsin8=sin rpcosi3+cos@sb@,

But
cot @ = tan a,

so
sin d

7 = CO(N– COS@)”

(84)

(85)

By setting the derivative of r with respect to @ equal to zero it can be
shown that the maximum value of r occurs for cos 1#1= I/N. Substitut-
ing this in Eq. (85) gives

Using the factor N and the desired total impedance Z as design
parameters, the following equations may be derived from inspection of
Fig. 4“51b:

R= Zsinj3, (87) ~
1—=z, cos(q5+j3)=

&)c,-.

; Cos (4 + P), (88)

and

1
—=zcos~–+ (89)
(L’2

where ~ is given by Eq. (84).
In order to make the phase-

shifted voltage equal in magni-
tude to the input voltage, an
amplifier is required. Stabiliz*

I

I II I

Fm. 4.52.—Stabilized amplifier for phase-
shifting circuit of Fig. 4,51.

of negative feedback of the type

tion of the amplifier gain can
conveniently be achieved by use
described in Chap. 2, a practical example of which is shown ‘in
Fig. 4.52. The feedback components R’ and C’ appear at the input
grid as an effective resistance R’/l – A in series with a capacitance
(1 – A) C’, where A is the amplifier gain. Since -4 is numerically large
and is negative, these components comprise a small resistance in series
with a large capacitance and correspond to the R and Cl of the preceding
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discussion. If R’ and C’ are so chosen that the output voltage equals
the voltage applied to the input network, A and IV are identical; and if A
is large, the magnitude of the impedance of R’ and C~ will be approxi-
mately equal to the magnitude of the impedance of Cz.

The effect of a small change dii in amplifier gain can be found in the
following way. Consider the generalized circuit of Fig. 4,53. The feed-
back factor is

(90)

and in accordance with the explanation given in Chap. 2 of the behavior
of feedback amplifiers, the percentage change in output voltage for a
given percentage change in the value of A is given by

(hi
dEe ~—. — .
E. l–A@

(91)

The over-all gain G is given by
z;

G ~=
1–.4 ~.—

~;+ ~; ‘
1–A

(92)

since the apparent value of Z; is reduced by the feedback. The feedback
factor P can be written in terms of G and A by combining Eqs. (90) and
(92). Thus

B
G–A

= A(G – 1)’
(93)

and Eq. (91) becomes
dA

dEe x _G–ldA—.
E. ~_G-A–~~” (94)

G-1

In general, Il. is a complex quantity and can be written

E. = lEJej$, (95)
and

dll. = d\E.]eip + jlE&’dO, (96)
so that

(97)

For the circuit of Fig. 4.52, the impedances Z{ and Z; are so chosen that
the output voltage Eo is equal in magnitude to the input voltage 33 and
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differs in phase by an angle @ + m. The term m in the angle occurs
because of the 180° phase shift produced by the amplifier A. Therefore,
the gain G is

G = ejtt+”) = cos (~ + r) + j sin (O + m). (98)

Substituting this value of G in Eq. (94) gives

dEo =

-[

cos(@+7r)-1 +jsin(@+7r)
EO A–1 A–1 1dA, (99)

and from Equation (97), equating real and imaginary parts

dlEo\ cos(@+r)–ldA
~= A–1 A

dlEol = l+cosddA
~ 1–A A’

(loo)

and

These equations show that if A is large, the output signal is very little
affected, either in amplitude or phase, by small changes in amplifier gain.

It should be pointed out that in
the amplification process the signal E
has been inverted, or shifted in
phase by 180°. As a result the z;
over-all phase shift is somewhere
between 180° and 270° instead of -EO

between 0° and 90°. The signal
can be reinvertpd by the simple z;
expedient of inserting a resistance

v .

in the plate circuit of Vz in Fig. 4.52
equal to the resistance in the cath- FI~. 4.53.—Generalizedfeedback phase-

shiftingcircuit.
ode circuit and taking the signal
from the plate. The range of operation thus includes the first and third
quadrants.

Unfortunately, an attempt to cover the two remaining quadrants by
interchanging resistance and capacitance or by substituting inductance
for the capacitance results in a time constant for the transient which is
very long instead of very short. The second and fourth quadrants can
be covered, however, by using two RC-feedback circuits in series. For
example, one type of phase-shifting condenser requires three input
voltages cliffering in phase by 120°. one circuit like the one in Fig. 4.52
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can be used to produce a leading phase of 240°, and a second identical
circuit operated from the output of the first will give a total phase shift
of 480° lead. These two are equivalent respectively to a 120° lag and
a 120°1ead.

As has been pointed out above, the limit of phase shift obtainable
with this scheme is 90° (or 270°). This limit cannot actually be achieved

‘7.2 ;.

unless A is infinite. Since the need
for phase shifts of 90° is frequently

1-’ v

encountered, it is desirable to extend
the limit slightly to include this angle.

~ This can be done by replacing Cl in
L z Fig. 4.51 by an inductance as shown

in Fig. 4.54. If UL = R/iV, where N

R is still the ratio of Z to 21, it is evi-
dent that ZI will lead Z by 90°. The

v required value of C2 is given by

(a) (b)
Fm. 4.54.—Circuit for shifting phase of

pulsed oscillation by 90°.
*2 = (N’ + l)coL. (lo2)

The introduction of an inductance in this circuit makes the transient
term a damped sinusoidal oscillation instead of a simple decaying expo-
nential. A complete solution of the differential equation shows that the

transient term has a frequency
w ‘imes ‘he ‘requency 0’ ‘he

applied voltage and is damped with a time constant 2/Nw The initial
amplitude of the transient is ap- ~ . . . ._.__ ...__”_.. -..
proximately 2/@ times the steady

~ -w’:

state output amplitude if N is
large. The same method of am-
plification can be used with this
modification. Figure 4.55 is a pho-
tograph of a 16-kc/sec pulsed oscil-
lation shifted in phase by 90° by
this method. +“!

It would appear that by increas- “
ing the value of L, phase shifts con- FIG. 4.55.—16-kc/see pulsed oscillation

siderably larger than 90° could be
shifted90°in phaseby circuitof Fig. 4.54.

obtained. Ii is found, however, that as the phase angle increases from
98° the time constant for the transient term rapidly becomes very large.

4.17. Phase-splitting AmplMer.-A very economical method of split-
ting a pulsed oscillation into two components differing in phase by 90°
is illustrated in Fig. 4.56. Pulsed oscillations are applied to the grid
of a high-gin pentode. The impedance in the cathode circuit consists of
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a parallel resistance Rk and capacitance C; the plate circuit impedance
is a parallel resistance liP and inductance L. If Rp, L, Lk, and C are so
chosen that

R~ = WL (103)
and

R, = ;C (104)

the plate and cathode impedances
are equal in magnitude and differ
by 90° in phase as shown in Fig.
4.8.1 Since the mutual conduct-
ance is high the voltage at the
cathode reproduces very closely
the input voltage, the current
being whatever is required to pro-
duce this voltage. The same cur-
rent flows in the plate and cathode
circuits and since the impedance
vectors in these two circuits are

‘b

4-

L RP

EP
---------

E~

1
-L
=

FIW 4.56.—Method of shifting phase of
pulsed oscillation by 90”.

equal in magnitude and mutually perpendicular, the voltage at the plate
equals the cathode voltage but is shifted in phase by 90°.

The only restrictions on the impedance elements are given by Eqs.
(103) and (104). It would appear possible, therefore, to make Rk and

A

UL infinite, that is, leave them out altogether,
or to make R, infinite and C zero. The first

\

possibility is ruled out, however, because it
leaves no d-c path for the tube current. The
second possibility is impractical because the

WL sudden rise of current in the Dlate circuit

E
Zp

\
excites oscillations at the antiresonant fre-

Rp quency of the inductance and its distributed

Rk capacitance. The best results are obtained
& Zk when RP is chosen for critical damping.

The function of phase-shifting can con-
veniently be combined with the production

Fm. 4.57.—Vector-impedance
diagram for Fig. 4.56.

of the p~lsed oscillations. Since tie voltage
at the cathode reproduces the grid voltage,

the cathode may be used as a source for the feedback voltage necessary
to sustain the pulsed oscillations at constant amplitude. Figure 4.58
shows a combined pulsed oscillator and phase shifter. In this figure R~
of Eq. (103) is the combination of RI and Rz in series, paralleled by RA

I

~The graphical combination of parallel impedances has been explained in Sec. 4.12.
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and twice R3. It is necessary to take 2 xBs, because the impedance
from the center tap of the oscillator inductance to ground is equal to

the feedback resistance. Figure4.59
‘h is a photograph of waveforms ob-

~circ,~;~;$5~~5.Ua..ns for.s.

tained at the cathode and plate of the

1 I 1 1

J 1 I 1

FIG.4.5S.—Combined pulsed oscillator and
phase shifter.

It is
with

with Synchros.—In Chap. 13 of this
volume the use of synchros for shift-
ing phase continuously is discussed.

FIG. 4.59.—Waveforms obtained from
circuit of Fig. 4.58.

shown there that the necessary input current waveforms for use
pulse oscillations are of the form

il=Asinut+Kl t>o

I

(105)
it = K2 t<o
i2 = –Acoscd+K, +A t>o

where AI, KI, and KZ are constants.
These waveforms are illustrated in Fig. 4.60. The waveform of

I I

o t—

(a)

1 i

0 t—
(b)

Fm. 4.60.—Current waveforms for synchro phase shifter.
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Fig. 4.60a is (except for a change of sign) just the voltage waveform pro-
duced by a pulsed oscillator and is easily obtained. The waveform of
Fig. 4.60b is more difficult to obtain because of the shift in average level
during the interval of oscillation. N’ote, however, that Fig. 4.60fJ is
just the current waveform in the inductance of the pulsed oscillator. If
a small resistance is placed in series with the grounded end of this induc-
tance, a waveform approximately equal to the one illustrated is obtained.
The effect of this added resistance on the pulsed oscillator is to change
the phase in which the oscillations start by a small amount, and to
increase the amount of feedback necessary to maintain constant ampli-
tude. The quality of the oscillations is not impaired if the added resist-
ance is small. The voltage across this resistance
will be 90° out of phase with the voltage across the
inductance but not with the total voltage, which
appears at the top of the inductance. This phase
error can be compensated for by adding a small
component of capacitive reactance to the resist-
ance so that the impedance vector of this branch
is at right angles to the total impedance vector Z
as shown in Fig. 4-61.

Since the voltage across the resistance is small
compared with the oscillator output, an amplifier
is required to make the two waveforms equal in
amplitude. This amplifier may be stabilized in
the same way as the amplifier for the phase shifter
described in Sec. 4.17, that is, by increasing the
size of the resistor and by returning it not to
ground but to the output of the amplifier. The
value of the resistance produced in this case should

FIG. 4.61.—Vector -
impedance diagram for
cathode circuit of modi.
fied pulsed oscillator.

be approximately equ~l to the reactance of the oscillator inductance.
A complete circuit is shown in Fig. 4.62. The oscillator differs from

the one previously described in that the grid of the clamp tube VI is
returned to Eb instead of ground. This is necessary because the induct-
ance in the cathode circuit is returned through the resistor R to a point
that is at a positive potential with respect to ground. If the grid of VI

were at ground potential, no quiescent current would flow in the induct-
ance and no oscillations would be produced. The resistor R‘ is made
variable to provide an adjustment for the amplitude of the phase-shifted
output, and the phase-compensating condenser C is shunted by a variable
resistance RZ to set the phase precisely. The output waveforms are
applied to the grids of two pentodes whose plate circuits contain the
synchro primary windings P 1 and P*, Because of the high plate resist-
ance of the pentodes and the current feedback from the large unbypassed



158 SINUSOIDAL WAVEFORM GENERATORS [sEc. 4.18

cathode resistors, the currents in the synchro windings reproduced the
input voltage waveforms accurately. 1

16kc/see pulsad Ph:ee;::~g output
oscil Iator

5k

FIG 4,62.—Circuit forsynchro phrnseshifter for 16-kc/sec pulsed oscillations.

(b)

FI~.4.63.—Waveforms produced by circuit of Fig. 4.62.

Figures 4.63a and 4.63b are photographs of the voltage waveforms
at the grids of Vb and Vs.

I The validity of this statement iediscusaedin Chaps. 8 and 12.



CHAPTER 5

GENEIUTION OF FAST WAVEFORMS

INTRODUCTION

BY DAVID SAYRE

The preceding chapter described the generation of sine waves, which
may be regarded as the “smoothest” oscillations possible. There are,
however, a great many uses for waveforms of precisely the opposite
nature-namely, waveforms that are as abru@ as possible-and it is the
generation of such waveforms that this chapter will treat. Such wave-
forms are useful primarily in timing applications because a definite
instant in time can be associated
much more accurately and un- ..r --- n n_
equivocally with the moment of (a) (b) (c)

“abruptness” in such waveforms
than with any portion of a L AA
‘i smooth” waveform. Speed, rel- (d) (e)
ative of course to the time scale
being used, is therefore a most
valuable property of such wave-
forms, and in general the purpose v~~
of this chapter will be to describe (9) (h) (i)

how to generate pulses of short FIG. 5.1.—Examplesof abrupt wave.
total duration and rectangles with forms: (0) step function; (b) rectangle; (c)

short rise and fall times. In an-
pulse; (d) fast-risingslow-failing pulse; (8)
triangle;U) trapezoid;(u) pulsedsine wave;

ticipation of later discussion, it (~) staircase; (i) triangle on a pedestal.

may be stated that under the best ccmditions the times involved can be

measured in hundredths of a microsecond.

A large number of abrupt waveforms can be imagined, a few examples
of which are given in Fig. 5“1. Of these only the simplest—pulses and
rectangles—will be discussed in this chapter; the more complex wave-
forms involve additional processes like differentiation, integration, modu-
lation, addition, etc., and will be discussed in other chapters.

5.1. Methods and Principles in the Generation of Fast Wa~eforms.—
The several types of circuit that can be used to generate abrupt wave-
forms will be classified somewhat arbitrarily as follows for the purpose of
later description:
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1.
2.
3.

GENERA TION OF FAST WAVEFORMS

Multivibrators and phantastron-type circuits.
Blocking oscillators.
Delay-line pulse generators.

[SEC. 51

Only the first of these methods will be described in this chapter;
blocking oscillators and delay-line pulse generators are treated in Chap, 6;
and certain pulse sharpeners and squaring circuits are described in
Chap. 9.

Since these circuits generate waveforms that differ so sharply from
sine waves, it is to be expected that they possess in common some property
that distinguishes them from sine-wave generators. This common prop-
erty is the utilization of a nonlinear element. Perfect sine waves could
be generated without any such element. Abrupt waveforms, however
cannot be generated without some operation with a nonlinear element’

‘EPP ‘~

+

FIG. 5.2.—Limiting amplifier.

and in general, the more abrupt
the nonlinearity, the more abrupt
the waveform which can be gen-
erated. For this reason the analy-
sis of any of these circuits, unlike
that of a sine-wave oscillator,
must take as its starting point the
nonlinearities of its elements.
Knowledge about the properties of
these elements, their utilization in
circuits, and the analysis of such
circuits will therefore be of prime
importance to the reader through-

out this chapter, and he would do well to have the material of Chap. 3
well in mind before reading further.

It has already been stated that the most important property of
abrupt waveforms is their speed at certain instants, but this is precisely
the property which is most difficult to obtain. The maximum speed
of the waveform at any point of a circuit is almost always limited by the
ability of the circuit to deliver a large current to (or remove a large
current from) that point in order to charge or discharge rapidly the
capacity which loads the point. Thus, if a circuit is to generate fast
waveforms, loading capacities must be small and peak currents through
them must be large.

These principles are illustrated by the simple limiting amplifier of
Fig. 5.2. In this figure tube characteristic c is inferior to characteristics
a and b because a longer time is required to turn the tube on and off.
C, should be kept as small as possible by using a tube with a small out-
put capacity, designing the succeeding stage to have a small input capac.
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ity, and wiring the circuit carefully. Rz should be small so that on the
trailing edge of the pulse there will be a large current recharging CZ.
The lower limit of RZ is determined by the required output amplitude,
and for this reason tube characteristic a is superior to characteristic b
since it permits a larger output pulse with an equally fast rise time, or an
equal pulse with a faster rise time. C, should be kept small, which is
more difficult to do with a triode than with a pentode because of the
Miller effect. Finally, RI should be as small as inconsistent with good
limiting in order that large currents be available for charging and dis-
charging Cl.

From these considerations can be gained, therefore, an accurate
conception of the problems involved in the generation of fast waveforms.
First, elements must be found whose nonlinearity is as abrupt as possible.
Modern triodes and pentodes’ exist which for ordinary plate voltages
cut off with —4 volts on the grid and which display a transconductance
of as much as 10,000 ~mhos at zero grid voltage. As stated in Chap. 3,
gas tubes and positive feedback circuits have a jump discontinuity in
their characteristic and hence display a very large transconductance at
one point.

Second, these elements must be capable of delivering high peak
currents although the average current may often be small. The vacuum
tubes just mentioned are capable of peak cathode currents of 1 amp or
more, z and the same figure holds for small thyratrons. Finally, capaci-
ties to ground from critical points must be small. Many of the miniature
tubes which have been developed during recent years have input and
output capacities whose sum is less than 5 p~f; regular size tubes usually
show approximately double these capacities.

5.2. Applications.—It has already been stated that abrupt waveforms
find important use as time indices, and that speed is an important prop-
erty of such waveforms if the order of time resolution is to be high.
Examples of such applications are: time modulation, measurement of
time intervals, pulse frequent y division, etc.

A related set of applications are those in which abrupt waveforms,
themselves the products of nonlinear elements, are used to alter the
behavior of other such elements during definite intervals of time. Such
“ gating” applications, as they are usually called, are exemplified by
intensity gating of a cathode-ray tube, sensitivity gating of a receiver,
time selection by means of a coincidence pulse, etc. In such applications
a second requirement is often placed upon the shape of the gating wave-
form: not only must its rise and fall times be short, but also its top must

1Triodes: 7F8, 6.J4. Pentodes: 6AC7, 6AG7, 6AK5.
ZSeeR. B. Woodbury, “ Pulse Characteristicsof Common Receiver-typeTubes,”

RL Report No. 704, April 30, 1945.
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be flat so that the performance of the gated element will be constant
during the whole gating period—that is, rectangles, and not merely
pulses, are required for such purposes.

6.3. Other Practical Design Considerations. -Shape of the output
waveform (including speed and flatness of top), although usually the most
important single consideration, is by no means the only one influencing
the choice of circuit for a given application. The following list of design
considerations is therefore included to provide a frame of reference by
which the reader can assess the merits of a particular circuit for a par-
ticular

1.

2.
3.

4.
5.

application.

Shape of the waveform. The importance of speed in timing
applications and of speed and flatness of top in gating applica-
tions has already been mentioned.
Amplitude of the waveform.
Load across which the output waveform is to be taken. Unless
the generating circuit has a very small internal impedance, the
output waveform will depend in both shape and amplitude upon
the nature of the load impedance across which it is to be taken.
For example, a circuit which can deliver a fast waveform across a
resistance may not be able to do so across a capacity, and one
which can deliver a fiat-topped waveform across a resistance may
not be able to do so across an inductance.
Polarity of the waveform.
Number of stable states, Fast waveform generators can be
designed to have O, 1, or 2 stable states. Typical waveforms

11I II I JT%FJ4U-LI-L
FIG.5.3.—Action of circuits with O, 1, and 2 stable states

for each are shown in Fig. 53. A circuit with (1 stable states,
called “ astable” or “free-running,” generates a continuous train
of waves and requires O triggers to execute a complete cycle; a
circuit with 1 stable state, called a “ monostable” or “flip-flop”
circuit, requires 1 trigger for each complete cycle; and finally a
circuit with two stable states, called a ‘‘ bist able” or “scale of
two” circuit, generates merely a step function for each trigger
and therefore requires two triggers for each complete cycle. An-.
astable circuit can sometimes be used as a quasi-monostable or
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quasi-bistable circuit by triggering it at a rate high compared
with its own natural frequency; likewise a monostable circuit
may be used as a quasi-bistable circuit.

6. Control over frequency, pulse duration, etc. In many timing
operations it is necessary to have control over the various time
relationships between the fast portions of the output waveform.
In pulse frequency modulation, for instance, the recurrence fre-
quency of a train of pulses is varied, whereas in time modulation,
the time interval between pulse pairs or the width of a pulse is
varied (see Chap. 13). The circuit control characteristics per-
taining both to accuracy and to -range of control are therefore
important considerations.

7. Recovery time. Rapid recovery is important in many applica-
tions where the circuit will be required to perform its cycles in
rapid succession.

8. Triggering. The necessary amplitude, duration, and polarity of
the trigger are sometimes important considerations. AlSO the
effect of variations in the trigger upon circuit performance may
be important.

9. Stability. Stability of the output waveform (in shape, amPli-
tude, and all its time relationships) against changes in line
voltage, tubes, etc. is often a prime necessity.

10. Economy, reliability, designability, etc.

MULTIVIBRATORS

The discussion of multivibrators will be arranged as follows. Because
the action of a multivibrator can be divided naturally into two parts—
the generation of the step function and the establishment of the time
interval—the first section 5.4 will describe circuits which perform only
one of these actions, - that is, bistable multivibrators, in which only the
generation of the step function is performed, and in which there is no tim-
ing process. The following section 55, describing monostable multivibra-
tors, will introduce the method whereby one of the formerly stable states is
rendered only quasi-stable and its duration is established. Section 5+3
will describe the basic astable multivibrators, in which both states are
only quasi-stable. In all three of these sections both plate-to-grid–
coupled and cathode-coupled varieties will be presented. The succeed-
ing two sections, 5“7 and 5“8, will discuss in greater detail the processes of
step-function generation and timing, as carried out in one representative
circuit. From this discussion will be obtained certain general conclusions
which are of considerable design value. Finally, the later sections, 5.9
to 5“14, will discuss ways of operating or modifying the basic circuits to
obtain certain desirable performance characteristics.
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5.4. Bistable Multivibrators. —The basic plate-to-grid-coupled bista-
ble multivibrator’ is illustrated in Fig. 5.4.

The operation of this circuit depends upon the fact that a stable
configuration can exist either with VI on and Vz off, or with VI off and
Vz on, and that a rapid change from one configuration to the other can
be initiated by suitably injecting a triggering pulse into the circuit. If,
initially, VI is on, its plate is at some voltage low enough to keep V2 off
and the plate of VZ is in turn at a voltage high enough to keep VI on.
When a negative trigger is applied .to the plate of Vz through the diode

-E,g ~

FIG. 5.4.—Basic plate-to-grid–coupled bi-
stable multivibrator.

VA, VI is cut off and VZ becomes
conducting. (It should be noticed
that the injected trigger will go to
the plate of Vz and not of VI be-
cause the plate of the diode VS is so
much lower than its cathode that
no conduction is possible even dur-
ing the trigger. ) Because of Cz,
which like Cl is called a “speed-
ing-up” condenser, the fast nega-
tive-going edge of the trigger is
brought to the grid of V,; V, is
thus cut off, its plate rises and
thereby raises the grid of Vs, and
this rise in turn augments the action
of the trigger by lowering the plate
of V! still farther. VI is thus rap-
idly turned off and V2 turned on,
and the net result of the trigger is

to carry the circuit from one stable configuration to the other. The
waveforms of this circuit are shown in Fig. 5.5.

These waveforms have two main uses. Since the waveform at one
of the plates has one-half as many rising edges as there are input triggers,
the circuit can be used to divide by 2 the number of triggers coming
from any source, Also, the two plate waveforms are useful for the
electronic switching of waveforms, when, for instance, it is desired to
display two different waveforms on alternate sweeps in a cathode-ray
tube.

Since the total current drawn by the circuit is approximately the
same throughout the cycle, the insertion of a moderately bypassed common
cathode resistor of the proper value will provide a suitable bias and will
permit the negative supply to be eliminated. Such a circuit is shown in

I Bistablecircuitshave alsobeen called “waling” circuits, “scale-of-two” circuits,
and in England ‘‘ lockover” circuits.
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Fig. 5.6. Because the cathode bias developed will accommodate itself
to the voltages and components being used, this circuit is considerably
less sensitive to changes in the operating conditions than that of Fig. 5.4.

The analogous cathode-coupled bistable multivibrator is illustrated
in Fig. 5.7. In this circuit, also,
two stable configurations are pos-
sible: one with VZ on, in ~vhich
case the cathode of VI is high
enough to cut that tube off; the
other with VI on, in which case
the grid of Vz is low enough to cut
that tube oR. The transition
from one state to the other maybe
initiated by injectinga trigger, or
by raising or lowering the grid
of V1.

It is this latter method of con-
trol which is illustrated in the
waveforms of l?ig. 58. Here Vs
is initially on and VI is off. As
the grid of VI is raised, there
comes a point where current begins
to flow in V,; the plate of Vi and
the grid of V!drop; consequently
the current through R~ decreases,
the cathode of Vl drops, andth.us
turns VI on more rapidly. At a
definite voltage of the input wave-
form, therefore, the circuit flips
over. Similarly, it will flop back
on the trailing edge of the input,
butata lower voltage. This dif-
ference in critical voltages is a
consequence of the “hysteresis
effect” which is always present in
relaxation oscillators, and which
is discussed in Chap. 3. The out-
put on the plate of Vz is thus a
square wave whose duration is

Fzc. 55.-Waveforms of the plate-to-grid-
coupled bistable multivibmtor of Fig, 5.4.
The trace was about 1250 usec long; the
amplitude of the plate waveforms about 130
volts.

equal to the time spent by the input between its two critical voltages.
Taking the output from the plate of V2 instead of from som~other point
has the advantages of speed and flexibility since the stray capacity from
that point to ground is small and since almost any type of load may be
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attached without seriously affecting the performance of the rest of the
circuit. These advantages can be increased, in this and all other cathode-
coupled types, by making Vt a heavy-current tube, reducing r-t, and
returning the cathode of V2 to a point only part way up Rk.

The uses to which this circuit can be put are easily inferred from its
waveforms. It has been used as a means of squaring an input pulse; as
a regenerative amplitude comparison circuit (see Chap. 3); and as a sort
of peak-reading voltmeter that indicates whether the input signal ever
attains the critical voltage at which the circuit will flip over.

In this and all other cathode-coupled multivibrators greater regenera-
tion can be obtained by also coupling the plate of V2 to the grid of VI

Input
triggers

s
[

+ Epp

+ EPP

FIG. 5.6.—P1ate-to-grid-coupled bktable FIG. 5.7.—Baeic cathode-coupled bistable
multivibrator with cathode bias. rmdtivibrator.

to obtain a circuit which is both plate-to-grid– and cathode-coupled.
This usually increases somewhat the speed with which the change of
state is accomplished, but does so at the expense of losing the “free”
plate of VC.

5.6. Monostable MultiVibrators.-If in the bistable circuit of Fig.
5’4 the a-c–d-c coupling from the plate of VI to the grid of Vz were
replaced by an ordinary a-c coupling, the negative square wave on the
plate of V1 would come through to the grid of Vt not as a square wave
but as the exponential wave shown in Fig. 5“9. Thus V2 could not remain
turned off indefinitely-that is, the state in which Vz is off and V] is on
would become a quasi-stable state, the duration of which would be
determined by the time necessary for the grid of Vz to recover exponen-
tially to a voltage where Vz can begin to draw current again and where
the circuit flops back to its other (stable) state. Because of its funda-
mental role in establishing the duration of the quasi-stable state, the



SEC. 55] MONOSTABLE MULTIVIBRATORS 167

exponential waveform is called the “timing waveform” and the coupling
condenser and resistor which determine its time constant are called the
“timing condenser” and “timing resist or. ”

From these considerations is derived the basic plate-to-grid-coupled
monostable multivibratorl shown in Fig. 5.10. It should be noticed
that the timing resistor R is returned not to ground but to the plate
supply. This ~s done, when R is
not too small, in order to increase

the slope of the timing exponen-

tial at the moment of pickoff and

thus improve the stability of dura-

tion of the generated rectangle.

Figure 5.11 illustrates the wave-

forms of this circuit. Initially the

circuit is in its stable state, with ~z

on because of R, and VI off because
of the drop in rg. When the nega-
tive trigger is injected at the plate
of VI it is coupled by C to the grid
of V2; V2 is cut off; the plate of V2
rises rapidly, and this rise which is

coupled by c1 to the grid of VI
turns VI on. As V, turns on, the

negative swing of the plate rein-

forces the effect of the trigger.

Thus, after a very short time, VI
has been turned on and Vj has been
turned ofi. This state, as pointed
out above, is only quasi-stable, how-
ever, because the charge on C
leaks away through R and conse-
quently the grid of VC rises expo-

nentially toward EPP until it

reaches the critical volts’ge — E.,
at which V2 begins to turn on again

and the circuit floPs rapicll~ and

FIG. 5S.-Waveforms of the cathode-
coupled histable multivihrator of Fig, 5.7.
The trace was about 1250 psec long; the
amplitude of the waveform at the plate
of V2 about 60 volts.

regeneratively back to its initial state, where it remains until another

trigger is injected.

A restatement of the timing mechanism might be that two processes

are involved: (1) the generation of a timing waveform (the exponential

on the grid of V2); and (2) the “picking-off” of the timing waveform at a

1Monostable multivibrators have also been called “flip-flops,” “one-shot multi-
vibrators,” and “ gating multivibrators.”



168 GENERA TION OF FAST WAVEFORMS [SEC. 5.5

definite voltage by a nonlinear element in order to provide the signal
marking the end of the desired time interval. This second process is
called “amplitude comparison” and is described in Chap. 3. In the
circuit of Fig. 5“10 VB is the nonlinear element and —E, is the pickoff
voltage.

The origin of the overshoots in several of the waveforms is to be
found at the grid of VZ. During the interval when Vz is off, the timing
condenser C is being discharged. During the other portion of the cycle,
therefore, it must be recharged, the electron current taking the path
from the cathode to the grid of Va, right to left through C, and up through
rl. Since the diode formed by the grid and cathode of V2 does not have
zero forward resistance, this current produces on the grid a small positive
signal which also appears amplified and inverted on the plate of VA and
the grid of V1. This flow of current, which will last until C is completely
recharged, is also the cause of the +EPP
slow rise in the waveform at the
plate of V,. Thus the recharging

! rl R T2
of C is a bothersome problem, es- C
pecially when very narrow pulses or

,
c,

~r’’~c~~~’c T : Ff ‘- ?
1

-L ‘ _E,.
=

FIG. 5.9.—Method of generating the FIG. 5 10.—Basic plate-to-grid-coupled
exponential timing waveform in a multi- monostable multivibrator.
vibrator.

very rapid repetition of the cycle is desired, and special provisions must
be made (see Sec. 5.11) for reducing the recharging time. A similar
effect may take place at the grid of VI when that tube is turned on if Cl
is made any larger than just sufficient to match the stray capacity from
the grid of VI to ground.

The usefulness of such a circuit is obvious; it is used when rectangles
of a predetermined duration are desired, one rectangle for each trigger
inject ed.

Figure 5.12 shows the corresponding cathode-coupled monostable
multivibrat or, and Fig. 5”13 its waveforms.

The initial and stable state is with Vz on and VI ofi. The diode V1
is used to define the initial level of the grid of Vz; this level would other-
wise vary greatly according to the electrode structure and cathode emis-
sion of V,. When a negative trigger is injected through V,, Vz is turned
off and the cathode of VI, dropping to within a few volts of the grid of VI,
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turns Vl on. Anegative rectangle is thus generated at the plate of V,
and, after differentiation inthetiming networkRC, becomes theexponen-
tial timing waveform on the grid of ‘- ‘ “’ ‘ “ “‘ “” “ “
therefore, the grid of Vz crosses the
grid base of Vz and the circuit re-
verts quickly to its original state.

The circuit has two very useful
properties. First, fast waveforms
can be obtained in either polarity,
positive from the plate of Ve and
negative from the cathodes of VI
and VZ.. Second, it is found that
over nearly the entire operating
range the duration of the rectangle
generated is a linear function of the
voltage impressed on the grid of VI,
Thus, by changing the setting of
the potentiometer P, the duration
of the rectangle can be increased
steadily from almost zero to its full
value, with a linearity which may
be as good as 0.2 per cent of full
range. 1 Qualitatively, the increase
in rectangle duration with the grid
voltage of VI is due to (1) the in-
crease in the amplitude of the nega-
tive rectangle at the plate of VI
with the consequent increase in the
negative voltage from which the
grid of Vz must recover and (2) the
decrease in the amplitude of theneg-
ative rectangle at the cathodes, with
the consequent increase in the volt-
age to which the grid of Vz must
recover. These facts are illustrated
by the waveforms in Fig. 5.13,

v 2. Alter a ciehmte time Interval,
~ . .. ,.....—. . . . . .

FIG. 5.11.—Waveforms of the plate-to-
grid–coupled monostable multivibrator of
Fig. 5.10. The trace was about 1250 ~sec
long; the amplitude of the waveform at the
plate of VI about 130 volts.where the photographs were taken

for two positions of the potentiometer P.
As in the previous circuit, the recharging of C is responsible for certain

overshoots and other defects of the trailing edges of the waveforms.

1The circuit of Fig. 5,12 shows poor design in one respect. The cathode of V,
should be returnedto the bleeder which containsP so that variationin the bleeder
resistanceswill tend to makethe grid levelsmove together.
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It should be noticed that the bistable circuit of Fig. 5“7 has two a-c–d-c
coupling paths, from the plate of VI to the grid of Vg, and from the

•1EPP

T 1 1 1 T

[,$

Input
trigger

y

4
FIG. 512.-Basic cathode-coupled monostable multivibrator (timing network

circuit).
m gnd

cathode of V2 back to the cathode of VI. The monostable circuit of

Fig. 512 was obtained by replacing the former of these a-c–d-c paths
.- -... ---- _. .,

r

Cathode of 1;

-~ ~~

L“
Plate cf.1{

~,_-’”

! /
Grid of V
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2

1 1
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Plate of &

—— —

Cathodes of J;. and 1;

,,e-AA -.. ,. –- —.—.... -

FIG. 5.13.—waveforn1s of the cathode-
coupled monostable multivibrator of Fig.
512. The trace was about 1250 psec long;
the amplitude of the waveform at the plate
of VZ about 90 volts.

.,

to permit V, to come on again; the plate of V, falls and with it the gr~d
of Va; and Vz is cut off once more. The overshoots are caused by the

recharging of C through r and VI.

by an a-c path. As might be ex-
pected, a perfectly satisfactory cir-
cuit may be obtained by replacing
the second path instead of the first.
Figure 5.14 shows such a circuit,
and Fig. 5“15 its waveforms.

The stable state is with VI on
and V, off. The trigger permits the
plate of VI to rise and this rise is
coupled to the grid of V2. The
cathode of Vz is thus lifted; because
of C the cathode of VI is also lifted,
and VI is turned off still further.
The circuit is now in its quasi-stable
state. Electron current is flowing
up R, from left to right through C,
and up through Vz. This current
through C causes the cathode of VI
to fall exponentially toward – Ekk
with a time constant of RC seconds,
and it is this exponential which
times the duration of the rectangle.
Finally, the cathode falls far enough

I
I
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The unusual feature of this circuit is that the timing network is in a
cathode circuit and not in a grid circuit. Such an arrangement is

especially valuable for the generation of very short rectangles since R
can be made small. The circuit is also favorable for the generation of
short rectangles because the plate
of Vz is free; a fast waveform can
therefore be taken from it.

6.6. Astable Multivibrators.—
In Fig. 5.16 is illustrated the basic
plate-~o-grid-coupled astable mul-
tivibrator, * derived from the mono-
stable form in Fig. 5“10. By the
replacement of the one remaining
a-c–d-c coupling with an a-c cou-
pling both states are made quasi-
stable. The waveforms are shown
in Fig. 5.17.

+EPP

I I 1

-E~

FIG. 5.14.—Another form of cathode-
coupled monostable multivibrator (timing
network in cathode circuit).

FIG. 5 15.—Waveforms of the cathode-
coupled monostable multivibrator of Fig.
5.14, The trace was about 1250 #see
long; the amplitude of the waveform at the
plate of Vz about 50 vOlts.

A c@hode-coupled astable multivibrator can be obtained by combin-

ing the two monostable forms described in the last section. Such a

circuit is useful mainly as a highly unsymmetrical oscillator, with one

1Astable multivibrators have been called “free-running” or “self-running” types.
In England, the word mr.dtivibrator tends to be restricted to astable circuits.
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part of the cycle much shorter than
the other. It will be described in
Sec. 5.11, on highly unsymmetrical
astable multivibrators.

A symmetrical astable multivi-
brator,”which makes use of the same
condenser for timing both halves of
the cycle, is shown in Fig. 5.18 and
its waveforms are illustrated in Fig,
5.19.

It should be noticed that al-
though a-c cross couplings are used
from each plate to the opposite grid,
the time constants are made very
long compared with the period of
the multivibrator. There is, there-
fore, effectively no differentiation
or timing action in those networks,
and the ~iming action is confined to
the network consisting of C, R,,
and IL The advantages in using
a-c instead of a-c-d-c cross cou-
plings are ease of design and free-
dom from the necessity of using
accurate components.

Initially VI is off and V2 is on.
Electron current is flowing up
through R,, from left to right
through C, and up through Va to
the plate supply. This current

‘?-t-l-r

‘At3T WAVEFORMS [SEC. 5.6

&
Fm. 5.16.—Basic plate-to-grid-coupled

astable multivibrator.

FIG. 5.17.—Waveforms of the plate-to-
grid-coupled astable multivibrator of Fig.
516. The trace was about 1250 psec
long; the amplitude of the plate waveforms
about 1SOvolts.
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through C is causing the cathode of VI to fall toward ground along
an exponential with a time constant I?lC. Incidentally, the plate of
Vsandtherefore the grid of Vlarerising because theeurrent through Vz
decreases as Ccharges. Thusthe cathode andgridof V,are approaching
each other, and, aftera definite time, current can begin to flow in VI. A
regenerative action nowtakesplace, .. . ————
in which both the plate-to-grid
andcathode couplings areinvolved.

v

J
After a very short time, therefore, f
a new configuration is realized, in w u
which VI is on and Vz is off. The ,

*

;,.
action now takes place exactly as
before, except that the electron ;‘
current flows from right to left : . Catl

through C and the voltage across c ~ I

FIG. 5.1S.—S ymmetrical cathode-coupled FIG 5.19.—Waveforms of the cathode-
astable multivibrator, coupled actable multivibrator of Fig. 5,1S.

The trace was about 125 psec long; the
amplitude of the cathode waveforms about
SOvolts peak-to-peak.

interplay between the cathodes is important and may be a little confus-
ing; it may not at first be clear why, although at one time the cathode of
VI is capable of raising the cathode of VZ, at a later time it is incapable
of preventing itself from being raised by the cathode of Vz. The explana-
tion lies in the nature of the output impedance at the cathode of a tube;
speaking roughly, it is easy to pick up the cathode but hard to keep It
down.
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5.7. Analysis of the Transition between States. -In the preceding
sections the general features of operation of several basic types of multi-
vibrators have been discussed. The two most important processes that
multivibrators perform will now be analyzed in greater detail and with
quantitative results. The present section will describe the transi-
tion from one state to the other; the next section will treat the timing
operation.

It should be clearly understood from the start that an exact analysis
of a multivibrator, especially during that instant when it is changing
states, is practically impossible. So numerous are the elements involved.

EPP
EPP

n

t
. . .

t
I
I

1- V,~
i t

i
=

FIG. 5.20(a) .<ircuit of Fig. 516 re- FIG. 5.20(b) ,—Circuit approximately
drawn to show stray capacities and electron equivalent to that of Fig. 5,20(a) to be
currents. V, is coming on; VZ is being used in analysis. C,’ = CCL+ Cm +
turned off. (1 + .4,)C,,1 + (1 +A2)c@: C2’ = C,* +

C’pI + (1 + A,) CO, + (1 + A,)Cm,.

both those which are intentionally and those which are unavoidably
present, and so far-reaching are the effects of the nonlinearity of the
vacuum tubes, that every analysis must make several simplifying
assumptions and thereby lose its exactness. This is true both of those
analyses which concern themselves with the entire cyclel and those, like
the ones now to be presented, which break the cycle down into two parts
and treat the transition separately from the timing.

As a typical circuit” for analysis the ordinary plate-to-grid-coupled
astable multivibrator of Fig. 5“16 will be used. Figure 5.20a shows this
circuit redrawn to include the various stray capacities which form the
principal limitations on the speed with “which the change of state can take
place. The arrows represent the directions of electron flow during the
time when VI is coming on and V2 is being turned off.

1An excellent exampleof such an analysis.which uses as its basis an analytical
expressionapproximatingthe tube characteristics,is the Ph. D. thesisof S. C. Srrow-
don, Cal. Inst. of Tech., 1945.
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The circuit of Fig. 5.20a is difficult to analyze because of the presence
of COP,and C,P,, which prevent the circuit from being considered as two
separate loops. Figure 5.20b represents an approximately equivalent
circuit, in which those capacities, together with CP1and C=,, have been
absorbed into C; and C;. Essential y the circuit of Fig. 5.20a may be
regarded as a current source at point A (current supplied by VI) and a
current sink at B (current taken off through r2) with various associated
networks. The capacities which take current from A are C’,,, C,p,, Cz
in series with CO,,and Cz in series with C,,,;
those which give current to B are C,,, COP,,

A

*P

C, in series with CO,,and C, in series with C.p,.
Now if it is assumed that Cl and Cz are large 4 %
compared with the other capacities, and if it
is remembered that Cop, and COP,act effec- Slope =

tively like capacities of value (1 + A JC.P, - EC
eg

and (1 + AZ) COP,,where A I is the ratio of FIG. 521.-Iderd broken-
line characteristic assumed for

the speeds with which the plate and grid of v, ,nd v,,
VI are moving and A2 is the same for Vj,
then the capacitive load on A can be represented, as in Fig. 9“20b, as
C: = C,, + C=, + (1 + A J C,p, + (1 + A. JC,,,, and the capacitive source

for B can be represented as

C; = Co, + C., + (1 + A,)C,P, + (1 + A,) C,P,.

In order to simplify the analysis it is assumed that A 1and A,, and there-
fore C; and C;, are constant. However, it should be understood that
this is not strictly true and constitutes another departure from exactness.
It should also be noted that the above definitions of A, and Az imply
A, = I/A,.

On the basis of the equivalent circuit, Fig. 5.20b, the analysis can
proceed. The waveform at the grid of V, for the period after VI has
begun to come on is assumed to be some function, given as a power
series with undetermined coefficients, of the time t that has elapsed since
the grid passed the grid base at – E. volts. Both VI and Vz are assumed
to have the perfect broken-line characteristic shown in Fig. 5“21 with a
slope of g~ amps/volt and a grid base of E. volts. By means of this
characteristic the waveform at the grid of VI is translated into the current
through VI as a function of time. This current is integrated in C; (it is
assumed that rl draws negligible current) to give the corresponding wave-
form at the grid of VZ Use of the tube characteristic of Vz gives the
current through Vz as a function of time. If it is assumed that the
current through rz does not change appreciably during the change of
state, then the current available for C; is the amount by which the current
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through Vz has decreased plus the current IO flowing through RI. This
sum is integrated in Cl to yield the original waveform in a new power
series containing not only the undetermined coefficients but also 10, g~,
C{, and C;. This power series and the original one are set equal term
by term’ and the coefficients are easily found in terms of the four param-
eters just listed. The voltage v, at the grid of VI is then found to be

and the voltage U2at the grid of V2 is

Iogm

[ ‘ +NW’”+“1
19;4

v2=— —(2;(7; ;Itz+zlm
I If it is assumedthat UI= —E. + bt + Ctz+ dt3 + . . . , then il, the current

through V,, is
il = bgmt+ C9J + dgmtj + . . . .

If all of i, passes through C;, then the voltage o, at the grid of V, is specified by

( dg.
~2=—

)
* t +&+@’+...

2 2 2

Integrating:

(
1 bg~ 1 dg~

)
__t2+~c#~,+z~t4+. .’ -

“’=– 2C; 2 2

The current available for charging L’: is

Dividing by C: and integrating:

I, lb’ lC’ 1 dg’
ul=— Ec+—t+ i*, t3+fi*, t4+zo#5 +. . . .

c,, , 12 12

Equating the two expressions for u, term by term:

C=(J

From thesecoefficientscome the expressionsin the text for uIand oz.

For I, = 3 X 10-4, g“ = 10-3 C; = C; = 6 X 10-11,

t in microseconds,

VI = 5.6t + 258tj + 3580t6 + . . . .

U2 = 46.3t2 + 1075t4 + 9950t0 + . . .
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In order to illustrate the waveforms represented by these solutions, it
is necessary to assume a set of representative values for lo, g~, C;, and C;.
Such a set might be:10 =~ma;g~ = 1000 ~mhos; C{ = C; = 60ppf;
and E. = 15 volts. These might, for instance, be a fair set of values for
a multivibrator made of the two sections of a 6ShT7, with RI = 1~,
with each grid-to-ground and plate-to-ground capacity = 15 MLf, each
grid-to-plate capacity = 6 ppf, and A 1 + Aa = 3. Under these con-
ditions the waveforms at the two grids are calculated to be as shown in
Fig. 5.22. In calculating these waveforms it was necessary to include
the first seven terms of each series. Experimental rise times agree very
well with these calculated ones.

It may be worth while to point out very briefly those respects in
which this analysis would have to be improved before it could be con-
sidered accurate. Probably the most im-

Time in P sec
portant improvement would be to use the ~o 0.1 0,2 0.3
actual grid-to-plate characteristic for the
tubes instead of the highly idealized one of -Z
Fig. 5.21. Second, the variation of A, and O -4

E

v,

At during the action should not be ignored. Z -~
Third, the currents through rl and Rz should ~ _8
be considered, as well as the change of cur- ~
rents through RI and TZ The effect of hav- ~.- 10 ~
ing Cl and Cz finite should be considered. -12
The exact circuit of Fig. 5.20a should be -14
used instead of the approximately equiva- -16
lent circuit of Fig. 520b. Account should FIG.5.22.—Calculated wave-

be taken of the fact that during the very ~dtivib,ato,,forms for the grids of a typical

early part of the action the larger partof 10
is flowing not through C., but through Cl. Finally, the effect of the grid
current in VI upon the end of the action should be included.

The importance of this analysis is that it provides a figure of merit,
g~/C~Cj, for tubes to be used in multivibrator circuits and therefore
emphasizes, perhaps in a more quantitative manner than previously, the
necessity of keeping stray capacities small and of using tubes with high
transconductance.

6.8. Analysis of the Timing Process.-The purpose of this section is
to derive some results which will be useful in Sec. 5“13 on stabilization
of time intervals, and to make it possible to calculate in advance the time
intervals which will be established by a multivibrator.

For the purposes of analysis the plate-to-grid-coupled astable multi-
vibrator of Fig. 5.16 will be considered with the voltage VI on the grid of
VI as is shown in Fig. 5.23. The initial voltage from which the grid must
recover is – E~, Eti is the voltage to which RI is returned (Eti = E=. in
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Fig. 5.16), and – E. is the cutoff voltage of V, (that is, approximately the
voltage at which the transition of state occurs).

Then
t-—

VI = Eu — (Eu + .lL)e ~lc]. (1)

To find T,, the duration of the quasi-stable state during which V, is off,
o, is set equal to – E. and Eq. (1) is solved for t. It will be found that

(2)

If the circuit is symmetrical and E%, Ei, and E. are the same for both
portions of the cycle, then the duration T of a complete cycle is given by

Eu + E,T = T, + T, = (R,CL + RX,) in ~TC
.

(3)

This expression is slightly inexact for two reasons. First, it ignores
the presence of the various stray capacities shown in Fig. 5.20a. These

Eu
% _____________________________

h
T, //---

,0

Fxe. 5.23.—M ultivibrator grid waveform as FIG. 5.24.—Graphical method for calcu-
used in calculating the period. lating II; and E..

may be included by writing Cl + C~, + Co,, for Cl and CZ + c., + C,v,
for Cz. Second, it ignores the fact that there exists a large negative
overshoot at the start of the exponential waveform (see Fig. 5~17). The
effect of this overshoot will be to discharge the timing condensers some-
what, that is, to reduce the effective Ei. Therefore, if Ei is estimated by
the method given below, the calculated period may be slightly too long.

In order to use Eq. (3), estimates of E. and Et must be made. This
can be done very easily from the tube curves and with an accuracy suf-
ficient for most purposes. E. can be taken to be the grid base when the
plate voltage is E,P; E, is approximately the drop across the plate resistor
at zero grid bias. These relations are illustrated in Fig. 5.24. For a
typical triode like a 6SN7, with Ev = E,= = 250 v and r, = r, = 10 K,

Eu + E,
Ei = 130 v and Ec = 14 volts, so in E + E, = 0.36, If rl = TZ= 50 K,

.
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the last quantity becomes 0.53. In the latter case, if the circuit is
symmetrical so that RIC1 = R~C2 = RC, it will oscillate at a frequency
of about l/RC cps.

6.9. Obtaining Fast Transition.-In Sec. 5.7 it was shown that the
speed of transition depends primarily upon the quantity g~/C{Cj. On
the basis of this fact there arelisted the following practical methods by
which transition times of 0.5 ~sec are easy o obtain under most circum-
stances and by which transition times of 0.05 ~sec are possible.

1. Thestray capacities C{and C~should bekeptto a minimum-that
is, grid-t~ground, plate-to-ground, and grid-to-plate capacities
should be kept small. Miniature tubes in general have inter-
electrode capacities about one half as large as big tubes have, and
pentodes have smaller grid-to-plate capacities than triodes have.
The wiring should be done carefully and kept short. The ultimate
in this respect can be achieved with the use of sub-miniature
solder-in tubes. Any circuit attached to the multivibrator should
present as low a capacity as possible. This is true of the trigger
source, which should be disconnected from the multivibrator by
inserting the triggers through a diode. If the output must be fed
into a circuit with a large input capacity, it may first be fed into a
cathode follower and from there into the desired circuit.

2. The plate resistors r, and TZshould be kept fairly small so that the
tubes will be operating at high current and therefore at high g~.
Values from 3 K to 20 K are usual. Inductive compensation may
be used to increase the current available for C{ and C~.

3. High-g- tubes should be used. Among triodes are: 6J4, 7F8, 6K4
(SD834), 6J6, 6SN7. Among pentodes are: 6AC7, 6AK5, 6AG7.

6.10. Monostable Circuits for Very Short Pulses.-The principles dis-
cussed in the last section are most important when it is necessary to use a
multivibrator to generate very short pulses, whose length may be, for
example, from 0.1 to 2 ~sec. Obviously, the generation of such pulses
imposes very stringent limits on the time available for transition between
states. It should be remarked, incidentally, that multivibrators are not
usually the most satisfactory circuits for this purpose; blocking oscil-
lators and gas-tube circuits are generally superior because of their ability
to deliver very large peak currents during the instants when the circuit
is changing states.

Figure 5.25 illustrates a plate-to-grid–coupled monostable circuit,
modified from the basic circuit of Fig. 5.10 by returning R to ground
instead of to the plate supply voltage in order that a small value of
resistance may be used.

The major fault of this circuit is that every electrode is involved in the
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action; therefore, there is no free point which can be loaded with an
output circuit without slowing the action. Two general methods are
available for overcoming this difficulty: use of an electron-coupled
multivibrator, and use of a cathode-coupled multivibrator.

E~P +250v

27 10 k

I&l A,r

Input
tilgger 100b

=
110k

-Egg -105 v

Fm. 525.-Plate-to-grid–coup1ed monostable multivibrator for generating sbort pulse.

Figure 5.26 illustrates an electron-coupled monostable multivibrator,
in which V2 and the cathode, grid, and screen of VI act as an ordinary
circuit of thetype shownin Fig. 5.25. The plate of VI is then quite free
and from it can be taken a fast negative pulse.

+Epp +250v
T T T T

Fm. 5.26,—Electron-coupled monostable multiv]brator for generating short pulse.

Among cathode-coupled types, that of Fig. 5.14 is especially useful
since the timing resistor is in a cathode and can therefore be made very
small. Figure 527 shows a circuit of this type, suitable for generating
pulses of 0.5 psec.
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There exists one more rather novel cathode-coupled type which finds
use in generating pulses of stable and easily calculated duration. In

X7

001

m

Input 4
trigger ~

—

- Ekk-105V
Fm. b,27.—Cathode-coupled monostable multivibrator for generating shortpulse.

Input Timing Output timing
waveform circuit waveform

(b)
FIG. 528.- The generation of a timing waveform by (a) a differentiating network, and (b)

an integrating network,

every one of the rnultivibrators thus far described the timing operation
has been carried out essentially by an RC differentiating circuit, as
illustrated in the upper half of Fig. 5.28, An integrating circuit might
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be used equally well, however, as shown in the lower half of the figure,
and the circuit to be described makes use of timing of this type.

Figure 5.29 illustrates the circuit in question and Fig. 5.30 its wave-
forms. Initially l’, is on, the current through VI flowing through R2
and thus providing sufficient bias to keep Vz off. When the positive
trigger is injected at the grid of V2 through the diode Vs, current flows
through V2 and through Rz and RI. The effect of this is to raise the
cathode of VI rapidly; the grid of VI rises only slowly, however, with a
speed limited by RC, and therefore VI is turned off. Its plate rises, and
this rise is coupled back to the grid of VZ by a coupling circuit whose
time constant is made long compared with the duration of the pulse to

FIG,

Input
trigger
,,

-L

5.29.—Cathode-coupled monostable multivibrator using an integrating network to
generate the timing waveform,

be generated. The action is regenerative and after a very short time,

VI is off and V9 is on. The amplitude of the positive swing of the grid
and cathode of Vz is prevented from exceeding a certain definite value
by the diode V,. Now the grid of V, begins to rise along an exponential
determined by R and C. After a definite time, it will have risen far
enough to permit VI to begin conducting again and the circuit will
revert quickly to its initial state. The time T, the duration of the pulse,
is given by the approximate formula

where VZ is the voltage to which the cathode of VZ rises, il is the quiescent
current through VI, and E. is the grid base of VI.
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6.11. Obtaining Fast Recovery-Highly Unsymmetrical Astable
MuMvibrators.-Aftere veryabrupt change of state in a multivibrator,
some of the condensers have been
“left behind,” as it were, and re-
quire a certain time to become
charged to their steady voltages.
Until these transients have died
away the circuit has not recovered,
and in general is not ready to per-
form another change of state, at
least not in precisely the same way
as it would if it were fully recovered.
For instance, a bistable circuit,
acting as a scale-of-two pulse
counter, will not resolve two incom-
ing pulses whose separation is much
smaller than its recovery time.
Thus the problem of obtaining
fast recovery is often of great
importance.

The speed of recovery depends
inversely upon the size of the con-
denser to be recharged and directly
upon the amount of current which
is made to flow through it. In the
case of bistable circuits, usually
the only condensers present are the
strays and the “speeding-up” con-
densers, which in most circuits will
not exceed 50 p~f, with correspond-
ingly small recovery times (for ex-
ample, about 1 psec). Monostable
and astable forms, however, may
possess large timing condensers, the
recharging of which becomes a
serious problem when it is desired
to make the circuit repeat a long
quasi-stable state after a short time.
In fact, the problem becomes most
serious’ when it is desired to build
a highly unsymmetrical astable

—

I

Grid of 1;

1

—n’
Plate of t;

Plate of V7
t

L__ —.
FIG, 530.-Waveforms of the circuit

of Fig. 5.’29, The trace was about 125
paec long; the amplitude of tbe waveform
at the plate of l’~ about 60 volts.

multivibrator because then the large timing condenser, which established
the long part of the cycle, must be recharged during the short part of the
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cycle. Accordingly, the methods for making a multivibrator recover
quickly will be illustrated in this section by several highly unsymmetrical
astable circuits, from which can easily be derived monostable circuits
if they are needed.

As an illustration of the problem of designing a highly unsymmetrical
circuit, Fig. 5“31 shows a plate-to-grid–coupled astable circuit which
might, at first glance, seem to be so arranged that the part of the cycle
during which V, is off and V2 is on would last about 1000 psec (approxi-
mately ~ RICJ, while the other part of the cycle, since it depends only
on the product RL’2, could have any length down to zero, Closer
examination, however, reveals that since the time needed to recharge Cl

““~

RI
10k 300k l~k

c1
,,

‘ ‘0.01
4I

Fm. 5.31.—Incorrect highly unsymmetrical astable multivibrator.

will be several hundred microseconds for the circuit values given, there
is actually a very definite lower limit to the length of the short part of
the cycle.

Several methods are available for reducing the recharging time. If
Cl were reduced to 0.001 ~f and R, increased to 3M, the recharging would
occupy only 30 or 40 psec, and reduction of Cl to 100 wf, with RI equal
to 30M, would permit the short part of the cycle to be as little as 3 or
4 psec. One method, therefore, is to make the timing condenser as
small, and the timing resistor as large, as other considerations will permit.

The following methods of reducing the recharging time, which are
listed in the order in which they should be used, are also available:

1. The plate resistor r, may be returned to a higher plate supply
voltage, with a plate-catching diode inserted as in Fig. 5“32. The
charging current is thereby increased, and only the fast initial
part of the recharging is allowed to take place.
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2,

3.

4.

The plate resistor TZmay be lowered in value. In general, this
will require that a heavier

+E
current tube be used for Vz PP2

since TZwas presumably al- +E
ready as small as the tube PP~

ratings permitted.
After Steps 1 and 2 are car-
ried out the main limitation
upon the charging current is cl
the resistance of the diode
formed by the grid and cath-
ode of VI; a parallel diode

#, $-F

can be added to reduce this ~-
resistance.
Finally, the coupling from
the plate of V2 to the grid of
VI may be made through a II
cathode follower, in which-

4I
=

case the current available F1~.5.32.—Theuseof a plate-catching
for recharging is practically ,eChartingperiOddiode to eliminatethe slow portionof the

the entire current flowing
through the cathode follower.

‘E”2~

FIG. 533.-Highly unsymmetrical plate-to-grid–coupled astable multivibrator.

These methods areillustrated in the circuit of Fig. 5.33. - The use of
a pentode for VI provides a free electrode (plate) from which a fast
negative pulse of short duration can be taken. The complexity of the
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circuit illustrates, in a very convincing manner, the limitations in the use

+EPP2

I

! 1 f J

-=—L———
-.Ekk

FIG. 5 34.—Another form of highly
umyrnrmtticdplate-to-srid-cc.ude~multi-
vibrator

of the multi.vibrator in highly un-
symmetrical circuits.

A more economical way of ge~
ting Cl into the cathode circuit of
a tube (where it can be rapidly
recharged) is to put it directly into
the cathode of VI, as in the circuit
of Fig 5.34. Here VI is off during
the long part of the cycle, its cath-
ode dropping toward —E~ with a
time constant RICi. After a defi-
nite time V1 comes on regenera-
tively, and virtually all the cathode
current of VI is used to recharge
Cl. After a short time, of. course,
VU comes back on and the circuit
reverts to its initial state. A short,
fast, negative pulse is taken from
the plate of VI.

Among cathode-coupled types,
several varieties are useful. One is
the symmetrical circuit of Fig. 5“18,—

which can be made unsymmetrical by maksng F21larger than R2. This

form has the unique advantage that the timing condenser C cannot fail

+E PP2*

+E
PP,

~

FLG.5.35.—Highly unsymmetrical cathod~coupled astable mtdtivibrator.
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to be completely recovered since it determines not one but both portions
of the cycle. Another useful circuit is that of Fig. 529.

The other cathode-coupled type, already mentioned in Sec. 5.6, is
obtained by combining the two monostable cathode-coupled forms, one
with the timing network in the grid, and the other in the cathode, both
described in Sec. 5.4. This circuit is illustrated in Fig. 5.35. Here Cl and
R, time the short part of the cycle (during which V, is off), and C2 and Rz
time the long part of the cycle (when Vz is off). The condenser C2 is
the difficult one to restore; hence the cathode follower V, and the diode Vi
are included to present a low-resistance path for the recharging current.
The output is taken from the plate
of V2.

5.12. Triggering and Synchro- +En 1T
nization.-The ideal triggering ar- +300v Ik
rangement would include a switch +EPP1

I

which would be closed during the +250V
initial voltage step of the trigger,
but which would then open to dis- ~6AL5 $6AL5

connect the multivibrator from w
the trigger source. In this way
the multivibrator is freed from the
reversing tendency of the trigger,
which is now changing in the
wrong direction, and from what-
ever loading the trigger source &

may present.
A series diode is an excellent -E~~

i !

way to accomplish this decoupling. -105V
The stray capacity across most FIG. 5.36.—Theuee of diodes for both

trigger injection and reduction of recoverydiodes is very small, and by insert- ~ime
ing the diode in the proper direc-
tion triggers of either polarit y can be injected. Very occasionally the leak-
age between heater and cathode of the diode becomes a matter of concern.

Examples of the use of diodes for trigger injection maybe found in all
of the monostable and bistable circuits which have been discussed. It
should be noticed that the same diode can be used both for injecting the
trigger and for catching the plate below the plate supply to reduce the
recovery time; a bistable circuit of this sort, which makes the best simple
scale-of-two circuit available, is shown in Fig. 5.36.

Triodes may also be used for triggering (see Fig. 5.37). The trigger-
ing tube should normally be biased off so that it will not load the multi-
vibrator, and a positive trigger is placed on its grid, momentarily turning
it on and effectively injecting a negative trigger into the multivibrator.
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Where tube economy is so important that a diode cannot be afforded,
the triggers may be coupled into the multivibratmr directly through a
condenser. The danger here is that the trigger will be differentiated and
the resulting overshoot will turn the multivibrator off again as soon as it

* Epp

\

+

- Egg,
.

- Eggt

FIG.5.37.—Theuse of a triode to trigger a
multivibrator.

has begun to trigger. From this
point of view it would be desirable
to use a large coupling condenser
for the trigger. IIowever, a large
capacity must not be connected
to any point’ which will move fast
during the transition. Occasion-
ally there are grids or cathodes
which do not move during transi-
tion and these make very suitable
triggering points. An example is
the circuit of Fig. 5.14, where a
negative trigger can be placed
upon the grid of VI through an

RC-network with an amply long time constant. Similarly, a negative
trigger may be placed upon the suppressor of a conducting pentode.
Cathodes are often good triggering points—for instance, an ordinary
astable multivibrator can be mmchronized with a train of ~ositive mdses
by injeeting them at both cat~odes + ~
across a small common cathode PP

resistor, as in Fig. 538. This
method is especially useful if the
synchronizing pulses are the cath-
ode current pulses from a blocking
oscillator or gas tube since all three
cathodes w-m then be tied together
as shown.

As a last resort, the pulses can
be brought to almost any point
through a small condenser, for
example, one of 50 Auf. However,
the additional capacitive loading on

.&
FIG. 5.3S.—Synchrenizationof an

the multivibrator SJOWSdown both astablenrultivibrtztor with low-impedance

the transition and the recovery. positive p&e from a b)rxking oscillator

When the triggers are inserted in
(or similar pulse generator).

this way they should be shaped like those of Fig. 539(a) and (b), since
these waveforms wili give little or no overshoot even when passed through
a very small condenser. It will be recognized that waveform (b) is effec-
tively the waveform obtained when (c) is injected through a series diode.
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At this point will be discussed very briefly the details of the synchron-
izing action by which an injected synchronizing pulse brings to an end a
quasi-stable state in a monostable or astable multivibrator. This
action is of great importance in the question of phase lock in pulse
frequency dividers (see Chap. 16), can be discussed here with sufficient
generality to apply to other types of relaxation oscillator besides the
multivibrator, and is not so simple that it can be passed by.

The process of terminating a quasi-stable state in a relaxation oscil-
lator with a synchronizing p~lse “
is carried out essentially by adding
the synchronizing pulse to the rkll

timing waveform- on the grid of (a) (b) (c)
the ‘(off” tube; therefore the pulse Fr~, 5.39,—Good triggering waveforms

carries that grid above —E., the (a) and (b) and poor triggering waveform
(c) for insertion through a small condenser.

critical firing voltage, and initiates
the flipover. Yet the emwt moment of flipover is not usually at all well
defined-that is, even though the synchronizing pulse ultimately brings
about the transition, the exact time delay between synchronizing pulse and
transition depends upon both the amplitude and duration of the pulse and
may in fact vary so much as to render the circuit useless for an exacting
application.

That this is so can be understood by considering an ordinary plate-to-
grid-coupled astable multivibrator, so arranged that onto the grid of
whichever tube is off can be put perfectly rectangular synchronizing

,t!
pulses which will thus be added to
the exponential timing waveform at

7

--——-—- +----- ——— -- 0
~

that grid. Figure 5.40 shows a
./ closeup of the waveform at that

-- —------ —/ --;::: —- ‘E. grid, under such conditions that the

/

synchronizing pulse is just barely
able to bring about the termination
of the quasi-stable state. Before

FIQ.5.40.—Closeupof a barelysuccessful the pulse the grid is rising along ansynchronizingaction.
exponential curve. When the pulse

arrives the grid is suddenly lifted V volts, which will be sufficient to carry
it v volts above – E.. The quantity v may be called the “effective syn-
chronizing voltage, ” and depends upon the exact moment at which the
trigger arrives. The “off” tube is now conducting somewhat, stray
capacities are being charged, the grid of the” on” tube is dropping, and the
total effect is to cause the transition to begin. This is indicated bv
the short rising portion of the grid wavefo~m, which lasts until th~
synchronizing pulse ends. At this point the grid drops V volts. If now
it is still at —Ec or higher, the transition will continue; otherwise it
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will not take place until the waveform has reached point a,l at which
time the exponential itself reaches –E,. In the figure the grid rises
exactly V — v volts during the pulse; hence it returns just to —E. volts
and the transition is barely able to proceed. The voltage slopeat this
instant is not zero, but approximate y the slope of the exponential. The
total triggering time is t. Clearly the total triggering time could be
greatly reduced either if the effective synchronizing voltage v were
increased, or if the pulse duration were increased. Waveforms illustrat-

ing these cases are shown in Fig.

~::z::: 541
The situation is thus seen to be

a complicated one, with large varia-
tions in triggering time arising from

FIQ.5.41.—The reductionin triggering
very small variations, in effective

time obtained by increasing(a) effective synchronizing voltage and pulse
synchronizingvoltageand (b) synchronizing duration. Since v can scarcely be
pllk width.

controlled (because it depends upon

the exact moment when the synchronizing pulse arrives) it is generally

best to make the pulse duration long enough to permit complete flipover

even when v is small.

6.13. Stabilizing the Duration of a Quasi-stable State.-The duration

of a quasi-stable state in a multivibrator depends upon the following

four quantities:

1. The time constant r = RC of the timing network.
2. The initial voltage Ei from which the timing waveform begins.
3. The ultimate voltage E= which the timing waveform would reach

if it were permitted to do so.
4. The critical voltage E. at which the transition occurs.

Any effect which a tube change or change in temperature, plate supply,
or heater supply voltage, etc. may have upon the duration must occur
by one of these four quantities. Stabilizing the duration is thus equiva-
lent to stabilizing these four quantities, or at least making the effects of
their change cancel out.

When Eq. (3) from Sec. 5.8 is rewritten in such a way as to permit
E~, Eu, and Ec to take on either positive or negative values, the duration
T of the quasi-stable state is

1In practical frequency dividers it would be undesirableto have the transition
begin from the exponentialitself; therefore V is made large enough to insure that
anothertriggerwill arrivebefore point a.
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In this form the equation is valid both for plate-to-grid-coupled types, in
which Eu is positive and Ri and E. negative, and for cathode-coupled
types, in which Eu is negative (or zero) and E{ and E. are positive.
From this equation:

Eu – E,

( )

dEu – dE, dE. - dE,
dT=drln E_E+~ E_E – E

UC u, u -E, ‘

Study of this equation leads to the following observations:

1.

2.

3,

4.

5.

If ?, E., E;, and E. were independent of each other, the only
procedure which could stabilize- T would be the stab~ization of
those four quantities individually. Such a procedure, though very
difficult to carry out properly, would have the advantage of giving
stabilization against any type of initial fluctuation.
In general, however, -?3~,E,, and E. change together; consequently
it may be possible to stabilize by cancellation of their separate
effects, Such a method is usually feasible, but it supposes a
definite relationship between dE~, dE,, and dE~, which will probably
hold for only one type of initial fluctuation. Thus it must be
decided whether it is against tube change or supply voltage change,
for example, that stabilization is desired, since the relations
between dEu, dEi, and dl?t will be different for those two cases.
Any good stabilization will have dr ==O since there is no relation-
ship between T and the other variables. Stabilization of r against
temperature changes is usually most important; this is achieved
by making the temperature coefficient of R equal but opposite to
that of C.
Perfect stabilization by cancellation, described above in 2, is
obtained if dr = ~ and && d.??i dE.

EU=Z
= ~; that is, if r is stabilized

and Eu, Ei) and E. all vary proportion~tely. Fortunately there
is a tendency for this to happen when the line voltage changes, and
for this reason an ordinary astable muItivibrator can be made
frequency-stable, without any special stabilizing networks, to
better than 1 per cent against a 10 per cent change in line voltage.
h~evertheless, it is desirable to minimize the effect that a change in
flu, E,, or E, would have if left uncanceled, and this is clearly

accomplished by making ~ —
~ E, and Eu ~ E,

as small as pos-
.

sible. Eti – Ei and Eti – E. should therefore be large. This is
the reason for returning the grid in a plate-to-grid-coupled circuit
to +EPP instead of to ground, and for returning the cathode in a
cathode-coupled t~pe to –E~~ instead of to ground,

.-
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0th6r things being equal, dE~, dE~, and dE. should naturally be
kept at a minimum. The remainder of this section wilI discuss a
few practical ways of accomplishing this.

is usually either ground, +~pr, or —EM (or some voltage obtained
from these by division) and hence can be regulated to almost any desired
degree. It should be realized, however, that if a circuit is supplied with
both positive and negative voltages, regulating one supply against
changes in line voltage without regulating the other may do more harm
than good. In regulating both lines, a common voltage standard should
be used for both—for example, the standardized negative line may be
used as a reference for standardizing the positive line.

E,, for any given circuit, depends mainly upon the tube geometry,
heater voltage, and cathode condition of the timing tube, and is very
difficult to stabilize. Naturally, a tube with a short grid base should
be used to reduce the magnitude of all these effects, and the heater
voltage can be regulated, but these methods will not wholly eliminate
the effects of tube change and aging. The best solution is to make the
timing waveform as steep as possible at the moment of transition. This
can be accomplished in several ways:

1. The amplitude of the timing waveform should be made as large
as possible. This will require, in general, that the load resistors
of the tubes be large so that a large step function may be fed into
the timing network. There is accordingly the following dilemma
to plague the designer: for fast waveforms the load resistors should
be small, but for stability they should be large.

2. The voltage difference E. – E. should be made equal to

: (Eu – E,).

This relation is derived in Chap, 16.
3. For operation at fixed durations, such as pulse frequency division

to a constant frequency, tuned circuits of the desired frequency or
some multiple thereof may be placed in the circuit to increase the
effective slope at the moment of transition. Alternatively, delay
networks can be used. These methods are discussed in detail in
Chap. 16.

Stabilizing E~ may be accomplished either directly by placing a
diode at the timing grid or cathode to establish the level from which the
timing waveform starts out, or indirectly by stabilizing the amplitude
of the step function produced at the other Fide of the timing condenser.
An example of direct stabilization is shown in Fig. 5.42, where diodes
are inserted in the. grids of a plate-to-grid–coupled astable multivibrator
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to set the initial level of the timing waveforms accurately at – E,. volts.

Thus the stabilization of E, reduces essentially to the stabilization of
– Ego, which is an easy matter. Another advantage is that the negative
overshoots in the waveforms of the ordinary version, shown in Figs. 5.16
and 5.17, are eliminated by these diodes. The value of – E,, should be
so chosen that as little as possible of the grid waveforms is cut off in
order to permit the amplitudes of the timing waveforms to remain as
large as possible,

‘Diod& may be similarly used at the cathodes of a cathode-coupled
multivibrator, although the low output impedance of the cathode makes
this difficult.

+Epp

~

.Egg ~

FIG. 5.42,—Use of the grid-catching
diode to stabilizethe initial level of the
timingwaveforms.

+EDP

+Ew2
T T [ 1

-L.
FIG. 5.43.—Use of the bottoming char-

acteristics of pentcxfes to stabilize the
amphtude of the timing waveform.

Similar methods are available for indirect stabilization. One method
is to move the diodes in the circuit of Fig. 5.42 from the grid circuits
to the plate circuits so that the plates will be prevented from dropping
below a certain well-defined voltage. A stable negative supply is thus
unnecessary; another advantage is that variations in +EPP are part] y
compensated for if the plates of the diodes are returned to a voltage
obtained directly by division from +EDP. This voltage should be

sufficiently lower than +EPP to permit large timing waveforms to be
formed at the grids.

In a similar method, pentodes are used instead of triodes, and advan-
tage is taken of the “bottoming” of the plates against the knee of the
plate characteristics (see Chap. 3). Figure 543 illustrates the con-
nections for an astable circuit. Provided that the plate resistors are
large enough to permit bottoming, the plates will always drop to a fairly
well-defined voltage near ground. After the plate has bottomed, most
of the cathode current goes to the screen; hence screen dissipation con-
ditions impose a fairly low upper limit on E,o,. Using a low screen



194 GENERA TIO,V OF FAST WA?’EFORiWS [SEC.514

voltage also has the advantage of giving a smaller value of E., and
thereby reducing the changes in that quantity with tube change.

A comparable bottoming effect is possible with triodes only when
grid current is drawn and when the plate resistors are considerably
larger than is necessary with pentodes. Good stability can be obtained
with this sort of operation, but the recovery time of the various wave-
forms is long.

Jitter in the duration of the quasi-stable state, which is of special
concern in time-modulation with monostable circuits, is closely akin to
instability, though it refers to rapid fluctuations in duration instead of
to SIOWones. Ilsually, jitter will have two components: hum, arising
from the alternating current in the power supply and occurring at the
fundamental and harmonic frequencies of the line voltage; and micro-
phonics, caused by mechanical vibrations in the chassis and tubes.

Hum can be reduced by: (1) filtering the plate supply voltage or in
extreme cases using batteries; (2) using circuits in which the cathodes
are grounded, to avoid the effects of heater-cathode capacity and leakage
with a-c operated heaters, or in extreme cases using direct current for the
heaters; (3) shielding of tubes; and (4) shielding of components at
critical high-impedance points, especially in grid circuits. Occasionally
hum can be canceled by the injection at the proper point of small a-c
voltages at the line-voltage frequency. Also hum can be made harmless
by operating the circuit at a frequency equal to the line-voltage frequency
or some submultiple thereof. The fluctuations in value of high-resistance
composition resistors may be rapid enough to cause effects very much
like hum.

Microphonics can be reduced by: use of low-microphonic tubes;
shock mounting of the entire chassis and the individual tube sockets; and
packing of the tubes in Kimsul or some other deadening material.

6.14. Varying the Duration of a Quasi-stable State .-This process,
when it is carried out with any monostable circuit (multivibrator,
phantastron, or any other conceivable kind), is one of the methods by
which the very important operation of time modulation (see Chap. 13)
can be carried out, In the multivibrator it is clear that any of the four
quantities r, l?u, E<, and E. might be used to vary the duration of the
quasi-stable state. Examination will show that a similar statement can
be made about any other monostable circuit.

Control by means of r has the often desirable property that the
duration is a linear function of -r,and hence of either R or C, provided the
other variables are kept constant. By using a linear variable resistor or
condenser, therefore, linear control of duration by a shaft rotation is
possible. Capacity control is generally preferable to resistance control
because (1) it leaves the quiescent state of the circuit more nearly con-



~EC. 5.15] INTRODUCTION : MILLER SWEEP GENERATION 195

stant and (2) variable air condensers are smoother, more linear, and more
stable than variable resistors.

By returning R to a variable voltage, Eti can be made the controlling
variable but this method is rarely employed.

A satisfactory way to control the duration, although not linearly, is
to vary Ei. This is most often done with the stabilized plate-to-grid–
coupled circuits illustrated in the preceding section. In the circuit of
Fig. 5,42, for instance, the duration is varied by making = E., variable,
whereas in Fig. 5.43 the plate resistors are replaced by potentiometers,
the movable center tap of which is coupled by the timing network to
the grid of the other tube.

E. is not usually used, except in combination with 17i in the mono-
stable cathode-coupled circuit of Fig. 5“12. As explained in Sec. 5.5,
the duration of the quasi-stable state is found to be very nearly a linear
function of the voltage impressed on the grid of V1. This property is a
consequence of the fact that E<and E. happen to vary in such a way with

E,, – E,
increasing grid voltage of VI that the quantity In ––-— mm-easesE. – E.
almost perfectly linearly. The circuit is thus a useful and economical
voltage-controlled linear time-modulation circuit.

PHANTASTRON-TYPE CIRCUITS

6.16. Introduction: Miller Sweep Generation. —Work in recent years,
especially in England, has brought about the development of a very
important class of circuits, which have been given the names ‘‘ phantas-
tron,” “ sanatron, ” “ sanaphant, ” etc. These circuits can probably be
best described as relaxation oscillators similar to multivibrators, but
differing in this respect: whereas the multivibrator establishes its timing
waveform (an exponential) by the use of only an RC-differentiat or,
phantastron-type circuits generate a linear timing waveform by means
of the so-called “ Miller sweep generator. ” The use of a linear rather
than an exponential timing waveform leads to a very important advan-
tage, namely, the duration of the output rectangle can be made a linear
function of an input control voltage. Accordingly, phantastron-type
circuits are very useful for time modulation (see Chap. 13). Another
advantage arises from the use of a linear waveform-increased timing
stability—because the linear sweep (unlike the exponential) does not
lose speed as it progresses.

Because Miller sweep generation is so pertinent to these circuits, it
will be ‘described here very briefly, although a more complete treatment
appears in Chaps. 2 and 7. Special consideration will be given here to
the mechanism by which the sweep is started and ended. The operation
of the circuit of Fig. 5.44 is shown by the corresponding waveforms in
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Fig. 5.45. Resistors R and RI may be perhaps 1 megohm and several
hundred kilohms, respectively: C may have any value from 50 wf up.

+Epp

3R, R

c

Gating wave form

n + . . .------

6AS6

1 1
-1-—

-15V - J

FIG. 5.44,—Miller-type linear sweep gen-
erator,

Initially the grid is at ground, and
the suppressor at – 15 volts—a
sufficient negative bias, in a 6AS6, 1
to cut off the plate current. There-
fore the plate is at +13=P volts, and
all the cathode current is going to
the screen, which may beat perhaps
+60 volts. When a positive gate
is applied to the suppressor and is
sufficient to raise it to about +5
volts, current flows to the plate and
the plate voltage immediately drops.
Since the plate is coupled to the
grid by C, the plate voltage drops
only a few volts (about 5) before

the grid voltage is reduced and the plate current is reduced to just the
few hundred microampere that the plate load will permit. At the end
of this initial step, therefore, the total cathode current has been greatly

+5V
Suppressor

-,,v~

“’”‘“w
Grid ‘3

a f–4v
A

+.o~Screen

FIG. 5.45.—lT”aveform$ of the circuit of Fig. 544.

reduced; the screen current has been so greatly reduced that a large posi-
tive wave appears at the screen; and a small plate current is flowing.

l-A pentagrid converter, like the 6SA7, can also be used with the third grid taking

the place of the suppressor in controlling the plate current. Howeverj the 6.kS6,

having a higher suppressor-to-plate transconductance and more sturdy construction,
is the best Americantube for the purpose. The British VR116 is probably even
better.
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The next stage is what is properly called the ilfiller action. An
electron current (EPP + ti)/R is flowing to the plate of the tube, from
left to right through C,andupthrough R. Therefore, the left sideof C
falls relative to the right side at a rate of (E., + 5)/RC volts per sec.
This process continuesj the grid rising very slightly to permit the plate
to take the slightly increasing current needed for R,, until the plate
“Lbottoms’’-that is, runs against the’’ lmee’’in the plate curve. Ata
grid voltage of about –4 volts, this does not occur until the plate is
within a volt or two of ground, and further drop is impossible. Since
the necessary current through R can no longer pass through the tube,
the right side of C rises exponentially to~~-ardEpp at the same rate as the
plate was previously falling’ until the grid supplies the current. For
this reason, and because of the
transfer of the space current from
the plate to the screen at bottom-
ing, the screen current is again
increased and the screen voltage
returns almost to its initial le~-el.
This state will persist until the
gate on the suppressor is removed,
at which time the plate is released
and rises toward EPV with a speed
limited mainly by R,C. A more
careful analysis reveals that, under
typical circumstances, the depar-
ture from linearity in the rundown
of the plate during the Miller
portion of the operation is less
than 0.1 per cent.

““”~330’1i’ti’’k
c

Es lb

V2
*6H6

1. v3b

w1100k

J’&6H6

100 1’

1

m
Trigger
input100k

f
~ -20V

-105 v
FIG. 546.-Monostable screen-coupled

phantastmn.

5.16. The Screen-coupled Phantastron.—Examination of the wave-
forms of Fig. 545revealst hat the positive gate, whichint hecircuit of
Fig. 5”44isinjected externally at the suppressor, could be derived inter-
nally from the screen. Such a circuit, called a (monostable) “screen-
coupled phantastron, “z is shown in Fig. 5.46, and photographs of its
waveforms are shown in Fig. 5.47. Since it is internally gated, it requires

lNeglecting stray capacitiesfrom grid to ground.
2The British sometimescall this circuit a “}liller transition,” or some similar

name, reserving the name “phantastron” for what in this volume is calledthe
“cathode-coupledphantastron.” The presentcircuit is reminiscentof the transitron
family of circuits, which employ the screen-to-suppressorcoupling used here, but
whichdo not makeuse of the Llillerfeedbackfrom plate to grid. Thi&lack deprives
the transitronof two important properties: it has no timing waveform other than
the exponentialon the suppressor;and without the feedback from plate to grid, the
gainfrom suppressorto screenis so smallthat turnonand turnoffareslow.
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only a positive trigger on the suppressor (or a negative trigger on the
plate) to initiate the action. The turnoff of this circuit is somewhat
different from that of Fig. 544. Just as in that circuit, as the plate
bottoms, the screen current increases and causes the screen voltage to
fall, but now this fall is coupled to the suppressor so that the plate current
is reduced and the plate rises. This rise is transferred to the grid through
C and the action is regenerative. Therefore, both the turnon and turnoff
are regenerative, and the screen rectangle may have rise and fall times as

short as 0.5 ~sec.~.. .-_. ————

~ 7
The diode Vti in the suppressor

is not essential, but it insures that

~–
— ~ the suppressor will not be carried

Suppressor
so high that it may” stick” because

~—

r

of secondary electron emission, and
yet it permits the plate to be turned
on fully during the rundown. It
also permits a more rapid turnon
and turnoff since the total move-

~ “
ment of the suppressor is reduced.

Plate The small condenser between screen
and suppressor is a speeding-up
condenser. The diode VZ in the

Grid plate makes possible linear control
I of the rectangle and triangle length

‘~ ““
by the control, or signal, voltage
V,. The initial level of the plate
is V,, and the time necessary for it
to run down to +2 volts is there-

L fore approximately

1
Screen

~ (V8 – 2) RC/(EPP + 5) sec.
FIG. 5,47.—Waveformsof the circuit

of Fig. 546. The trace was about 125 Tube vsb is a trigger-injecting
sec long; the amplitudeof the suppressor
waveformabout20 volts. diode; V2 might be used instead to

inject a negative trigger at the plate.
For many applications the severest fault of the circuit as it is shown

in Fig. 5.46 is the long time necessary to recharge C through RI and
restore the plate to its initial voltage. This recovery time decreases
rapidly as V, is decreased because of the plate-catching action of the
diode VZ, but even if the plate is caught at only 63 ~. of E,,, the recovery
time will be about R,C sec. For shorter recovery the timing network
may be so arranged that the cathode follower Vs is wsed to provide a
low-resistance recharging path for C, as in Fig. 5“48. It should be men-
tioned that this method of speeding recovery is of great generality and
can be used with all circuits of this type.
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The screen-coupled phantastron, like all the Kfiller sweep circuits,

can exist inastable and bistable, aswellas rnonostable, forms. Generally
speaking, the bistable phantastrons offer no advantage over bistable
multivibrators because it is only in the

+250v
method of timing that multivibrators ~

are inferior, andthere isno timing opera- EPP2

tion in a bistable circuit. The astable
phantastrons are, however, of consider-
able interest. For instance, the circuit V5

of Fig. 5.46 can be made astable by ~6S147

leaving only a condenser between screen
and suppressor. The diode Vaaisessen- C

tialin this circuit. Onepartof the cycle
1/

is timed by the negative-going linear
sweep generated at the plate, the other 25 k

part by the positive-going exponential
sweep at the suppressor. The speed of ~ I
this latter waveform. and conseouentlv -E~~. .
the stability of the time interval which FIG.5.4S.—The use of a cathode-f ol-

lower to speed the recharging of C.
it establishes, is increased by returning—
the suppressor to +EVV instead of to ground. A further improvement
is to place perhaps a 5000-ohm resistor in the cathode and arrange a
diode in the grid to prevent the grid from rising above +50 volts. In

.:.EPP

I T T r 1 I [

t+t--+i u
1A---
U,,,-I+J I

‘r’

this way the screen current \VilI he stahilizmf at 10 ma, and therefore
the amplitude of the scrccn !i-aveform and of the timing exponential on
the suppressor \\-illbe stabilized.

Greater free-running frequency stability can be obtained by the use
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of two cross-coupled monostable circuits. Such a double screen-coupled
phantastron is illustrated in Fig. 5.49. Both parts of each cycle are
timed by linear sweeps. The cross coupling between the two circuits is
so arranged that each screen waveform is differentiated in a small con-
denser and applied to the other plate in such a way that the linear run-
down of one plate is initiated at the instant the rundown of the other
plate is finished. The potentiometer P provides a linear control over the
period of the oscillations.

5.17.
complex

The Sanatron and Sanaphant.—ldthough somewhat more
than the screen-coupled phantastron, the sanatron and sana-

- Eggs

F1~. 5.N-XIonohtahle sanatron.

phant’ can generate wa~-eforrns and, accordingly, rectangles as short as

1 ~sec whose length is ne~-ertheless accurately defined by a linear wave-

form. Examination of the basic circuit of Fig. 544 reveals that, given a

certain minimum value of C, the s\reep speed is limited by the current-
carrying capacity of the tube. The current is increased when R is made
smaller, but as R is made smaller the screen current increases during
both the quiescent and the active periods of the operation. Screen
wattage is therefore usually the limiting factor in an attempt to increase
the sweep speed. The purpose of the present circuits is to make possible
the use of tubes that have a screen dissipation greater than that of the
6AS6, but may possess less effective suppressor control. By using
another tube to amplify the gate before it is applied to the suppressor a

1See F. C. Williams and h’. F. 3100cl~-, “ Ranging (<ircuits, I,inear Time-Base

Generators, and Associated Qircuit s,” I.K, K. (’nn~ention Paper, \larch 1946,
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tube with a suppressor grid base of 60 volts or more can be used success-
fully. The 6AC7 has been used in this country in England the VR91
is usually employed.

The circuit illustrated in Fig. 5.50 is ‘EPP

called the (monostable) ‘‘ sanatron. ”
In the figure, VI is the 31iller sweep
generator and VZ amplifies the small
negative gate on the grid of VI into a
large positive gate which is applied to
the suppressor of VI to permit the ~,
linear rundown to take place. The
circuit may be triggered at any of sev-
eral points, including, as shown in the
figure, the suppressor of V2. The
initial level of the plate of V 1,and hence
the duration of the rectangle, is set by
the diode VS. The output rectangle (b
can be taken at an amplitude of one ~
hundred volts or more from the plate of FIG. 5.51.—One method for de-

VZ. The voltage to which the suppres- the ~ate~mPlifie,,rivinga suitablesignalfor the grid of

sor of VI is raised is defined by the
diode Vt. It is generally desirable to have V, completely cut off dur-
ing the linear rundown and this can be accomplished in several ways.

+Epp In the figure, the screen of V, is
not permitted to rise as far during

{{l
R {$

the rundown as that of VI; hence
the negative grid wave which will

~ +
c

~n— not quite cut off VI will cut off
output V,. Another method is to makeb

V, a different type tube from VI

and one with a shorter grid base.
G finally, the arrangement of
Fig. 5.51 may be used, in which

Y

~ the entire current through R and

+5V
C flows through R, and provides
the grid of V2 with a signal larger

. than that at the grid of VI by the
drop across R1.

- ‘kk
The sanaphant, illustrated in

Fig, 552, derives the signal for the
~r~.5.52.—Monostable sanaphant, grid of Vz in a slightly different

way: namely, by inserting in the cathode of V ~ an impedance across
which the desired signal can be taken. This procedure has both an
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advantage and a dkadvantage. The advantage is that the signal
which is produced at the grid of Vz can have both a larger amplitude
and a lower impedance than in the sanatron. Since the impedance
is lower, Va is turned off and on more rapidly and hence the output
rectangle has steeper edges. ‘I’he disadvantage is that the initial
negative step in the plate waveform is increased in amplitude with
the result that changes in operating conditions cause larger changes in the
amplitude and duration of this step, with larger consequent changes in
the duration of the generated rectangle. One other advantage which
should be noted is that there is a negative rectangular output available
on the cathode of l’] as well as the positive outputs at the screen of VI
and the plate of V2.

Other variations of the basic Miller sweep-generation circuit have
been made for specific purposes. For instance, both the sanatron and
the sanaphant suffer from the fact that there is always a small delay
between bottoming and the turning on again of Va. This delay is the
time required for the grid of V2 to come up and cross the grid base, and
because the grid base of different tubes varies somewhat, changing V%
may cause. a noticeable alteration in the duration of the output rec-
tangle, The following method has accordingly been used to minimize
this delay. A puke transformer is inserted in the screen of V], from
the secondary of which can be taken the screen waveform differentiated
and inverted—that is, a negative pulse at the moment of triggering and a
positive pulse at the moment of bottoming. If the positive pulse is
applied, through a diode, to the grid of VZJ V~ will be turned on very
shortly after bottoming, and the trailing edge of the output rectangle
will very nearly coincide with the instant of bottoming. A precision
sanatron using thk device is described in detail in Vol. 20, Chap. 5, of
this series.

Another variation, which has been used to produce rectangles with
extremely fast trailing edges, clifferentiates the cathode waveform of V 1
with either a transformer or a simple RC-network, and feeds the result,
through a diode, back to the plate of VI. The differentiated positive
pulse speeds the plate snapback after bottoming.

The fundamental purpose of the sanatron and sanaphant—to remove
as far as possible the limitation imposed on sweep speed by screen dissi-
pation---can be carried still further by the so-called “screen-coupled”
sanatron and sanaphant. The suppressor of VI is not used at all (in
fact, beam-power tubes with very high plate currents and rather small
screen currents should be used for this purpose), and the positive gate
generated at the plate of V2 is applied instead to the screen through a low-
impedance a-c–d-c coupling. Sweep speeds of more than 100 volts/wsec
are obtainable.
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Astable and even bistable variations on all these circuits can be

made.

6.18. The Cathode-coupled Phantastron.LThe screen-coupled phan-
tastron discussed in Sec. 5“ 16 is not the only practical one-tube circuit

of this general type. In the screen-coupled phantastron the po~itive

suppressor gate is supplied by the screen. However, all or part of the

positive gate on the suppressor may be replaced by a negative gate on the

cathode, generated, as in the sanaphant, by inserting a resistance in

the cathode. (Etymologically, the name “ sanaphant” indicates that

the circuit is halfway between a sanatron and a (cathode-coupled) phan-

tastron.) An examplez of a cathode-coupled phantastron is shown in

+—
FIG.5.53.—Monostable cathode-coupled phantastron.

Fig. 553. The diode V, serves the important role of stabilizing the
initial level of the grid and therefore the initial voltage across the timing
condenser C. Since the duration of the quasi-stable state is the time

necessary to discharge c through R, Vs is very effective in stabilizing the
duration of the output against changes in line voltage, etc. The diode

V, and the potentiometer P permit linear control over the duration of

the output. It is interesting to note that there is approximately the

same relation betlveen the screen- and cathode-coupled phantastrons as

between the plate-to-grid and cathode-coupled multivibrators.

The following are advantages that the cathode-coupled phantastron

possesses: a monostable circuit can be built without a negative supply or

without raising the cathode up on a bleeder; the rectangle on the screen

1See R. Kelner d al., “An adaptation of the PhantastronDelay Multivibrator
Circuitto the 6S.L7Tube,” RL Report Xo, 338 (.i,,g. 1943).

zAnotherexampleis discussedin detail in Vol. 20, Ch~p.5.
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is unloaded; outputs of both polarities are obtainable; and it is claimed
that the linearity of time modulation is better at short ranges t,han in the

screen-coupled phant astron. The main disadvantage is that the timing
accuracy is not so good as in the screen-coupled phantastron. This is
so partly because of the larger initial step in the plate waveform, and

+?T-T-m

tll-t---w n-m

! /-

FIG. .5,54.-Double cathode-couplecl phantastron.

partly because the gain of the tube from grid to plate during the linear
rundown is not so high as it would be if the degenerative effect of the
cathode resistor were not present.

The cathode-coupled phantastron als,o lends itself, as illustrated
in Fig. 554, to a very elegant analogue of the double screen-coupled
phantastron.



CHAPTER 6

BLOCKING OSCILLATORS
AND DELAY-LINE PULSE GENERATORS

BY E. F. MACNICHOL, JR. AND R. B. lVOODBURY

6.1. Blocking Oscillators.-Blocking oscillators are transformer-
coupled feedback oscillators in which plate current is permitted to flow for
one-half cycle, after which cutoff bias is imposed upon the grid to prevent
further oscillation. They are related to quenching or “ squegging”
oscillators which oscillate for several cycles before sufficient grid bias is
developed to prevent further oscillation.

Most blocking oscillators are designed to produce nearly rectangular
pulses of plate voltage or current, which are made possible by the special
characteristics of the feedback transformer. In the ordinary feedback
oscillator used to produce sinusoids, either the grid circuit, plate circuit,
or both are tuned to resonance at the frequency of operation. In the
blocking oscillator the resonant period of the transformer and associated
stray capacitance is short compared with the duration of the pulse
desired in the output and its “Q” is kept as low as possible. This results
in a rapid rise of plate current when regeneration is initiated. The dura-
tion of the pulse is limited by the low-frequency response of the trans-
former, but it may be terminated sooner by the action of a delay network
or feedback condenser.

The transformer is usually wound on an iron core of high permeability
so that the coupling in the feedback circuit is made as high as possible
to permit large grid currents. The high permeability which also permits
fewer turns for a given inductance minimizes distributed capacitance
and raises the resonant frequency. The coils are wound as closely
together as possible to reduce leakage inductance that causes a delay
in the feedback circuit and decreases the rate of rise and fall of the pulse.

The low-impedance feedback path and very short time lag in the
transformer permit the generation of rapidly rising and falling pulse
currents of very large magnitude. More than an ampere of current may
be obtained from circuits employing small receiving tubes at rated plate
potentials. Oxide-coated cathodes are entirely capable of emitting the
required current, but the ratio of pulse length to repetition period must
be kept small in order that the dissipation rating of the tube is not

205
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exceeded. In no case should the average cathode current exceed that
for which the tube is rated, although the peak current maybe several
hundred times this value.

Blocking oscillators are used as low-impedance pulse generators for
triggering and switching where large currents are desired and tolerances
in pulse width, shape, andamplitude aresufficiently broad toperrnit their
use. It must be emphasized that the blockkg oscillator is not a pre-
cision device and the characteristics of its output are influenced markedly
by E,,, E.o, Ef, theresidual magnetism inthetransformer core, and the
age and condition of the tube. Like the thyratron pulse generator but
unlike the multivibrator in which one tube must always be conducting
and wasting power, it has the tremendous advantage of drawing plate
current only during the pulse. Unlike the gas-tube pulse generator,
which must deionize after each pulse, the recovery time of a blocking
oscillator can be made very short.

Types of Outputs.—A typical blocking oscillator using a transformer
with a 1 to 1 ratio and conventional plate-grid feedback is shown in
Fig. 6. la. The waveforms produced by this circuit are shown in Fig.
6. lb and c. Three types of output are obtainable: (1) A “voltage”
pulse may be taken from the plate or from one or more added transformer
windings. The number of turns on these windings may be adjusted to
produce desired impedance and voltage levels. (2) A “current” pulse,
that is, an IR drop, may be taken across a small resistor inserted in the
plate, cathode, or grid circuit. (3) The output may be the waveform
of the self-bias voltage.

The plate “voltage” pulse will have an amplitude of approximately
EPp/2 at an impedance level of approximately 1000 ohms. The voltage
and impedance of the tertiary winding are nearly those of the plate
circuit, except as modified by the turns ratio of the transformer and the
leakage inductance between windings. If the output winding is used to
invert the plate waveform so that adj scent turns of the plate and output
windings have large pulse potentials between them, the output pulse
will be slowed up by the interwinding capacitance. The amplitude
of the positive- or negative-” current” pulse from the cathode and plate
circuits, respectively, varies with the magnitude of the series resistor,
but it is generally impractical to make the amplitude of the pulse exceed
EpP/5. The output impedance is slightly less than the value of the
series resistor which is usually less than 100 ohms. An output of this
type owes its utility to its very low impedance and to the fact that the
waveform has no overshoot. The self-bias voltage waveform, that is, the
voltage across C, will have an amplitude of approximately Epp/3 when a
feedback ratio of 1 to 1 is used. During the pulse the impedance across
the condenser is low because of the large current flowing in the grid-
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+
~’”t$cathode circuit. When the tube is cut off, the impedance is merely th t.,1

of the RC combkation.

k

3The time during which the blocking-oscillator tube conducts coincide, ~
with the current pulse, the positive part of the voltage pulse, and t

~~+250V
( :)

T i.1
++—

—

T

(a)

(b) (c)
FIG. 6.1.—(a) Typical astable blocking oscillator using 1 to 1 ratio transformer and

conventiomd plate-grid feedback; (b) grid a, plkte b, and bias circuit c waveforms; (c)
output-voltage a, piate-current b, grid-current c, and cathode-current waveforms d.

duration of the steep portion of the bias waveform (see Fig. 6.lb and 6. lc).
This time may vary from Iess than one tenth microsecond to several
hundred microseconds, depending upon the transformer and other circuit
elements. With present transformer and circuit techniques the usual
range of pulse widths in which blocking oscillators are useful is from 0.1 to
25 ~sec.

L
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Types oj Circuits. —After the pulse has terminated, the grid is left
highly negative because the condenser is charged. The grid voltage rises
exponentially toward the potential to which the grid is returned. If
this latter potential is higher than that at which the blocking oscillator
will “fire,” 1the grid will eventually reach this point, and a new pulse will
be generated and cause a repetition of the cycle. A device operating in
this manner will be referred to as an “ astable” blocking oscillator. It is
equivalent to the astable multivibrator, positive feedback being obtained
from a transformer instead of from an amplifier stage. One time con-
stant is that of the feedback circuit which determines the duration of the
pulse. The other is the grid-recovery time constant. If the grid is not
allowed to reach the firing voltage, a monostable circuit results. An
external trigger must be applied to raise the grid voltage sufficiently to
initiate regeneration before the blocking oscillator will fire. The mono-
stable blocking oscillator is usually referred to as a “triggered” blocking
oscillator and is equivalent to the monostable multivibrator.

Bistable blocking oscillators cannot be made since feedback is pro-
vided by the transformer, and positive grid voltage cannot be maintained
unless current is changing in the transformer.

In blocking oscillators the RC grid-bias circuit may be replaced by an
LC-circuit or a delay network, but each circuit must always perform the
same function, namely, to maintain a negative potential on the grid
so that conduction cannot take place until the network has been recharged
or until the circuit is retriggered.

An astable blocking oscillator maybe “fired” by inserting an external
synchronizing pulse before the bias network has recharged. A blocking
oscillator operating under these conditions will be referred to as a ‘‘ syn-
chronized astable” blocking oscillator.

Applications.—A blocking oscillator is employed to perform three gen-
eral types of function. First, it may be employed to generate a pulse of
very short duration when a slowly varying trigger voltage is ~lied.
Appreciable spurious time modulation (jitter) of the output pu~se may
occur if the input waveform rises very slowly since the blocking oscillator
is not a very stable amplitude comparator. For this purpose it is more
economical than multistage squaring and differentiating circuits. Sec-
ond, a blocking oscillator may be used to generate a pulse of appreciable
peak power and a specified shape. It is most economical since plate
current flows only during the pulse. Third, a blocking oscillator may be
employed as a low-impedance switch. The circuit being switched is
usually connected in the self-bias circuit of the blocking oscillator. The

1The firingpoint is the potential attained duringthe onset of currentin the tube
at which the g~ has increasedto such a value that the gain aroundthe feedbackloop
is greaterthan unity and regenerationcommences.
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switching action is used in frequency dividers and step counters to dk-
charge the timing or counting circuits. The switch is closed when the
grid potential reaches the firing voltage, and remains closed while the grid
current is flowing. Circuits have also been developed in which the plate
or cathode circuits are used as low-impedance switches. They are used in
free-running time bases to replace the gas-tube switch. The blocking
oscillator is frequently used to furnish low-impedance pulses to actuate
external diode or triode switches for modulation, demodulation, or for
the initiation of waveforms. It is very suitable” for applying a ‘switch-
ing voltage between ungrounded points since a transformer would have
to-be employed for isolation even if another type of circuit were used to
generate the pulse.

Theory of Operation.—A complete explanation of a blocking oscillator
by means of exact mathematical analysis has not yet been given. The
tube characteristics in the positive-grid re~ion are highly nonlinear, and
the inductances of the windings of the pulse transformer are not only
nonlinear but are also dependent upon the duration and spacing of the
pulses. Most of the work with bloiking oscillators has been largely of an
empirical “cut-and-try” nature, and the mathematics developed has not
proved itself useful in low-voltage, small power circuits using receiving
tubes. In high-power applications where plate potentials in excess of 1 kv
are used, and where beam tetrodes which produce large plate-power out-
put with small grid-power input are used, assumptions may be made that
permit the use of simplified mathematics for design purposes (see Vol. 32,
Part III, of this series).’

The action of a blocking oscillator may be described qualitatively in
the following manner. Initially, the plate current is cut off by grid
bias. The giid potential is raised either by the application of a trigger
or by the recharging of the grid-bias network. When cutoff bias is
reached, plate current will start to flow. The changing plate current
in the transformer induces in the grid winding a voltage that causes
the grid potential to increase further in the positive direction. When
the gmof the tube has increased until the gain around the feedback loop
is greater than unity, regeneration occurs. The grid voltage and plate
current then increase more and more rapidly. The trigger is no longer
necessary to maintain the action although it often adds an important
component to the rate of rise of the grid voltage. Since there is very
little leakage inductance in the feedback loop, the rate of fall of plate volt-

IAlthoughan analystiof the preciseoperatingconditionsof theblockingoscillator
has not been achieved, satisfactory transformersmay be designedby the methods
givenin Vol. 32, Sec.13.2. Oncea transformerthatwill operatein thedesiredmanner
has been constructed, the exact pulse duration desired can be adjusted by experi-
mentallychangingtheoperatingconditions;for example,by the adjustmentof Ca.
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age becomes very rapid. When the grid has become positive with respect
to cathode, grid current starts to flow. When the grid has become posi-
tive by a few tenths of a volt, the grid impedance becomes of the order of a
few hundred ohms imposing a heavy resistive load upon the transformer.
Eventually, the power dissipated in the grid circuit, in internal losses, and
in the external load becomes equal to that which can be supplied by plate
circuit. This condition is accentuated by the fact that E, has dropped
to a value at which g~ is markedly less than it was in the earlier part of
the cycle. A state of temporary equilibrium is reached in which the grid
voltage is held constant by a linearly changing magnetizing current in the
transformer. If the tuned circuit consisting of the transformer leakage
inductance and stray capacitance has appreciable Q, it will be shock-
excited by the rapid rise of the pulse. This excitation will be evidenced
by a damped, high-frequency oscillation superposed on the flat top of the
plate voltage pulse. If this oscillation is small, it will have little effect on
the duration of the pulse.

The state of equilibrium is terminated by regenerative cutoff of the
plate current and by a drop in grid potential initiated by three effects acting
singly or in combination with one another. First, a delay network can
be inserted in the circuit. A delayed step is produced and tends to start
regeneration in the opposite direction.

Second, if a small grid condenser is used, the voltage across it

rises rapidly during the pulse. This voltage must be subtracted from the
transformer output to give the actual grid driving voltage. Eventually,
the voltage across the condenser becomes so large that the grid potential
decreases more rapidly than it can be supplied by the transformer, and
the grid starts to drop. As the grid drops, plate current is correspond-
ingly decreased; a further decrease in grid potential results, and regenera-
tion again takes place until the grid is driven beyond cutoff. At the
end of the pulse the grid will be negative by an amount equal to the
potential across C.. The charge on C, must be dissipated through a
grid leak before the blocking oscillator can be reactuate.

Third, if C, is very large, or if it is left out and bias is supplied from a
low impedance supply, the equilibrium state will continue for a time
determined by the transformer time constant in the following manner.
When the plate potential has dropped until the equilibrium condition
has been reached, the plate voltage cannot increase further and the grid
potential starts to decay. 1 As the grid drops, plate current is decreased

I It might be expected that the grid potential would decay with a time constant
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and the regenerative turnoff commences. When the tube cuts off,
theplate voltage rises above thesupply voltage asthecore demagnetizes.
Unless saturation has occurred, the area of the overshoot will be equal
tothearea of thepulse. Someshock-excited oscillations maybe observed
at the end of the pulse. These are due to the same cause as are the oscil-
lations near the front of the pulse. Oscillations due to the resonance
of the main inductance and stray capacitance are not observable since the
Q of this tuned circuit is too low.’

PULSE WAVEFORMS

6.2. The Transformer.-The most common types of pulse waveforms
desired from a blocking oscillator are those that are very short, as nearly
rectangular as possible, and that have high peak voltages or currents.
The actual output pulse obtained is determined by the transformer, the
tube and the constants, and the type of the circuit employed.

If it is desired to obtain an approximately rectangular waveform
from a blocklng oscillator, it is common practice to generate nearly the
maximum pulse length by making COvery large. A decrease in the dura-
tion of the transient periods relative to the duration of the equilibrium
state results. Under these conditions the pulse length determines the
selection of the proper pulse transformer. This transformer must have
high- and low-frequency response sufficient for the desired pulse shape.
The high-frequency response determines the rates of rise and fall of the
pulse and the low-frequency response determines the pulse duration.

First the effects of the transformer will be considered. There are
two salient characteristics of the transformer, its pass band, and its turns
ratio. The high-frequency response of the transformer determines the
maximum possible rates of rise and fall of the output pulse and is deter-
mined by the leakage inductance, stray capacitance, and core losses. To
minimize the leakage inductance the transformer should have a large
coefficient of coupling and as few turns as possible. The primary and
secondary of the transformer should be on the same leg of the core. If
windings must be wound on both legs of the core, both the grid and.plate
windings should be split. z

L/R whereL is the effective inductance of the transformerand R is the effective
combinationof grid, plate, and load impedances. Actually the waveformsindicate
thatthe situationis more complicated. It can only be said that the pulselasts for a
thnethat is proportionalto L/R.

: It is possible under some conditions to tune one of the windings by plaoing a
largecondenseracross it. The result is a nearly sinusoidaloscillation which may
havea largeenoughsecondovershootto retriggertheoscillator,and therebyproduce a
trainof oscillationsthat continueuntil quenchingbias is built up.

zTo producethe most rapidly risingand fallingpulsesthe grid, plate, and output
windingsshouldeach be a singlelayerwinding.
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The capacitances may be kept down by increasing the thickness of
insulation between windings or between the windings and the core.
This procedure, however, increases the leakage inductance and causes
very little change in pulse shape within reasonable limits-except for the
increase in the amplitude of the shocked oscillations on the PUIS+
since the relevant LC ratio is increased. The core losses may be reduced
and the effective permeability increased by decreasing the thickness of the
core laminations. The present, limit is one roil, which is as thin as it is
possible at present to roll the steel and maintain the proper crystalline
structure for high d-c permeability.

TARLE6.1.—SOMECOMMONLYCSEDLOW-POWERBLOCKING-OSCILLATOR
TRANSFORMERS

\

Manufacturer Type Number of Range of
windings pulse widths

—. —.———

{

OA-15(X-154-) 4 1–30~sec

Utah Radio Products Co.*
series

OA-18(X-1Z4-) 6 0.2-15 $lSec
series

I

132 AW 3 0.2–5@ee
132 BW 4 (0.2–5,usec (has ex-

Westinghouse Electric tra low-impedance
and ManufacturingCo. output winding)

132 DW 3 0.1-2 psec
145 EW 3 1–20Jlsec

Gener81E1ectricCo. 68&627 4 1–20psec

* UtE+hRadio FroductaCm is no longer producingthem trim.forrnem They may now beohta,ined
from DunifomEngineeringCo., 3649Waveland Avenue, Chicatzo18,111.

The primary and secondary inductances are the determining factors
in the low-frequency response of the transformer because the magnetizing
current increases directly with time and in~erse!y with inductance. This
requirement necessitates a high effective permeability if the number of
turns is to be kept to a minimum for maximum high-frequent y response,
and the provision that the iron does not saturate. In some transformers
the insertion of an air gap actually appears to increase the duration of the
pulse. This effect is paradoxical and has not been satisfactorily explained.
It is probable that without the gap a residual flux is built up from pulse to
pulse. This flux biases the core toward saturation and reduces the effec-
tive inductance. 1 The difference in the pulse length produced by identical
ci~cuits with transformers that difler only because one has a wrapped

I Anotherexplanationhas been given. In some transformersthe core losses are
very high which makestheeffectiveL/R time-constantsmall. Insertionof an air gap
reducesR to a greaterextent than it reducesL.
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core while the other has a butt joint core are shown jn the figures of
Sees. 8, 9, and 10.

If maximum peak pulse current through the tube is desired, the turns
ratio of the transformer should be adjusted to give an approximate
impedance match betu’een the plate output impedance and grid input
impedance at the desired peak pulse amplitude. With low-p triodes oper-
ating under pulse conditions, thk implies a voltage stepup into the grid.
If, however, maximum peak pulse voltage at the plate is required, the
voltage should generally be stepped down going to the grid. With
tetrodes and pentodes the grid current becomes equal to the plate current
at small positive grid potentials so that a stepdown is necessary to obtain
an impedance match,

A stepdown is also advisable
if maximum pulse duration is de-
sired from a given transformer
since it permits the use of more of
the available turns in the plate
winding, and thus increases in-
ductance of this winding and low-
ers the magnetizing current.

6.3. The Tube.—The tube em-
ployed in a blocking oscillator is
a major factor in determining the
characteristics of the output wave-
form. For positive-grid pulsed
characteristics of a 6SN7 see Fig.
62. In general if a high-energy
output pulse is required, the tube
should exhibit a large value of l?,

to m volts
FIG. 6.2.—Positive-grirJ pulsed character-

istics of a 6SN7.

l,/l., dEq/dI., and a small value of Ye over the portions of the
characteristic curves corresponding to the peak of the pulse. There
is a fundamental dMerence between triodes and pentodes or beam
tetrodes operated as blocklng oscillators. Med~um-p triodes exhibit
large power gains in the positive grid region. W’ith a 6SN7, for exam-
ple, dlP/dI. = 3 when the grid is driven from +50 to +75 volts, and
E, = 150. At low plate potentials it is necessary to operate in this
region to obtain large current outputs, and this is a. most favorable
tube for operating in the far positive-grid region, The peak current,
obtainable is limited by the point at which more power is dissipated in
the grid circuit than can be supplied, a condition brought about by the
lowering of the plate potential and the raising of the grid potential until
aIp/dl, < 1 (when a 1 to 1 transformer is used). hlore cw;rent can, of
course, be obtained by raising EPPuntil safe values are exceeded.
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With beam tetrodes and pentodes the operation of the blocking
oscillator is quite different. As soon as grid current starts to flow,
dIP/dIO becomes small; in the case of the 6AG7, which is one of the least
favorable-tubes for positive grid operation, as shown in Fig. 63, it is
much less than unit y when the grid has reached +25 volts. Therefore,
the peak currents obtainable with tetrodes and pentodes are limited to
those obtainable near zero bias. This means that if currents as large as
those obtained with triodes are desired, the plate and screen potentials
must be raised considerably above those for which tubes of the receiving
type are normally rated. Since the voltage difference between zero bias
and the potential at which limiting takes place is small, the regenerative

1.2

[

region is passed through rapidly,

i~(PO=lCO) and a steeper pulse than is obtain-
.. _-- . -- —-------------------

1.0 able with triodes results. In fact,

I the most rectangular pulses can be
: 0.8 produced with a given transformer.
~

I-&eez
75 ______________ by using type 6AC7 or 6AG7 eon-

m0.6 netted as pentodes. The peak cur-.s
--
.-. 0.4 ---m -___ -__ —---------- . rents will be much less than with

6SN77’s—usually below 100 ma if
–------–—-–+:&}–— lt,--

.#9 25 rated potentials are applied to the
25 50

----- —-- _—— —----- plate and screen. Pentodes such
o 50 100 150 200 250 300 as types 6A C7 and 6AG7 are fre-

e~in volts cmently used as triodes to produce. .
Fm. &3.-Positive-grid pulsed character- very rapidly rising and very short

istics of a 6AG7,
pulses because their gn is higher

than that of most triodes, and the?e is consequently sufficient gain to
produce regeneration even when transformers with very small inductance
are used.

Pwer Limitations.—Beam tetrodes such as types 6L6, 6Y6, and 6V6. .
are frequently used as triodes when the duty ratio is large since their
dissipation ratings are the highest of the receiving tubes. It is possible
that the 6AS7 high-current regulator tube will give very high peak
currents though no data are yet available.

The permissible peak current and voltage of a single pulse is set by the
maximum voltage breakdown of the plate and grid of the tube. It must
be remembered that the peak positive plate voltage is the sum of the
positive supply potential and the inductive overshoot of the transformer,
and that the peak negative voltage of the grid is the sum of the inductive
overshoot, the charge on Cg, and the negative supply voltage.

For continuous operation, neither the maximum rated plate or grid
dissipation nor the maximum cathode-current specifications should be
exceeded. The grid-power rating of receiving tubes is seldom given
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by the manufacturer, but is found to be roughly 0.2 watt for type 6SN7.
If the grid-dissipation rating is exceeded, the grid may emit electrons
which cause it to remain positive after the pulse. When the grid remains
positive, very large steady plate current is drawn which soon ruins the
tube.

Oxidecoated cathodes are capable of enormous emission, as shown
in Fig. 6.2, and even with small tubes emission limiting of plate current
is rarely obtained. If average emission ratings are exceeded, the struc-
ture of the cathode material is altered and loss of emission soon results.
This loss shows up as a decay in the plate current during the pulse, and
may also appear as a loss of average
emission when measured by an
ordinary commercial tube tester.

The shape of the pulse depends
upon the type of limiting action
that causes the quasi-stable state.
If the state is brought about by
heavy grid current when rp is still
high (current-limiting), a rectangu-
lar current pulse will result. If
limiting takes place by “bottom-
ing” of the plate (voltage-limiting),
a rectangular voltage pulse will
occur. In general, rectangular cur-
rent and voltage pulses are not
produced simultaneously in the
same circuit.

A rectangular voltage pulse may
be obtained with a 6SN7 if a large
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FtG. 8.4.—Positive-grid pulsed character-
istics of 6Y6.

condenser is placed in the grid circuit. The rP of the 6SN7 is small
in the positive-grid region and the g~ is large.

The conditions for a rectangular current pulse are well met by a
6Y6 tetrode with 300 volts on the screen (see Fig. 6-4); it will be noticed
that g~ is small and rmis large over a large portion of the characteristic
curves.

C’apacz”tamein~the Grid Circuit.—In a simple blocking oscillator having
only a condenw Cc, in the grid return, the effect of reducing C~ is to
shorten the voltage pulse with the injtial slope remaining nearly constant
and the final slope decreasing. This effect is shown in Figs. 65a and
6.5b. Conditions in the two cases are identical in all respects other than
the 400-fold change in CU.

The shape of the current pulse undergoes similar changes as Co is
reduced; but in addition current decreases during the pulse, and the pulse
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will become trapezoidal. lf Coismade so large that itpresentsanegli-
gible impedance to the frequency components making up the pulse, or if
it is omitted altogether, the pulse duration is determined by the low-
frequency response of the transformer. In operation of this type the
magnitude of the air gap in- the core has a very marked influence on the
tmlse since it affects the inductance and the saturability of the core (see.

‘+--?--
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+

OA18

+- Wlco

6SJU---

Rg Cg

f 4s
E!39

FIG. 6.5.—Monostable
blockingoscillatorwithplate-
grid feedback. Vertical de-
flection 25 VOIts/division.
Connection: two windings in
grid circuit; two windings in
pIate circuit. (a) Butt-joint
core, CO = 250 ~~f; &, E~,
and 1~ waveforms; sweep
speed 0.15 psec/division. (b)
Butt-j oint core, CO = 0.1 pf;
EP, Ea, and 1* wav~f?~ms;
swesp speed 1.4 ~sec/d~v~sion.
(c) Leading edge of pulse:
butt-joint core, Cg = 0.1 #f;
EP, EO, and ~.k waveforms,
sweep speed 0.15 ysec/diti-
sion, (d) Failing edge of
pulse: butt-joint core, C“ =
0.1 uf; ,!?&,E& and [k wave-
forms, sweep speed 0.15 psec/
division. (e) Continuously
wound core, Co = 250 .u&f,
E, waveform, sweep speed 0.3
psec/division. (f) Continu-
ously wound core, 0.1 pf, Ep
waveform, sweep speed 0.3
psec/divisiOn.

Sec. 6.2). In the Westing~ouse “radio ‘C”
cores the butt joint produces a small but very
uncertain air gap which results in character-
istics that cannot be controlled in transformer
manufacture. Operation with Cc very large
or omitted altogether produces pulses with the
highest possible ratio of duration to rise and
fall time. The choice of a transformer that
wH1 give the desired pulse width when oper-
ating under these conditions will also permit
the largest peak currents, provided the opti-
mum turns ratio is used, since the impedance
of the transformer will be a minimum. Un-
fortunately, the overshoots of the voltage
pulses are at a maximum in this mode of
operation since the core of the transformer
becomes completely saturated by the end of
the pulse and must demagnetize before another
pulse can be produced.

The maximum duration obtainable from a
particular transformer may be reduced by the
residual magnetism in the core. In trans-
formers employing very small air gaps (or
none at all) the residual magnetism may ac-
cumulate from pulse to pulse and cause oper-
ation in a region of reduced permeability.
The effective permeability may also be de-
creased by operating with such large mag-
netizing currents that the core actually is
driven to saturation during the pulse. The

I

d-c component of plate current increases this effect an> may” be reduced
by employing parallel feed as shown in Fig. 66. The d-c plate current
is applied to the tube through a separate inductance which is large com-
pared with that of the transformer. The a-c component of plate current
is applied through a condenser which is large enough to present negligible
impedance to the frequency components of the pulse.

A direct current may also be introduced into any winding of the trans-
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(a) (b)

(c)

(e)

(d)

.-,
FIG. 6.5.—For legend see opposite page,
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former to produce a magnetic bias in a direction opposite to saturation, a
condition that permits the largest possible effective inductance and the
longest pulse. Since the time constant is equal to L/R, the pulse can be
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FIG. 66.—Para11el grid and plate cur-
rent feed to remove direct current from
transformer.

lengthened by loading one of the
windings with resistance, a pro-
cedure almost never used since it
is wasteful of power.

The use of delay lines to ter-
minate the pulse will be discussed
later under ‘‘ Delay-1ine Pulse
Generators. ”

TRIGGERING METHODS

6.4. Introduction.—The prob-
lem of triggering a blocklng oscil-
lator resolves itself to one of
inserting the trigger voltage into
the grid-to-cathode loop in such a
manner that the most favorable

performance of the blocking oscillator and the least interference with the
trigger source are produced. The difference between the time the trig-
ger is applied and the time the blocking-oscillator pulse approaches full
amplitude is a function of the trigger slope and amplitude. In applica-
tions where it is desired to keep
thk time difference to a minimum,

EPP

the initial slope and peak ampli-
tude of the trigger should be large.

The shape of the blocking-
oscillator pulse depends to a very
great extent upon the character
of the initiating trigger. Usually

+Trigger

the gain around the feedback loop
is not very large even before heavy
grid current is drawn by the tube.
The gain is low because of the low 0.001

impedance of the transformer.
The rise in potential follows a =

- Eq~
positive exponential curve until
limiting takes place. With a slow

FIG.6.7.—Paralleltriggering with amplifier.

trigger the exponential must start in a region of very small slope. With
a large trigger, on the other hand, the exponential buildup starts in a
region of rapid potential change and the pulse is steeper. A comparison
of the photographs of Figs. 6.1 and 65 shows the effects of trigger speed

I



SEC.6.4] INTRODUCTION 219

Theastable circuit (Fig. 61)requiresh alfthep ulselengtht orisetofull
amplitude. “Parallel” triggering was used in Fig. 6“5 so that the rise rate
is greatly increased.

There are two basic methods of triggering a blocking oscillator, and
these are shown in Figs. 6“7 and 6“8. They are called “parallel” and
“series” triggering. The first requires a constant current source acrbss
some winding of the transformer. The second requires a constant voltage
source in series with the grid-cathode loop.

Parallel Triggering. -When parallei triggering is employed, the ideal
constant-current generator may be approximated by means of a pentode,
but in most cases a triode can be employed. For example, a 6SN7 has a
minimum rP of about 7 k in the neighborhood of zero bias; this is large
compared with the impedance of the blocking-oscillator tube and trans-
former. If desired. the effective
rP may be increased further by Em

cathode degeneration, although
this procedure is seldom necessary.
Since sharp negative triggers are
more easily obtained in the plate + lrigg~~
circuit of a triggering tube than ~
positive triggers, it is common
practice to apply a negative trig-
ger to the plate of the blocking
oscillator; this pulse will appear
as a positive trigger on the grid =
because of the phase inversion of - EN

the transformer (see Fig. 67).
Fm. 6.8.—Seriestriggering with cathode

fOUOw.er.
This method of triggering requires
that the trigger have a sufficiently steep edge to be effectively reproduced
by the transformer.

If the trigger is of long duration, it will be partially “differentiated”
since the transformer will not pass the low-frequency components. The
transformer also introduces some time delay and somewhat decreases
the initial slope of the trigger, but in most applications this effect maybe
considered negligible.

This method of triggering using a separate triggering tube has four
important advantages:

1. It introduces the minimum interference with the blocking oscillator.
2. Reaction of the blocking oscillator upon the original trigger source

is practically eliminated.
3. The time delay between the trigger and the blocking-oscillator

output pulse is reduced since the slope and amplitude of the original
trigger are increased by the gain of the trigger tube.
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4. The amplitude of the tri~ger may be conveniently controlled by
modifying the constants of the trig~er amplifier circuit if this is
desired. ‘This method of triggeri~~ does, however, require an
extra tube and a trigger with a fairly large initial slope.

+EPP
r T

- %
FIG. 69.-Series triggering fmw blocking

Oscia,atot’.

(‘ Series” Trt’qger~ng.—-\l%en

series triggering is employed, the
constant-voltage generator may be
approximated by the use of a cath-
ode follo~\reras in Fig. 68 or by use
of anv low-imrmdance trigger such—.
as that from Snother blocking oscil-
lator as in Fig. 6.9.

The series method of triggering
has two advantages. ‘The blockhg
oscillator may be fired with a very
slow trigger since the trigger will
not be spprcciab]y” differential ed”
with consequent loss in amplitude,
and if a very fast trigger is avail-.-

able, it appears directly in the grid-c~thode loop at its full amplitude, a :
conchtion that results in a minimum delay between the trigger and the
output pulse.

,

Series triggering does not in practice provide a minimum interference
with’ the blocking ‘oscillator, ar~d the
block[ng oscillator wi~i inter:lct back
on the trigger source. If s cathode
follower is used for triggering, severe
interaction with the trigger source
will be caused because the cathocle
follower will be made to draw grid
current. If a slow trigger is being
employed, ihe cathode follower can
be prevented from drav-ing appreci-
able grid current by the insertion of a
series resistance B( of about 10,000
ohms in the grid circuit. An addi-
tional disadvantage of series triggering
results from the insertion of the trig-
gering impedance in srries with the
grid circuit, a procedure that wastes
Another method of series trig~ering is
trigger is applied to C, through IL

+-

11

l?~

3$

= ..-

Ri C9

t Trigger =
I/g

F1c+. t3.10,-Se]5es triggering using a
diode.

power in the feedback circuit.
shown in Fig. 6.10. A positive
which is small compared ~vith

1

R,---Since these resistors may be very large, the source impedance can
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be moderately high without very much trigger voltage being wasted,
As soon as the tube starts to conduct, a negative pulse appears in series
with C,. The diode conducts, and thereby furnishes a very low-imped-
ance path for the grid current; the blocking oscillator continues its
cycle in the normal manner.

An example of the use of series and parallel triggers in a production
equipment is shown in Fig. 6.11. It is desired to fire the first blocking
oscillator at the end of a variable-width rectangular pulse. The second
blocking oscillator is fired on the end of the pulse provided by the first
blocking oscillator, The pulse-sharpening tube V, amplifies and quasi-

+250V

T1mh
Early gate

?
UTAH

0A18 2:2:2 ~ I

4“7’<-- .. a+400V UTAH
0A18 2:2:2

WIILIIIGI n

~

Late
gate

m .

$470k

V3

P
&

33 k

150 k

–150V
FIG. 61 l. —Range-gate generator in AN/APG-5.

differentiates the rectangle. A positive pulse produced by the trailing
edge of the rectangle appears in the plate circuit. It is applied in
series with the grid circuit of VZ. The voltage output pulse is applied
to the plate of V~ through a small condenser which differentiates it. The
negative pulse produced by the trailing edge of the pulse from Vz initiates
regeneration in V3. The negative plate pulse of V~ assists in terminating
the pulse from Vz.

In some applications it is desired that the blocking oscillator fire
when a slowly varying trigger reaches some externally applied reference
level. This may be conveniently done by the circuit shown in Fig, 6.12.
The bias on the tube is set low enough to cause the blocking oscillator to
tire, but regeneration is prevented by the diode except when the applied
voltage equals or exceeds the reference voltage. This circuit requires
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that the applied voltage have a low source impedance and the blocking
oscillator be prevented from firing more than once by the increase in
self-bias or by distortion of the applied voltage. Regenerative amplitude

EPP

~~ %?

+
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Cq
-—-
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Applied v Reference v -Egg =

‘is*dt
Fm. 612.-Blocking-oeciUator amplitude

selector.

comparators are discussed in de-
tail in Chap. 9.

If large-amplitude triggers are
available and reaction of the
blocking oscillator on the trigger
source is unimportant, blocking
oscillators may be triggered with-
out the use of amplifiers or cathode
followers as shown in Fig. 613,
In fact, this method implies that
waveforms equivalent to those ob-
tainable at the output of the pre-
viously described trigger tubes are
available. Parallel triggers may
be inserted through resistors or
small condensers connected to the
grid or plate of the tube (points c

and d). They may also be supplied ‘from a tertiary winding on the
transformer (points f and g). Series triggers may be supplied to a small
resistor in series with the grid winding (point a) or through a series trans-
former. If C@ can be made small or if the trigger voltage is large, a
series method of triggering may be
used which does not insert any

#

r

+(9)
resistance in series with CO. The
trigger is inserted across Co by w-(j)

means of a condenser, C; (point b). (d) WA

Capacitors C: and C, act as a (.) ~ --–
capacitance divider so that the trig-
ger is not slowed up although less (b) L-----+ , ‘ W -(4

voltage is available. The capacitor (a) ,+ ~ o C9
C; will have an effect on the pulse
length since it is in parallel with C,.
(For a further discussion of tngger- -Egg
ing methods see Chap. 16, ‘‘ Fre- Fm. 6.13.—Direct=methodsof triggering
quency Dividers “). blockingoscillator.

Efect of the Trigger on Output Walleforms.—As mentioned previously,
the trigger as it actually appears in the blocking-oscillator circuit has a
pronounced effect on the output waveform. The type of trigger may
easily vary the time delay and the initial slope of the output pulse by a
factor of 4. To obtain the minimum time delay and a maximum initia/
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slope of the output pulse, the trigger should have a high initial slope
and a relatively large amplitude as it appears in the grid-cathode loop.

Any pronounced variations in the amplitude of the trigger will appear
in the output pulse. In extreme cases where the trigger is shorter than
the output pulse,’the end of the trigger may terminate the output pulse
prematurely. The characteristic “spike” on the front of the pulse may
Bometimes be removed by applying a trigger which is carefully shaped.
When series triggering is used, a long trigger may cause the blocking
oscillator to refire several times until the trigger voltage is removed.
Because of the differentiating property of the transformer, there is no
danger of retriggering when parallel triggering is used. The ideal
blocking-oscillator trigger for most applications is a rectangular pulse
whose duration is slightly greater than that of the blocking oscillator. A
trigger of this type may be approximated by using a triangular trigger
whose initial slope is very large and whose amplitude decreases slowly
after the peak amplitude is attained. In either case, the correct ampli-
tude must be determined for the particular application.

RECOVERY TIME

6.6. General Considerations.-The self-bias that terminates the

blocking-oscillator pulse also prevents the blocking oscillator from being

triggered for a period of time after the pulse. This time interval is large

compared with the pulse duration and will be referred to as the (‘recovery

time. ” It places an upper limit on the repetition frequency of the

blocking oscillator, but in most cases this is no more serious than the

limitations due to tube dissipation.

If a constant PRF is used, the grid-bias voltage need not recover

completely between triggers since triggerifig will always occur at the

same bias potential. If the PRF is variable, recovery must be complete

before retriggering, or spurious amplitude and time modulation will take

place. If the average PRF is constant and the blocking oscillator is

required to fire with uneven spacing, as in forming a multiple-pulse

train, CO may be made so large that the potential across it is changed

negligibly during each pulse so that a constant bias is maintained. Under

these conditions some other element must be varied to control the pulse
width.

Several methods of biasing may be used in triggered blocking oscil-

lators. W’ith fixed grid bias through R,, the value of R, and the imped-
ance of the bias supply must be kept low if rapid recovery is to be obtained.
If R. is made small, insufficient potential will be built up across Co to
terminate the action or, if parallel feed (Fig. 66) is used, R, will load the
transformer heavily. The low-impedance requirement may necessitate
excessive current in the bias voltage divider. W-hen a negative supply
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is unavailable, cathode bias is often used as shown in Fig. 6.14a. Two
time constants, COR, and C~R~, must recover before the blocking oscil-
lator will fire. The condenser C~is charged by both the grid and cathode
currents of the tube. It is possible to omit COand R,; in this case if C~
is small it determines the pulse length. An exponential sawtooth
waveform may be obtained across C~ under these conditi ens. If Rk is
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1’10.6.14,—Methods of biasing blocking oscillator.

made very small, ck may be omitted, and very rapid recovery results.
In the grid-cathode, or grid-plate-cathode-coupled blocking oscillators
(see Sec. 6.10), cathode bias may be obtained as shown in Fig. 614b.

To aid recovery, nonlinear elements may be inserted in the bias
circuit for d-c restoration. In Fig. 6. 14c a diode or a contact rectifier is
used to discharge Co after the pulse. The diode must be returned to a
low-impedance supply which is not always conveniently obtained. In
Fig. 6. 14d a cathode follower is used in place of the diode. The cathode
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follower cuts off during the pulse and conducts heavily during the over-
shoot. It is more economical than the diode because the low-impedance
negative supply is eliminated. It also provides a convenient method of
inserting a high-impedance trigger pulse.

If extremely close pulse spacing is required, the overshoot produced by
demagnetization of the core may limit the minimum pulse spacing. If a
condenser or delay line is used to terminate the pulse, the inductance
of the transformer may be large so that the amplitude of the overshoot
is small. If the inductance must be kept small, a diode or contact
rectifier can be inserted across any winding of the transformer to absorb
the overshoot of voltage, which would otherwise hold the grid biased off.
The second pulse will probably differ in shape from the first since the
magnetizing current will take a considerable time to fall to zero.

6.6. Frequency Division.—The trigger amplitude necessary to fire
the blocking oscillator at any time is equal to the difference between the
grid-t~cathode voltage at that time and the voltage at which the block.
ing oscillator will fire. This voltage difference decreases with time—
exponentially in most cases. If triggers equally spaced in time and of the
correct height are applied to the blocking oscillator, it is possible to make
it fire on every nth trigger by modifying the waveform of the grid-t~
cathode voltage. Stable operation can be obtained with intenal values of
n between 1 a–rid5. This process will be referred to as “pulse frequency
division. ”

In frequency dividers the usual exponential grid-to-cathode waveform
is frequently replaced by a waveform that requires a much smaller
trigger amplitude for the nth trigger than for any other, or a waveform
which increases the rate of change of the grid-bias waveform around the
nth trigger. In this case a stable division ratio of 10 or more is possible. 1
For a complete discussion of pulse frequency dividers see Chap. 16.

6.7. Random Variations in PRF.—In a free-running blocking oscil-
lator there are small cycle-to-cycle variations in the repetition period.
These variations appear to be caused by irregularities in the amplitude
of the grid-to-cathode voltage waveform which are produced by a change
in the residual magnetism of the core of the transformer from cycle to
cycle. It is experimentally observed that this variation is most pro-
nounced for small values of grid capacity, although certain very critical
values of capacity may be found at which the variation disappears
entirely. These values are, however, far too critical to be employed in

IFrequencydividersthat divide by more than 100in a singlestephave beenused
inradarequipment. The divisionratio is not constantand the count may changeby
asmuchas +10 per cent. The phaselock betweenthe dividerpulseand the trigger
canbemadevery precisewhichis often muchmoreimportantthan theaccuracyof the
divisionratio,
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the design of a blocking oscillator. It is best to employ a fairly large

value of grid capacity if possible, in which case the variations will be
consistent and generally less than ~ per cent.

The frequency of a free-running blocking oscillator is also affected
by vanaticms in pulse amplitude due to the variation of g~ with Ej and
EPP and tube aging and by fluctuations in the retriggering potential due
to the same causes. In general, these fluctuations are the same as those
found in frequency dividers. Accordingly, the reader is referred to
Chap. 16 for a complete discussion.

If a free-running blocking oscillator is synchronized, the random
cycle-to-cycle variation will disappear, but the amplitude of the grid-tw
cathode waveform of a synchronized blocking oscillator is, however, a
function of the amplitude of flie synchronizing trigger, its initial slope, and
its duration. Under certain conditions this may cause instability if the
blocking oscillator is employed as a frequency divider (see Chap. 16).

PRACTICAL CIRCUITS

6.8. General Considerations.—To facilitate the comparison of the

waveforms obtained from each of the various types of blocking-oscillator
circuits, the output waveforms have been photographed and will be
presented in the discussion of each type of circuit.

In all cases the blocking oscillator employed one section of a 6,SN7,
an 0A18 pulse transformer {see Table 6,1), a 2-pf, O.I-pf, or 250-~pf grid
condenser, and E~P = 250 volts. Two series of waveforms are given,
one with an 0A18 with a continuously-wound core and the other with an
OA 18 with a butt-joint core to show the effect of core saturation on
maximum pulse duration. This study illustrates that although the same
components were used, the various inductances, leakage inductances,
interwinding capacitances, and tube and stray capacitances are differently
distributed, and have a marked effect on the pulse shape. The relative
directions and the dktribution of the windings in the 6-winding trans-
former are other variables. Obviously, since it would be unprofitable
to discuss al~possible permutations and combinations of the windings, this
discussion is limited to only a few common circuits.

6.9. Plate-to--grid Feedback.—In a blinking oscillator of this type the
primary of the transformer is placed in the plate circuit of the tube and the
secondary in the grid-to-cathode loop in such a polarity that the grid will
become positive as the plate is driven negative. The circuit k shown in

Fig. 6.5, and indicates operation with two windings each in the grid,
plate, and output circuits. The output may be a current pulse of either
polarity, or a negative voltage pulse may be obtained directly at the
plate without the use of a tertiary winding. These waveforms are shown
in Figs. 65a through ~. This circuit makes a fair approximation to a
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rectangular pulse in all cases where Co is large. The initial slope is large,
and the pulse amplitude does not decrease greatly throughout its dura-
tion. It is evident, however, that as C, is reduced the pulse waveform
approaches a sinusoid.

This is the most commonly employed type of blocking oscillator-for
several reasons aside from its simplicity. Since the circuit requires only
two transformer windings, one end of grid-to-cathode loop can be con-

l!!!!!!!!!!!

u~’iii’’”” t I I I

‘1 . . . . . .. .~1.1
(b) (c)

F1o. 6. 15.—Grid-to-plateJcoupled blocking oscillator with 2 to 1 ratio between plate
and grid windings. Effect of changing turns-ratio of transformer. Compare with Figure
6.5. Butt-j oint core. Plate-to-grid feedback. Windings—four in plate, two in grid
circuit. Vertical deflection-25 volts/division. -?I@,l?,, Ik waveforms. C, = 2 pf. (a)
1.4 psec/division. (b) Leading edge of pulse: 0.15 #se./division. (c) Trailing edge of
pulse: 0.15 psec/dlvisiOn.

netted to ground. This latter characteristic is necessary if series trigger-
ing is employed without resorting to a “floating” trigger source, and it is
also convenient if the grid circuit of the blocking oscillator is being
employed as a switch, since in many cases one side of the circuit to be
switched must be returned to ground. The effect of varying the turns
ratio is shown in Fig. 6.15. Conditions are identical to those in Fig. 65
except for the fact that four of the windings are connected in the plate
circuit and two in the grid. The Z-Pf condenser in the grid circuit is
needed to sustain the longer pulse.
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Plate-to-cathode Fccdback.-In this circuit (see Fig. 6.16), the primary
of the transformer is placed in the plate circuit of the tube and the
secondary in the cathode circuit. The feedback appears in both the
grid-t o-cathode and the plate-to-cathode loops; the polarity of the trans-
former is such that the cathode is driven negative as the plate, potential
drops. In this circuit it is necessary that the ratio of the number of
turns in the plate v-inding to that in the cathode winding be greater than
unity to enable the plate circuit to drive the lower-impedance cathode
circuit, thus permitting a loop gain greater than unity. A turns ratio of
2 to 1 seems satisfactory for most applications. The output may be a
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(a) (b)
FIG. 6.16.—I’late-to-cathode feedback. Vertiral deflections: 25 volts/divisicm. Con-

nection: two windings in cathode circuit, four windings in plate circuit. (a) Butt-joint
core, (,’0 = 250 WLf; 13P, ,11~,lk waveforms; sweep speed O.15 Wsec/division. (b) Butt-
joint core; CO = 0.1 #f; EP, Ek, Ik -waveforms; sweep speed 1.4 psec/division. (c) Leading
edge: Butt-joint core; C9 = 0,1 pf; ED, El, Ik waveforms; sweep speed O.15 psec/division.
(d) Trailing edge: Butt-joint core; C, = 0.1 pf; Em, Ek, Ik waveforms; sweep speed 0.15
@cc/division. (e) Continuously wound core; P, = 250 ypf; ,7P waveform; sweep speed
0.3 ~sec/di~-ision. (f) Continuously wound core: CC = 250 #pf; ~k waveform; sweep
speed 0.3 ~sec !dl~i~iOn. (g) ContinuOusls wound core; 0.1 ~f; & waveform; sweep speed
1.4 Wsec/division, (h) Continuously wound core; 0.1 pf; E~ waveform; sweep speed
1,4 psec/division,
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(d)

(e) u)

(Q)
Fm. 616.-For legend see opposite page.

(h)
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(a)

(b) (c)
FIQ.6.17.—Cathode-to-grid feedback, Connection: two windings in oathode-ground

circuit; two windings in cathode-grid circuit. Vertical deflection 25 volts/division. (a)
Continuously wound core. CO = 250 ##f. E~ waveform ;sweep speed O.3 psec/division.
(b) Continuously wound core. Cg =0.1 ~f. E* waveform; sweep speed 1,4 ~seojdivision.
(c) Butt-joint core. Cc =0.2 #f. E’~and 1~ waveforms; sweep speed 1.4#sec/ditision.

current pulse of either polarity, a negative plate orcathode-voltage pulse,
or the grid-bias waveform.

The plate pulse has a very large amplitude due to the turns ratio of
the transformer and the fact that the plate-to-cathode potential does
not decrease as rapidly as the plate-to-ground potential when the cathode
is being driven negative.
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This circuit owes its utility to the fact that the amplitude of the grid-
bias wLveform does not vary as rapidly with variations of heater voltage
as the other types of blocking oscillators. 1 A change in the amplitude
of the grid-bias waveform will manifest itself in a change of repetition
frequency of a free-running blocking oscillator.

The waveform of the pulse does not approximate a rectangle so
closely as in the plate-to-grid-coupled type since its initial slope is smaller
and its amplitude decreases appreciably with time for pulses of long
duration. There is a small choice of turns ratio available with a given
transformer because the circuit requires a voltage stepdown from plate to
cathode. Because of the above effect the circuit is useful in applications
such as frequency dividers (see Chap. 16), and pulse-repetition-frequency
generators.

Cathode-to-grid Feedback. -In this type of circuit
(see Fig. 6.17), the primary of the transformer is
placed in the cathode circuit instead of in the plate
circuit and the grid is “ bootstrapped,” so the pri-
mary of the transformer does not appear in the
grid-to-cathode loop. This circuit is identical with
that of Fig. 6.5 except that the ground point has
been moved. The similarity of the grid-plate,
cathode-grid, and grid-plate-cathode feedback cir-
cuits is illustrated in Fig. 6.18. The polarit y of the
transformer is such that the grid is driven positive
as the cathode potential rises. A severe disad-
vantage is thus introduced: because the grid must
rise nearly twice the cathode pulse amplitude, the

Q
C&t:: ---

PJKL
cathode ~
to grid

Plate to grid

FIQ. 6.1S.—Sche-
matic diagram illustra-
ting the interconversion
of thrse types of block-
ing oscillator by shift-
ing the ~onnd point.

effects of the stray capacity from grid to ground are serious. The
similarity between this circuit configuration and that of the Hartley c-w
oscillator is striking.

The only possible use for this circuit would arise from the fact that a
large positive-voltage pulse can be obtained directly from the cathode
without the use of a tertiary winding. The waveforms are shown in
Fig. 6.18. Because of the increased effects of the stray capacity, this
circuit has a pronounced tendency to act only as a regenerative amplifier
if small values of Co are employed (see Fig. 6’17a), and even if CO is
made large and added effects of the stray capacity are manifest in a very
slowly rising pulse (see Fig. 6“17c). Since the grid-t~cathode loop of this
circuit is not connected to ground only parallel triggering methods can be
employed. This is a serious disadvantage since a large amplitude
trigger with fast rise is necessary to insure that the circuit does not act
as a regenerative amplifier only.

1This observationis purelyempiricaland has not been satisfactorilyexplained.
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Plate-to-cathode-to-grid Feedback.—This circuit (see Fig. 6.19) is
obtained from that of Fig. 6“15by moving the ground point to the center
tap of the primary winding. In any circuit the leakage inductance and
most of the stray capacity are in the transformer. In this circuit they are
so divided between the plate and cathode circuits that a smaller time
constant appears in each. Since these time constants are not added when
the two voltages are combined to give the total primary voltage, the
resultant time constant for the rise of this voltage is smaller than if the
whole primary were placed in either the cathode or plate circuits.

Since the grid-to-cathode loop of this circuit is not connected to
ground, parallel triggering must reemployed, preferably bythe use of a
trigger amplifier.

This circuit provides both positive and negative voltage pulses without
the use of an auxiliary winding. These voltage pulses are of smaller
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(a)
FIG, 6.19.—Plate-to-grid-to-cathode feedback. Connection: two windings in plate

circuit; two in cathode circuit; two in grid-cathode circuit. Vertical deflection 25 volts/
division. (a) Butt-joint core; CO= 250 ~pf; E,, I, waveforms; sweep speed 0.15 psec/divi-
sion. (b) Continuous core; C’, = 250 p~f; EP wa%eform; sweep speed 0.3 psec/division.
(c) Continuous core; C, = 0.1 pf; E, waveform; sweep speed 1.4 psec/division. (d)
Butt joint core; Co = 2,o gf; Efl waveform; sweep speed 1.4 ~sec/division. (e) Butt joint
core; C, = 2,0pf; IL, 1P waveiorm; sn-eep speed 1.4 psec/division. (f) Leading edge: butt
joint core: C, 2.0 = #f; In, IL waveforms; sweep speed 0.15 psec/division. (u) Falling edge:
butt joint core; CO = 2.0 pf; lP, Ik waveforms; sweep speed 0.15 ~sec/division,
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amplitude than those \vhich may be obtained from other circuits. Either
positive- or negative-current pulses, ho~veverj may like~vise be obtained,
although these will also be of smaller amplitude because of the adverse
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Fm. 6.19.—For legend see opposite page.

turns ratio used in this example. Larger current pulses can be obtained

by using an over-all one-to-one ratio between primary and secondary.

6.10. Some Applications of Blocking Oscillators.—Figures 6.20a and

6.20b show the use of blocking oscillators in actuating bidirectional
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FIG. 6.20.—Some applications of blocking oscillators.
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switches. Large-amplitude, low-impedance pulses which are isolated
from the rest of the circuit are provided by the output windings. The
voltage pulses must build up biases that are large enough to prevent
conduction of the largest expected signals.

Figures 620c and 6“20d show ablocklng oscillator used as a switch
in a linear, free-running time base. The inductance of the transformer
must be large enough to prevent the pulse from terminating before the
condenser has charged. These circuits are capable of operating at much
higher frequencies than those employing gas-tube switches.

In Fig. 620e a blocking oscillator is used as an amplitude comparator
to terminate the action of a triggered time-base generator (see Chap. 7)
at a predetermined amplitude. The time constant of the multivibrator
gate generator should be made very long so that the blocking oscillator
has control. The precision obtainable with a blocking-oscillator com-
parator (3 to 4 volts) is discussed in Chap. 9.

In Fig. 6.20f two blocking oscillators that are designed to give very
rapidly rising pulses of very short duration are used to produce a variable-
width rectangle. The first pulse rapidly charges the small condenser C.
The step produced is quasi-integrated to produce a sawtooth wave-
form which delays the firing of the second blocking oscillator which dis-
charges C.

Quenching Oscillators.–-These are high-frequency oscillators using
air-core transformers. A grid resistor and condenser that have a time
constant large compared with one period of the oscillator are used. Bias
is built up by grid current until the gain around the feedback loop iz
reduced below unity. The oscillator then blocks until the bias circuit
has recharged. Quenching oscillators are used as self-pulsed trans-
mitters in some radar sets such as the Mark-II ASV and ASB. They
function as oscillator, modulator, and PRF generator combined. The
PRF is not very stable since tuning and antenna loading affect the grid
current and grid voltage. Quenching oscillators are also used as demodu-
lators in some superregenerative receivers.

A quenching-oscillator PRF generator is shown in Fig. 6.21. The
coils are wound on a polystyrene form and are ruggedly mounted and
well shielded. Since an iron core is not used in the transformer, the stabil-
ity is good. The circuit oscillates at about 20 Me/see. and the PRF is
variable between about 50 cps and 5 kc/see.

A quenching-oscillator PRF generator is used as an audio-frequency
modulat?r in radiosonde equipment and is described in Vol. 20, Chap. 10.
of this series.

Cascaded Blocking Oscillators.—It was mentioned previously that the
steepness of rise of a blocking-oscillator pulse is dependent on the rate of
rise of the initiating trigger. The shortest and most rapidly rising pulses
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have been produced by using a blocking oscillator to produce a fast
trigger for another blockbg oscillator. Figure 6.22 shows a selector-
pulse generator for accurate automatic time measurement. A fairly
rapid trigger fires the first blocking oscillator which produces a 200-volt
0.16-~sec pulse that is nearly triangular in shape. This pulse actuates
the second blocking oscillator to produce a 0.12-psec pulse that is
nearly rectangular. The 132DW transformer (see Table 6“1) uses the
thinnest available hypersil core (0.0015 in.), and each winding consists
of only 20 turns. The cathode followers used to prevent interaction
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FUJ. 6.21.—Quenching-oscillator PRF generator.
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between the blocking oscillators and their trigger sources may not be
necessary. The output pulses are nearly rectangular, rising and falling
in 0.03 psec.

Pulses of theorderof O.l ~secmay degenerated withouttheapplica-
tionof exceptionally steep triggering waveforms bythe use of a 132DW
transformer (or the core of a 132AW with 16 turns instead of 32 turns
on each winding) if a triode-connected 6AC7 is used. A 6AG7 should be
used as a cathode follower to drive the grid condenser if series triggering
is desired, or a 6AG7 should be used as a pentode for parallel triggering.
The high g~ of the 6AC7 is necessary to permit regeneration with the very
low impedance of the transformer and the high impedance of the very
small grid condenser that are necessary to produce such a short pulse.
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Very Long Pulses.—A circuit using a grid-plate-cathode-connected
OA-15 pulse transformer for producing 25-psec pulses is shown in Fig.
6.23. The pulse is substantially rectangular and is used as a gate for the
“R” sweeps in the DU Mont 256-B oscilloscope. It is necessary that
the pulse be accurately flat on top since it is used as a gate for the

+250v

FIG. 622.-Cascaded

I 1
-30 v
(a)

(b)
blockingoscillatorfor very fast pulse. (a) Circuit; (b) waveform.

Any variation in pulse amplitude would produce acathode-ray tube.
corresponding change in brilliance of the trace.

It is possible to generate pulses as long as 50 or 100 Psec by the use of
special pulse transformers or audio transformers. Since the distributed
capacitance and leakage inductance of these transformers are large, the
pulses will rise fairly slowly, and ringing will be present after each edge
of the pulse. The currents obtained will be smaller than those obtained
with short-pulse transformers because the d-c resistantes of the higher
inductance windings are large. Since the number of turns is large, the
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core will saturate at small values of current. Parallel feed should be
used or al-c magnetic bias applied. In general, it will probably be found
that multivibrators are more economical for generation of pulses wider
than 25 ~sec.

6.11. Delay-line Pulse Generators. —Delay lines are frequently used
in the generation of rectangular pulses of fixed duration. They are used
to produce a rectangle from a step function, to terminate a pulse produced
by a regenerative device such as a rnultivibrator or a blocking oscillator,
or they may be used to duplicate an existing pulse at a later time. They
are simple, reliable, and permanent in their characteristics, and are accu-
rately reproducible in manufacture. The distributed parameter types
of delay lines produce the best waveforms and are simple to manufacture,
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but networks composed of lumped
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erties of electrical delay lines see
Chap. 22 and Vol. 17, Chap. 6, of
this series.

6.12. Use of a Delay Line in
Terminating a Step Function.-In
Fig. 6.24 two basic methods of
using a delay line to terminate a
pulse are illustrated. In the first,
a low-impedance switch is used

FIG. 6.23.—25 psec blocking oscillator from
256B oscilloscope.

to produ~e a step function of
voltage across an open-ended line
in series with its characteristic

impedance, ZO. Initially, I, = EJ2Z0 and Eo = -E=, = EJ2. The
step function travels down the line charging up each section as it
goes and maintaining a constant charging current. When the wave
reaches the end of the line, it is reflected back in phase since there is no
termination to absorb the energy. The reflected step function continues
to charge the line at the same rate as previously so that the current in ZO
continues to be constant. When the reflected step reaches the end of the
line, its energy is absorbed by ZO. The impedance of the line suddenly
becomes infinite so that 1 = O.

An open-ended delay line, therefore, operates on a step function of
voltage to produce a pulse of current equal in duration to twice the length
of the line. The pulse across the characteristic impedance in series
with the line has one half the amplitude of the step function.

In Fig. 6.24b a high-impedance source is used to provide a step func-



SEC. 6.12] USE OF A DELAY LINE 239

tion of current. Initially, 1 divides equally between the line and the
terminating resistor R = 20. As a consequence, a voltage .Eo = (120)/2
appears across the line which charges with constant current, and a
constant-voltage drop is produced. The step of current is reflected in
phase (the voltage is inverted) by the short circuit at the end of the line
and travels toward the beginning. Jvhen the step reaches the beginning
of the line, the energy is absorbed by 20 and the impedance of the line
suddenly becomes zero so that E’o is also zero.

Accordingly, a short-circuited delay line operates on a step function
of current to produce a pulse of

CJiTi’
(&rlSset I-L-!- –-i’
generator ei Ei

‘o T

voltage equal in duration to twice the

ILmIL.1
Constant
current {ii ~L 1

generator
ZO Eo

i

1 II

(b)
Fm, 6.24.—Basic delay-line pulse generators and idealized waveforms, (a) Open line

type; (~) sllort-circuited line type.

length of the line. The voltage produced has half the amplitude of the
step of current multiplied by the characteristic impedance.

Thus, there is a complete duality betv-een open lines charged from a
constant volt age source and short -circoited lines charged from a constant
current source. The choice of the method depends upon the character-
istics of the switch used to produce the step function. A thyratron
switch has an impedance of less than 10 ohms and therefore effectively
constitutes a constant voltage source. A pentode switch, on the other
hand, may have an impedance of a megohm when closed, and yet switch
appreciable currents.
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In the above discussion ideal lines operated upon ideal step functions.
Inpractice, thestep function isnot infinitely steep. Thyratrons operate
in as little as 10–s see, and hard tubes give results that depend upon
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FIG. 6.25.—Delay-line pulse generators. (a) ~,rcuit of open-line pulse generator.
(b) Current waveforms from line and from the cathode of the thyratron. A l-psec GE
type YE4B line is used to produce a ‘2-psec pulse, (c) Dela3- line of (b) replarcd by
4-,usecline to produce an %psec pulse. Note the effects on the pulse produred by d~stortlon
in the longer line, (d) Cmcuit of shorted-line pulse generator. (e) Pulse produced b} four-
section lumped line shown in the circmt d]agram. The exciting 50-kc sec square wa~.e is
taken across a 2.2 k resistor that replaces the hne and n,a>-be used for comparison, (i)
E~ect of replacing the lumped hne with a 1-psec-type l-E4B line, h’ote that the pulse is
much squarer due to the superior response of the ]Ine but that a large pedestal is produced
by the larger d-c resistance of the line,

steepness of the grid pulse and the effects of stray capacitance. The
slope of the step function determines the slope of the leadin~ edge of the

pulse. The slope of the trailing edge is determined by the slope of the
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step function and the characteristic response of the line. Amplitude and
phase distortion have the same effect on the trailing edge of the pulse as
they do in normal delay-line usage. Shock excitation of accidental
resonances in the line may cause oscillation following both edges of the
pulse. When thyratrons are used, leads of appreciable length may also
act astuned circuits that areshock-excited bythe very rapid step that is
produced. Under these conditions, it is best to make all leads as short
and direct as possible and make necessarily long leads by properly
terminated coaxial cables.

Since all delay lines have resistance associated with them, this
resistance distorts the pulse; this distortion results in reduced current
as the lines are charged and a consequent slope in the top of the pulse.
In the case of the short-circuited line, the total lengthwise d-c resistance
results in an impedance that is not zero after the pulse. The original
step function therefore appears as a “tail” on the pulse of initial ampli-
tude E(T) = li(~tizo) j(~d.c + ZO), where Rd* is the lengthwise resistance
of the line and 20 is the terminating resistance.

Typical circuits are shown in Fig. 625. In the thyratron circuit
shown in Fig. 6 “25a, the delay line is initially charged through R=. Trig-
gering of the gas tube switches a voltage step of amplitude E,p across the
line. Positive pulses can be taken from the cathode or negative pulses
from the common terminal of the line. The total resistance in the
discharge path should be Zo or smaller. A small terminating resistance
will reduce the output voltage and in practice will improve the shape
of the pulse. After the gas tube deionizes, the line charges through R,.

Since the line is very short compared with the charging time, it appears
as a pure capacitance, and hence the recharge curve is exponential. Since
2, << Rp, the step appearing in the output during the recharge time is of
negligible amplitude. The plate-supply resistor must be sufficiently large
to permit rapid quenching of the thyratron and depends upon the tube
type. (See “Thyratron Frequency Dividers,” Chap. 16.)

It must be emphasized that the protective resistors Rz and R~ must
be mounted directly on the tube socket with a minimum of stray capaci-
tance. Since the impedance of the gas tube is very low, the current
drawn from even a small capacitance will ruin the cathode unless a
current-limiting resistance is inserted. The lack of success that manY
engineers have experienced in the use of gas tubes is almost completely
attributable to this cause.

A short-circuited-line pulse generator is shown in Fig. 6.25b. If a
positive pulse is desired, the tube is initially conducting and is cut off
by a fairly rapid negative step function derived from some other source
such as the edge of a rectangular pulse from a multivibrator or other
rectangle-generating circuit. The amount of current flowing in the line
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is most conveniently regulated by adjusting E,, of the pentode or E==
if a triode is used.1 Since a hard tube is used, the switching can take
place asrapidly as desired. Forpositive pulses, however,whent heduty
ratio is low, and fornegative pulses \~henthe duty ratio ishigh, the circuit
is wasteful of po]ver, since plate current willbe flowing most of the time.
Since the pulse amplitude fora given current isproportional to the line
impedance, it is desirable to use a line with as high an impedance as
possible. Loading by the external circuit sets an upper limit to Z,
which is rarely made higher than 4000 ohms. Pulse generators employing
short-circuited delay lines are easily adapted to produce multiple
pulses by the addition of a similar delay line to the output. This

lk
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FIG. &2G.-Delay-line pulse generator AI Mark 9.

line then serves as the termination of the pulse-forming line. Figure
626 shows a pulse generator that produces two adjacent l-psec gates
which are used for time selection in an automatic range-tracking system.
The 0.5-psec pulse-forming line has as many sections as the l-psec pulse-
delaying line, although it is half as long. The impedances are somewhat
different in order to make up for the loading of the plate circuit of the
tube. Figure 627 shows a network forming two gates that start simul-
taneously, but one is 1.3 psec in duration, whereas the other is 2.6 psec
long. The extra sections are used to delay the wide pulse until its
leading edge is coincident with the narrow pulse.

6.13. Feedback Networks. —Delay lines may be used in feedback
networks for pulse-shaping in the same manner as other impedance
elements. Figure 628a shows an open line used in a current feedback
network. A low-impedance line of Zo = I/g_ should be used. If a step

I For a complete discussion of square-wave generators see Chap. 9.
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unction is applied to the grid of V;, the plate voltage will be

(g~R2)
‘E” = “(1 + gmz,)’

where Z~is the net cathodeimpedanceof VI, Initially, Z~ = 20 = l/g~,
and hence AEr = E~(g&fl)/2. At time t = 2D, the impedance of the
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FIG. 6.27.—Delay-line pulse generator from ASV ~Mark 6.

line becomes infinite; therefore, if Vj is truly a constant-current
, AE, = (g~RP)/(l + @ ) = O. With normal receiving tubes

1
= 100 to 500 ohms,

K

which is a convenient impedance for the construction of delay lines.
Since the tube is conducting after the pulse, it is important that an exact
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impedance match be made, or reflections will produce spurious pdses
in the output. If a large negative supply is available, the constant-
current tube may be replaced by a pure resistance R~ and a pedestalof
magnitude (EigAp)/(l + g~l?~) will be produced by the step function.
An analogous circuit using a line short-circuited by C with voltage feed-
backlight beusedas shown in Fig. 628b. Forthis purpose avery high-
impedance line must be used, since for proper termination,

‘O=(:RY(:+RJ‘Rg+R’7

and for gain greater than unity, Z, > Rq + Ri. A pedestal of magnitude ~
EJi&/RO will be produced by the Step function. Since it is difficult to ~
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FIG. 6.2S.—Delay line used in degenerative feedback networks. (a) Open-circuited delay
line with current feedback; (b) short-circuited delay line with voltage feedback.

construct delay lines of high Z o and low Rd-, this circuit does not appear
ever to have been used and is included only for the sake of completeness.

It is possible to construct a pulse generator in which the step function
is passed through a time selector which is turned off by the inverted and
delayed step function. An example of this technique is shown in Fig.
6.29a. The input waveform is applied to one control element of the
selector circuit, and the inverted and delayed step to another. Conduc-
tion can take place only during the delay time. This circuit is capable
of excellent waveform since, if a large input is used, the control elements
will operate on a small portion of the rise of the waveforms and limiting
will take place. Unlike the previous circuits, the pulse width will be
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equal to the line length. Another circuit in which the pulse width is
equal to the line length is shown in Fig. 6.29b. A switch applies a
constant potential step across the terminated end of the line, and the
pulse istaken across the ends of the winding. Initially, the impedance
of the line is equal to ZO and, after time t = D, it is equal to &~. The
principal advantage of this circuit lies in the fact that the pulse amplitude
is equal to the amplitude of the initial step function.

I T

(b)
FIG.6.29.—Circuit producing pulse duration equal to line delay. (a) Delay and coincidence;

(b) another circuit to produce pulse of duration equal to line length.

6.14. Delay Line Used to Terminate Regenerative Action.-Delay
lines are frequently used in regenerative rectangle generators to determine
the width of the pulse. The regenerative device produces a step function
which is applied to the line. The delayed step function which has trav-

1 ersed the line initiates reversal of the regenerative process; thus the pulse
is terminated. Figure 6.30 illustrates this technique as applied to
rnultivibrators and blocking oscillators. It should be emphasized that
delay-line external control is the only method of insuring that a blocking
oscillator will produce a pulse of accurately determined duration. In Fig.
630a the line appears as a‘’ delayed short circuit” in parallel with the grid
of the tube that is turned off during the pulse and turns this tube back
on, and the cycle is terminated regeneratively. The line should have a
fairly high impedance so that the grid can be driven well beyond cutoff
by the tube that is conducting during the pulse, and RP should equal
z“. In Fig. 6.30c the line appears as a delayed short circuit across the
pulse transformer, and the quasi-equilibrium state of the blocking oscil-
lator is terminated. If the transformer has a turns ratio of 1 to 1, the
impedance of the line should be fairly high ( > 500 ohms) so that it does
not absorb too much energy from the pulse, but its d-c resistance must
be small (< 100 ohms) so that the transformer is very heavily loaded
after the pulse. The turns ratio of the transformer may be adjusted to
provide the desired impedance match with a given line.
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In Figs 6.30b and d the line appears as a delayed open circuit in series
with the grid of a tube. In Fig. 630d the line should have a low imped-
ance ( < 1000 ohms if a triode is used) so that the tube may be driven
into the grid-current region. If the impedance of the line is very low,
however, it may appear as a pure capacitance to the grid circuit, and the
pulse width will be controlled by the capacitance and not by the delay
time of the line. The transformer must be capable of giving a pulse
longer than 2D.

L
~ (a) Line controlled multivjbrator~ * (b)

(c) Lme controlled blocking oscillators

FIG. 630.-De1ay line used to termmate the action of regenerative device,

Figure 6.31 shows a practical circuit using a delay-line-controlled
blocking oscillator to form pulses of 0.5- or 2.5-Ysec duration. Since
the shape of the output pulse is determined mainly by the characteristics
of the transformer, nearly rectangular pulses may be obtained even if the
delay line has very few sections.

A circuit for generating two adjacent l-psec gates is shown in Fig. 6.32.
The delay line controls both the width and spacing of the gates to insure
that the second rises at exactly the time the first falls. The cathode-
current pulse from V2a is delayed by the line and causes conduction in
VW This conduction opposes the current in the transformer and causes
the pulse to terminate.
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6.15. Duplication of Pulses by Means of Delay Lines.-Combina-
tions of delay lines are often used for generating pulse trains, and these
pulses are attenuated and distorted by an amount depending upon the
quality of the line. The reproduced pulses may be used in synchroniza-
tion or time selection, as time markers, to form codes for identification
or channel selection, etc. The pulses may have the same sign as that of
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FIG. 6.31.—Delaj-line-control blocking oscillator.

the input waveform, or they may be inverted in phase, depending upon
the terminating impedances used. If the output end of the line is
terminated in ZO, one pulse will appear in the output. No other pulses
will appear because all the energy will be absorbed by ZO. The input
need not be correctly terminated because no energy will be reflected
back. If the input and output impedances are infinitely high, the pulse
will be reflected back and forth between the ends of the line, and will be
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reduced in amplitude only by the attenuation of the line during each
transit. If the terminating impedances are finite and resistive the pulse
will suffer attenuation cm each reflection. If a terminating impedance is
less than 20, the pulse will be inverted on each reflection and will suffer ati
termation unless the terminating impedance is zero. Figure 6.33 shows
the polarities of the reflections for various values of input and output im-
pedances. If many equally spaced pulses are desired, the energy maybe
renewed by a regenerative circuit after each reflection as shown in Fig.
6.34. A blocking oscillator produces a pulse which travels down the line,

-tWov

( —,, ,,. I
i Westinghouse-l

-35V
I

L Late gate

~ Early g&~

FIG. 6.32.—Delay-line blocking omillator used to produce double gate in time demoduhtor,

is reflected back, and retriggers the monostable blocking oscillator. In
the circuit shown, a trigger pulse initiates a train of pulses that are
interrupted after a predetermined interval by a method similar to that
employed in pulsed sinusoidal oscillators. The input trigger starts the
gate multivibrator which removes cutoff bias from the suppressor of the
blockhg oscillator tube, Vz. The trigger is also differentiated and
applied through V2 to the tertiary winding of the transformer to initiate
the first pulse. Succeeding triggers are supplied by the reflections from the
line. Clamp tube V% restores the initial bias to the grid of V, after each
pulse. If V, were not present, the accumulated bias would cause the
blocking oscillator to trigger progressively later on each reflection, and
would destroy the uniformity of the pulse spacing. At the end of the
gate the suppressor of V2 is again cut off and the circuit returns to its
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quiescent condition. This circuit is somewhat simpler than most
shocked-oscillator pulse generators and produces excellently shaped
pulses. The bulk, poor quality, and large temperature coefficients of
available delay lines have prevented extensive use of this device.

Ei

—

2!!212E0%-’-A-k
Fm. 6 33.—Delay lines and reflections.

Figure 6.35 shows the use of delay lines to produce irregularly spaced
pukes. In Fig. 635a a series addition of the outputs of the lines is used.
A fraction of the input to each line is passed on to the next line and a
fraction to the load, because the first line is not correctly matched
by the series combination of the second line and R,, Rd is added. If the
reflection introduced by the omission of Rd is negligible, it is omitted. If
no attenuation were present in the lines, the amplitude of each output
pulse would be one third that of the input pulse. In practice, Rt and R,
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are adjusted until the output pulses appear to be of equal amplitude. .4
similar circuit using parallel addition is shown at Fig. 6.35b. The
impedance of the adding network should be high compared with that of
the lines to prevent interaction. If very long lines are used, regenerative
devices may be added after each delay to shape the pulse as shown at
Fig. 6.35c. Each blocking oscillator produces a negative pulse which
will not trigger the following blocking oscillator directly. Since the line
is short-circuited, the positive reflection will trigger the next stage. The

a Basic
circwt

w

——-

-E~~
Gate Pulse generator

FI~. 6 34.—Pulsed marker generator using delay-line control of pulse ~pacing. (a) Basic
circuit; (b) final circuit.

pulses are spaced by twice the line length. Any number of stages may
be used and, if d~sired, the last stage may trigger the first so that a
continuous train of controllably spaced pulses is produced.

An accurate circuit for producing a trigger pulse followed by a vari-
ably delayed, rectangular pulse of controllable duration is shown in
Fig. 6.36. A thyratron relaxation oscillator supplies the trigger pulse
which travels down a delay line. The first 10 sections of the line provide
a delay of O to 3~ sec in O.6-~sec steps. After the trigger has reached
the 10th section it is amplified by VZ and fires the blocking oscillator Vs.
The cathode follower V*. charges a 400-ppf condenser, and produces a
step function of voltage on the grid of the output cathode follower Vs.
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Fm. 6.35.—Delay-line coders.
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FIG. 6.36.—Standard pulse generator,



i3Ec. 6.16] DUPLICATION OF PULSES BY MEANS OF DELA Y LINES 253

The trigger pulse continues to travel down the line until it is absorbed
by the termination at the end. When the pulse reaches the tap occupied
by the pulse-length selector, it initiates the operation of the blocking
oscillator Ve through the amplifier Vs. The cathode pulse of Va drives
the grid of VT positive, so that the 400-ppf condenser is discharged and
the pulse is terminated. The pulse duration is adjustable in 0.6-psec
steps from 0.6 to 3.0 psec. The pulse at the cathode of Va rises and falls
in 0.06 Psec. The cathode follower, Vib, is used to set the potential on
the grid of Vs before and after the pulse. The widths of the pulses
produced by the blocklng oscillator are not critical, provided that they
are great enough to insure substantially complete charging and discharg-
ing of the 400-ypf condenser, and that the pulse produced by V~ is shorter
than the minimum required output pulse length of 0.6 psec.

References for Design snd Use

Design and construction of electrical delay lines: Vol. 17, Chap. 6. Theory of delay
lines: Vol. 19, Chap. 22.

(High-power) delay-line pulse generators: Vol. 5, Part II.
High-power line-controlled blocking oscillators: Vol. 5, Chap. 4.
Line-controlled coders and decoders: Vol. 241,Part 11.



CHAPT13R 7

GENERATION OF TRIANGULAR WAVEFORMS

BY V. W. HUGHES AND R. NI. WALKER

GENERAL CONSIDERATIONS

7s1. Definition and Types.—A triangular voltage waveform is a
waveform of which one portion exhibits a linear dependence of voltage
on time. Some examples of triangular voltage waveforms are given in
Fig. 7.1. The voltage is linearly proportional to time during the portions
AB, A’B’, etc.; the voltage may either increase or decrease with time
(Fig. 7“la and 7.lj). The restoration or “ flyback” portions of the

~ !Mc. .~.-.-—
(a) (b)

t
(c)

‘A LAAL jy-t-t- (d) (e) (f)
Fm. 7.1.—Types of triangular waveforms. AB is the portion of the waveform for

which V is linearly dependent upon t. BC is the restoration or fly back portion of the
waveform; it is of infinitesimal duration in (a), (b), (c), and (j). (b) A series of triangular
waveforms occurring periodically. (c) A series of triangular waveforms occurring aperi-
od]cally. (d) A triangular waveform in which V is linear with t in BC as well as in AB.
(.) A series of triangular waveforms whose restoration period is finite and is characterized
by a nonlinear relation between V and t. @ A triangular waveform in which V decreases
linearly with tin the portion AB.

waveforms are BC, B’C’, etc.; the durations of these portions are the
restoration or flyback times. Occasionally, as shown in Fig. 7. ld, a
linear relation may exist between V and tduring the restoration time, but
usually the relation is nonlinear (Fig. 7. le). The triangular waveform
may occur only once, or it may be repeated periodically or aperiodically
(Figs. 7.1 a, b, and c). Many types of waveforms other than those given
in Fig. 7.1 are possible-for instance, a periodic series ‘of triangular wave-
forms of the type shown in Fig. 7. ld, or an aperiodic series of triangular
waveforms of the type shown in Fig. 7.1j. Triangular waveforms are

254
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known as “sawtooth waveforms, ” “linear waveforms,” “linear sweeps,”
or “time bases. ”1

7.2. Characteristics of Triangular Waveforms. Durations. —Great
variations are possible in the durations, voltages, and accuracies asso-
ciated with triangular voltage waveforms. Linear sweeps have been
made with durations from 10–7 sec to 10 min. The lower limit attainable
is determined physically by the minimum values of tube and wiring
capacitances, by the minimum values of leakage resistance, and by
the maximum dissipation allowable in tubes and resistors; the upper
limit is determined by the maximum values of capacitors” (this is largely
a matter of size and weight), by the maximum values of resistors, by
the minimum values of leakage resistance, and by the minimum currents
at which tubes operate satisfactorily. Restoration times as small as
5 per cent of the duration of the linear portion have been obtained,
although it is more usual, when a triangular waveform is being generated
periodically, to have the duration of the linear portion equal to less than
one-half the repetition period.

Voltages.-The amplitudes of the linear sweeps ordinarily are between
10 and 1000 volts, although these figures do not represent the extremes
attainable. Physically, the upper limit is determined by the peak
voltage rating of tubes. For short sweeps the allowable dissipation in
resistors may be of importance. Variations in clamping potentials due
to variations in tube characteristics are more troublesome for low-
amplitude linear sweeps than for high-amplitude ones and accordingly
the latter are usually used. The voltage level of the start of the sweep
can be set to any reasonable value.

Linearity .-The degree of perfection of the linearity of the sweep
and the stability of the triangular waveform with respect to changes in
supply and heater voltages, tube characteristics, and component values
we consider as the two aspects of the accuracy of a triangular waveform.

The degree of linearity can be expressed as the deviation of the instan-
taneous voltage of the actual sweep from the instantaneous voltage of an
assumed straight line which closely represents the actual sweep. This
deviation is often expressed as a percentage of the amplitude of the actual
sweep and is often called a “displacement error. ” 2 Linearities of about
0.01 per cent have been achieved over more than 99 per cent of the
duration of the sweep; often the first one per cent of a sweep is nonlinear.
The degree of linearity can also be expressed as the percentage deviation
of the instantaneous slope of the actual sweep from the slope of the
assumed straight line. This deviation is ordinarily considerably larger

1‘h excellent reference is Time Bases, by O. S. Puckle, Wiley, New York, 1944.
2Unlessthe contraryis stated,for thischapterfor thecomputationof displacement

and slope errors,the straight line chosenwill be the one drawnfrom the point at the
beginning (or nearthe beginning)of the sweepto the point at the end of the sweep.
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than the displacement error. The linearity achievable is limited prima-
rily by the finiteness of the gain and the nonlinearities of vacuum tubes.

Stability.—The degree of stability of the linear sll-eep can be expressed
as the variation in displacement or slope clue to a specified change in
some circuit parameter. The variation in displacement is usually given
as a percentage of the maximum amplitude of the actual sweep; the
variation in slope is given as a percentage of the mean slope of the actual
sweep. Zero error is a useful concept; it is the deviation of the beginning
point of the sweep from the origin of the assumed straight line. A certain
percentage change in the supply voltage ordinarily produces the same
percentage change in slope; the same is true for changes in the most
critical resistors and condensers. The percentage variation in displace-
ment or slope can readily be kept to about m% of any reasonable per-
centage change in heater voltage. Variations in the linear sweep due to
variations in tube characteristics and in the values of the less critical
fixed components can usually be made so that they are no more trouble-
some than instability due to the causes mentioned already. The varia-
bles that have been regarded as the cause of instability—i.e., heater and
supply voltages, tube characteristics, and component values—are those
most directly associated with the generator circuit, but often they are not
the primary independent variables. Thus the stability of a triangular
waveform is sometimes considered with respect to temperature, mechan-
ical shock, and time. In a particular case with selected components the
maximum displacement errors have been kept Ivithin ~ 0.1 per cent for
a temperature variation from —50°C to +80”C. With good circuit
design microphonics are not troublesome.

The displacement and slope of the linear sweep are the most critical
aspects of a triangular waveform; the stability of features associated with
the restoration period is usually not of great concern.

Generator Characterzktics.-0ther characteristics associated more with
the generator circuit than with the waveform are-

1. Output impedance.
2. Input requirements.
3. Engineering specifications such as reliability, ease of maintenance,

safety, flexibility, weight, power consumption, and cost.

Often the output circuit of a triangular-waveform generator involves
negative feedback, and an output impedance of several hundred ohms or
less is presented; in other cases, the output impedance maybe determined
primarily by a condenser whose value is proportional to the duration of
the linear sweep. In all cases, any value of output impedance can be
achieved by the addition of several amplifier stages involving negative
or positive feedback. A triangular-waveform generator often requires
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either a trigger or a gating pulse as an input waveform. The engineering
properties mentioned above vary considerably from generator to gener-
ator and are of great importance.

7.3. Uses of Triangular Waveforms.—The triangular waveform is a
basic waveform of much value. Some of its applications are listed below.

Measurement oj Time Intervals Associated with Wavejorms.—The liiear
sweep is the most widely used time base for display purposes (Chap. 20).
Furthermore it is used as ‘a basis for the generation of time-modulated
indices (Chap. 13 and Vol. 20, Chaps. 5 and 6). The use of linear sweeps
as time bases in pulse-recurrence frequency dividers is a type of time
measurement (Chap. 16).

Generation of Other Basic Wavejorms.—Triangular voltage waveforms
can be operated upon electronically to produce other basic voltage wave-
forms. Thus a parabolic waveform is produced by integration, and a
rectangular waveform by differentiation, of a triangular waveform
(Chap. 18). Often parabolic, trapezoidal, and hyperbolic generator
circuits differ only slightly from prototype triangular-waveform-gen-
erator circuits (Chap. 8). A linear current waveform can be produced
by applying a linear voltage waveform to a circuit passing a current that
is proportional to the input voltage (Chap. 8).

Functions Involving the Processes o.f Analysis and oj Modulation and
Demodulation.—Many useful functions are performed by applying the
processes of analysis and of modulation and demodulation to triangular
waveforms. Thus data-transmission schemes sometimes carry their
information in the form of time modulation on a triangular waveform
(Vol. 20). Also, electromechanical amplitude modulation of triangular
voltage waveforms or, more usually, of trapezoidal ones is useful in gen-
erating PPI radar sweeps electronically (see Chap. 12 of this volume and
vol. 22) .

Electronic Computation.—It is frequently desirable to use a waveform
with a linear voltage-time relationship in computer circuits. For exam-
ple, electronic triangle solvers sometimes employ linear sweeps (Vol. 21,
Part I).

7.4. Methods of Generating Triangular Waveforms.—Practical cir-
cuits for generating linear sweeps usually involve charging or discharging
a condenser at approximately a constant rate. The change of the
voltage across a condenser from its initial value at t = O is given by

/

1 ‘idt
“=c o ‘

and, if the current i equals a constant 10, then
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The change of voltage with time is positive if I, is positive and negative
if 10 is negative. Some switching mechanism is always employed to
determine the beginning and the end of the linear sweep.

Considered from this point of view, the problem of generating a linear
sweep is one of obtaining a constant current ~yith which a condenser can
be charged or discharged. Methods for accomplishing this have been
divided into four classifications (these methods are surveyed briefly in
this section and discussed in detail in later sections). The condensers
may be charged or discharged—

1. From a constant voltage source through a resistor.
2. From a constant voltage source through a high variational imped-

ance of low d-c resistance.
3. With circuits involving positive and negative feedback.
4. With circuits involving negative feedback.

The first method is the most elementary. A voltage which varies
as an exponential function of time is obtained. Only for those values
of time, measured from the beginning of the sweep, which are small
compared to RC, is a good approximation to a linear sweep obtained.
This implies that only a small fraction of the total available voltage
change, i.e., the constant volt age, exhibits a linear dependence on time.

The high variational impedance of the second method is often pro-
vided by an inductance or by a pentode. &fany types of current-feed-
back devices can also be used. The circuit that uses an inductance is
capable of providing an approximately linear voltage change which is
greater than the supply voltage. In general, the linearity obtained by
this method is somewhat less than that obtained by either of the last two
methods; also, the switching problem is often more difficult and the
restoration period is longer.

The “bootstrap” cathode-follower circuit is the primary example of
the use of positive and negative feedback. Fundamentally, in this
circuit a condenser is charged through a resistance from a supply voltage
which varies in such a way as to maintain a constant voltage across the
resistance. The cathode follower is a negative-feedback device, and
positive voltage feedback to the resistance maintains a constant charging
current. This is an excellent circuit for the generation of a linear s~veep
with a positive slope. By the addition of a compensating RC-network
the linearity is improved by as much as a factor of 5 and becomes almost
as good as that achieved with the best circuits employing negative
feedback.

All negative-feedback circuits—these include the phantastron and
sanatron—utilize the Miller effect, and the variations in these circuits
consist in the number of stages used in the amplifier and in the switching
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arrangements. Either positive- or negative-going linear sweeps can be
generated. The ability of this type of circuit to generate sweeps of
different amplitudes and durations is as great as that of the bootstrap
cathode-follower circuit, and the best linearities
and stabilities have been achieved with this
circuit. 1

DETAILED DISCUSSION OF METHODS OF
GENERATION

7.6. Condenser Charging through Resistor.—
The elemental method of charging or discharging
a condenser from a constant voltage source through
a resistor is shown in Fig. 7.2. The output volt-
age is an exponential sweep, whose first portion
is approximately a linear sweep (see Chap. 8 for

EPP

1

*“4-t=o

FIQ. 7.2.—Elementary
linear-sweep generator.

practical circuits). At t = O the switch is opened and, thereafter, until
the switch is closed again,

t——
i = IOC Ec (~ ~ 0)0

The voltage waveform is given by

‘ ),e. = E==(l — e–RY
and

de, 10 -+c
X=Ye “

Expressed in series form,

(1)

[
& (~/~f32 + (~/~c)3 _ . .e.= EPP— —— —2! 3! 1 (2)

If the total time of generation of the sweep (i.e., the time the switch
is open) is small compared to RC’, then the charging current will be
nearly constant during the charging period, and Eq. (2) can be written as

E
“=St’

(3)

which is the expression for a linear sweep. Equation (3) implies that
the maximum voltage of the generated waveform must be small compared
to the supply voltage EPP.

Expressions for slope and displacement errors are easily derived.

1See Sec. 2.6 for a discussion of the essential identity of the bootstrap and the
Millerfeedbacksweeps.
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For a total charging time h the ratio of the slope d~./dt at the end of the
charging period to that at the beginning is equal tol

il
=e ‘#C = 1 ‘cl.

z E PP

There follows an expression for displacement error measured with respect
to the straight line through the beginning point of the sweep with a
slope equal to the initial slope of the actual sweep. The error is expressed
as a percentage of the supply voltage, and

t
‘“xc – “

100 ~
PP “oo[-’n(’-*&l&l ‘4)

is plotted as a function of c,/EPP in Fig. 7.3. Other straight lines can be
chosen which provide a better fit to the exponential waveform.

ec
<

FIG. 7.3.—Percent displacement
error vs. e./EPP for circuitof Fig.
7.2. (The displacement error plot-
ted here is the deviation of the
exponential from (EPP/RJt, ex-
pressed as a percentage of E=P.)

In a p~actical circuit the imperfections
of the switch introduce certain limitations.
The nonzero impedance of the switch
~vhen closed rauses r, to be at a potential
somewhat greater than O for t S O, and,
since this potential varies with the effec-
tive forward resistance of the switch, both
the starting potential and initial slope
of the sweep are unstable. Furthermore,
the recovery time is usually determined
primarily by the forward resistance of the
switch through which C discharges. If
insufficient time is allowed for the dis-
charging process, the initial charging cur-
rent will depend on the state of discharge
of the condenser and will change with the
duty ratio. The allowable peak voltage
across the switch tvhen open places a

limitation on the maximum amplitude of the sweep, Finally, the finite
transition time of the switch results in additional transient phenomena
both at the start and at the finish of the sweep.

The most serious disadvantage in the simple method of charging a
condenser through a resistor from a fixed suppll- \-oltage is that the
linbarity is poor unless the sweep amplitude is restrirterf to a small
fraction of the supply voltage. An adrant age in this method is that,
since the circuit consists only of a resistor, a condenwr, and a switch, the

] Note that this is not the slope error defined in Sec. 72.

I

I
I

I

i

I
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recovery time is limited only by the imperfections of the switch and,
therefore, is generally superior to circuits using more elements. IMore-
over, this circuit can be used for as wide a range of sweep durations
ascanany other circuit. Themaximum amplitude isdetermined bythe
value of llPP and the allowable open circuit voltage across the switch.
l“erygood stabilities can be achieved. Theoutput impedance ises=n.
tially the parallel impedance of R and C (Fig. 7.2); the input requirement
is a gate to operate the switch.

A practical circuit k given in Sec. 84, Fig. 816. The sweep duration
is 300 psec and the amplitude is about one-third of EPP.

USE OF HIGH VARIATIONAL IMPEDANCE

7.6. Inductance in Series with Resistor.—By placing an inductance
in series with the charging resistor (Fig, 7.2), it is possible to obtain
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7 -

- $ -

L

6 I
1 I 1a-1 I ‘ec

1 I “l---

! – Switch apens
5 at t=O

@- , ~

c ~.$$ 1

et +
E;p

4
L= n=CR2

{

3 _ n=lo~ \

2 -

1

0
0 1 2 3 4 5678910
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FIG. 74.-Basic circuit and output waveforms for R, L, C linear sweep.

considerable improvement in linearity for a given ratio e./EPp. In
addition, an output voltage larger than the supply voltage can be obtained.
These effects are shown in Fig. 7.4, where the ratio e./EPP is plotted
against t/RC for clifferent values of n where n = L /CR2. The curve for
n = O corresponds to zero inductance and hence is the case discussed
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in Sec. 75. If R and C are given fixed values and the inductance is
increased, a sweep with better linearity and greater amplitude is obtained.
The curves of Fig. 74 are illustrated in Fig. 7.5 by a photograph of the
sweep outputi of an actual circuit.

The exact equations for the sweep voltage e, can be derived easily.
For sufficiently small values of t, a solution in the form of a power series
in tis useful:

E
“=st -

&, ts. (5)

The initial conditions assumed are e, = O and dec/dt = EpV/RC. The

L!) 5k ldoo
Timein p sec

FIG. 75.-A waveform photograph illus.
trating the curves of Fig. 7.4 for an actual
cmcuit. An inductance of 500 henrys and
three resistor and condenser combinations
each with a time constant of 500 wwc u ere
used. Waveforms are for n = O,0.5,1, and 2.

term in tarepresents the deviation
from linearity; it obviously de-
creases as L is made larger.

If the circuit is operated at
high repetition rates, initial con-
ditions differing from those men-
tioned above will apply. l$rith
an ideal switch e. is still O, but

de, E
Zt=o + i%: ‘ndeed’ ‘he ‘a~ue

of g.

()

i
dt t-o = ~ t-.

will vary with

the repetition rate at which the
sweep is being generated. The
initial value of current can be de-
termined from the equilibrium
equation, which asserts that the
decrease in current during the on
period of the sweep is equal to the

increase in current during the off period of the sweep, During the restora-
tion period the current is given by

‘=’+(%-’)’l-C-*)’
where i. is the current at the beginning of the restoration period, and
EPP/R is the eventual steady-state current which ~~illbe attained. Hence
there is associated with the restoration of the steady-state current a time
constant of L/R, Still it is not necessary to provide a restoration time
great compared to L R in order to establish approximately the initial
current EPP/R, because only that amount (EPP/R — i.) by which the cur-
rent at the beginning of the restoration period cliffers from EPP/R is
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being restored. A numerical example illustrating this point is given in
Fig. 7.8fol thecircuit of Fig. 77.

Voltage waveforms across the resistance of an RLC sweep circuit are
shown in Fig. 7.6. The lower waveform and upper waveform are for

Em
100 volts
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R 2.2 M
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& -10

L 500 h
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(Q W TimeinPsd (Q
=

(a) (b)

Fm. 76(a). -R,L, Ccir.uit used for waveforms of Fig. 7.6(b).
FIG. 7.6(b).—Current waveforms for R, L, Clinear sweep of Fig. 76(o). Upper and

lower waveforms m-e for operation at 750 cps and 2.50CPSrespectively. (..I change of +1
volt in voltage across R is equivalent to a change of –~ pamp through R.) L = 500h,
R =500k, C = 1000 p~f. Unfortunately an exponential display sweep was used.

operation at 250 cps and 750 Cpsj respectively. During the on period
of the sweep from LOto tl the current decreases. JVhen the switch is
closed at tl the current suddenly increases. This effect can be explained
by considering the capacity across the
inductance and the finite resistance of
the switch. It is apparent from a
comparison of the lower and upper
photographs that enough rest oration
time is not being allowed at the
750-cps repetition rate for the circuit
to establish the initial value of Epp/R.

A 300-ysec sweep of abaut 250
volts amplitude is obtained from the
circuit shown in Fig. 7.7. The value
of n for this circuit is about 25. A
linearity always better than 0.2 per
cent displacement error is predicted
by a calculation which takes into ac-
count the d-c resistance of the coil

Q
+ 250v

L=700h

c~=loo d

180k
RL=6k

R=105

+6sN7
ec

0.01

4 ‘-- 0.00275
300Ksec

Negative
gatem

+

FK~. 7.7.—A practical cmcuit of an
R, L, C linear sweep generator,

and the lumped value of the distributed capacity along the coil. For this
calculation the assumed straight line was the one drawn between the
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points of the actual sweep with abscissae of 50 ~sec and 200 psec. Accu-

rate experimental studies confirmed the theoretical prediction on linearity.

The way in which the initial current into C varies with the restoration

time is shown in Fig. 7.8. The on time of the sweep is 300 psec. This

calculation was made by equating the decrease in current during the

on period to the increase in current during the restoration period. It is

noticed that a change in duty ratio from ~ to & causes a decrease in

initial current of about ~~.

7.7. Vacuun-tube Variational Impedances.—High variational imped-
ances can be achieved with vacuum tubes and these can be used in linear

sweep generators. The variational plate resistance of a pentode is used
in the ‘‘ const ant current” pentode linear sweep circuit. Even higher and
more stable variational impedances can be achieved with certain current
feedback circuits—for example, the cascode triode circuit. The constant
current pentode circuit will be considered first.

2.2 -

2.1 / <
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“: ~,g “
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FIG. 7.8.—Calculated value of current
flowing into C of Fig. 7.7 when switch is
opened vs. restoration time. The on
period of the sweep is 300 psec. The
calculation assumed an ideal switch and
inductance.

times the pentode

In order for this. to

current is given by

The Constant-current Pentode.—
If a pentode tube is operated with
its plate potential above the” knee”
of the in, eP curves, its variational
plate resistance is high; that is, its
plate current varies only slightly
w-ith changes in plate potential.
This fact is made use of in the cir-
cuit shown in Fig. 7.9 in order to
charge C at an approximately con-
stant rate. Actually, the charging
current is an exponential function
of time, and it is the same current
that would be obtained by charging
the condenser through a resistance
equal to the variational plate resist-
ance rPof the pentode (~ 1 megohm)
from a voltage source equal to rP

plate current flowing during the quiescent period.
be true the assumption must be made that the plate

AE
ip = L, + —p>

S“p

where
io = plate current during quiescent period,
rP = variational plate resistance,

AEP = E, – E,,.
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It is then true that
t

- Gci= = i.e . (6)

Actually, since r. is dependent cm E,, this relation gives only approximate
results even when an average value of ~Pis employed.

Fairly good linearity can be obtained for a sweep whose amplitude
is a large fraction of the supply voltage. Thus, using a supply voltage
of 300 volts and a 6SJ7 with its screen grid at 100 volts and its control
grid at – 2 volts, a 200-volt sweep can be obtained for which the charging
current at the end of sweep differs by 4 per cent from the charging
current at the beginning of the sweep.

Often negative feedback is introduced by the insertion of an unby-
passed cathode resistance. Provided the screen to cathode potential
is maintained constant by the use of battery or condenser coupling the
variational impedance from the plate of the
pentode to ground is greatly increased and is
7P+ (p + I)R~, where RK is the cathode
resistante. Variational impedances of 1000
megohms can easily be achieved, but they
cannot be utilized fully due to the presence of
leakage resistance (perhaps 100 megohms).

If the screen potential is fixed relative to
ground or connected through a resistance to
the supply voltage, variational plate to ground
impedances approximately equal to rP are
obtained with cathode degeneration. The
reason that the higher variational impedance

.—

Em

Switch

0

opens at C
t=o

T-----ec

‘-F@-E
Y=

FIG. 7.9.—Constant cur-
rent pentode linear sweep
generator.

of I-P+ (p + I )R ~-is not obtained is ‘that although the insertion of RK

reduces the change of cathode current with change in plate-to-ground
potential, because of the redistribution of current between the plate and
screen, the use of RR does not appreciably reduce the change in plate
current.

Stabilization of the value of quiescent plate current is achieved
by the use of cathode degeneration whether or not the screen is boot-
strapped to the cathode. Typical stability data follow. For a 6SJ7
with a 100,000-ohm cathode resistance a 10 per cent change in filament
voltage results in a change in plate current of several tenths of one per
cent, and upon change of tubes the current has not been observed to
vary by more than + 0.5 per cent.

A linear sweep circuit of an astable, rapid-flyback type suitable
for oscilloscope use is shown in Fig. 7.10, in which VI is a gas-tube switch
and Vz is the constant-current pentode with cathode degeneration.
Skce the screen is not bootstrapped to the cathode, the cathode degen-
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eration stabilizes the ralue Of cathode current but does not improve the
sweep linearity. A negative sairtooth 1$-a~efortil ~rith an amplitude of
approximately 200 ~-olts iti obtained; the wnpiitudc can be changed by
changing the potential to ~~hirh the grid of 1“1is ret~lrned.

Triodes with Current F’ecdback.-–The variational impedance between
p~ate and ground for a triode n-ith cathode degeneration is r, + (LI+ 1)Rx.
For a 6SL7 tube with a 500-k cathode resistance and a +300-volt supply
a variational impedance of some 30 megohms is realized. For two triodes
in cascode as shown in Fig. 7.11 the Irariationai impedance from the plate
of Vz to ground is approximately (p + ljzRx. Using 6SL7’S and a

ML+ Synchmmz$ngRulses
+200 v +En,

5k

Synchromz!ng
control Ne@IWsawfooth

47 k output

m

K
v,

6s17 :5:

)00004 ~01
33k 22k<

(J ‘p~~ ~025
50k

(!05
— Fme frequency 0002

control

Iho. 7.10. -–Sweep generator using a
thyratron switch and a constant current
pentade. Frefluency from 5 to 50,000 cjm,

EPP

&

FIG. 71 1.—Two
triodes in cascode
used for achieving
high variational im.
pedance.

MO-k cathode resistor an impedance of about 1000 megohms is calcu-
lated; however, leakage resistance reduces the effective value. Troubles
due to heater-to-cathode leakage can he minimized by use of a sepa-
rate heater winding for tube VZ, which is at the same potential as the
cathode of Vz.

CIRCUITS INVOLVING POSITIVE AND NEGATIVE FEEDBACKS

By use of positive feedback a constant potential can be maintained
across a resistor through which a condenser is being charged. This is
achieved by the use of a unity-gain amplifier (ordinarily involving nega-
tive feedback), which takes its input signal from the condenser end of the
resistor and impresses its output signal at the supply end (Fig. 7 12).

More generally, if the amplifier has a gain S, an infinite input imped-
ance, and a zero output impedance,
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t(l–s) E -+(1-S)
i= IOe– Rc =—e

R
(?)?

E

“=l-s
(l _ ,-+(l-s)).

(8)

Hence by expansion

E

[

~_(l–s)t’ (l– S)’P
“ = Tc M’ %! + (RC)2 3! 1

——. . . . (9)

And, if S = 1, the current will be constant and the voltage e, will be a
linear function of time. If S # 1,

function of time with a positive or

negative first derivative depending

on whether S is greater than or less

than unity; the voltage waveform

will also be an exponential function

of time. The effect of the positive

feedback is the same as that which

w’ould be achieved by charging

the condenser through a resistor

1/(1 – $) times as large as R from
a supply voltage 1/(1 — $) times
as large as EPP.

7.8. Use of the Cathode Fol-
lower.—A cathode-follower type of
amplifier is most commonly used.

the current will be an exponential

“+”) +E~

i
1$

R

Unity
● gain

‘b

+ —

Switch
amplifier

psns a~ C ●

t=o

=

FIG. 7.12,—Method of generating a linear
sweep using positive feedback.

It provides a nearly unity gain, a high input impedance, a low outpui
impedance, and a wide bandwidth (Vol. 18). The differential gain of a
cathode follower with a resistive load impedance RK is

S=$=
pRK

Rp + (Y + l)R~’
(lo)

where
p = amplification factor of tube, and

r~ = dynamic plate resistance of tube.
If (p + l)Rx >> R,, S = ~/(~ + ~). Since the IJof a tube is almost con-
stant over wide ranges of operating conditions, the gain of the cathode
follower is rather independent of the operating condition. A medium-~
triode such as a 6SN7 with P of 20 has a ratio Y/(~ + 1) = 0.95. High-p
triodes and pentodes can be used to achieve unity gain even more closely.
For example, a 6AC7 with a 50,000-ohm load resistance, with its screen
bypassed to the cathode and with E,, = 300 volts, gives a gain of 0.995
over a 150-volt plate swing.
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Several possible circuit arrangements are illustrated in Figs. 7“13,
7.14, 715, and 716. .4 battery or floating power supply is required in

E the circuit shown in Fig. 713.
PP

In Fig. 7“14 the potential lev-

EO+ SeC E els in the quiescent period are
correctly maintained by use of the
capacity CD and the resistor RD.

i If no current is flowing into the
condenser CD at the time the
switch is opened, the initial cur-

Switch rent into -C is EPp/(R + R~). If
opens at

t=o
the cathode follower has a unity
gain and the condenser c. does
not discharge appreciably during
the period of the sweep, this ini-

Eo=Ek~E =
tial current into C will be main-

Fm. 7.13.—Methodof generatingalinear tained. The condenser CD will
sweep using a cathode follower to achieve not discharge appreciably pro-
positivefeedback. vialed CD>> C, and provided the
time constants R~C D and RCD are large compared to the duration of
the sweep. Quantitative relationships can be readily worked out. This
form of the circuit is sensitive to variations in the repetition frequency
of generation of the sawtooth
waveform. The initial current

EPP

flowing into the condenser can be
computed for any particular rep-
etition frequency of generation
of the sweep by-equating the loss
in charge of CD during the sweep i
generation period to the gain in
charge of CD during the restora-
tion period. Figure 7.17a illus- Switch

opens at
trates the change in slope of the t=o
linear sweep when the repetition
frequency is varied.

A circuit arrangement which -L=
is less sensitive to repetition-fre- FIG, 7,14.—A variation of Fig. 7.13

which avoids the use of the battery orquency changes and permits a ~OatingPOW,,SUpPIY.
larger sweep amplitude is shown
in Fig. 7.15. Figure 7. 17b illustrates the smaller repetition-frequency
sensitivity of this circuit. Here the resistor R~ is replaced by a diode
which serves to set the initial voltage at the supply end of the charging
resistor at essentially the supply potential EPP. After the switch is opened,
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the waveform from the output of the cathode follower raises the potential
at the cathode of the diode above ETP, so that the diode becomes non-
conducting. The total charging current then flows through the coupling
condenser CD, reducing its charge.
CD should he large enough to
ensure that this 10SSof charge does
not appreciably decrease the volt-
age across it. When the switch
is closed C is discharged instan-
taneously to ground potential.
Condenser C. recharges through
the diode and R.. The cathode
follower may or may not be cut
off during the early part of the
recovery period, depending upon
how much the potential across CD

was reduced during the sweep
period.

For this circuit as well as for
that of Fig. 7.14 repetition-fre-
quency sensitivity is present
(though it is too small to be seen
in Fig. 7.17b) because of the ne-

If a linear sweep is to be generated,

~

‘i

Switch
opens at

t=o

_J-
=

Fm. 7. 15.—A variation of Fig. 7.14
which is less sensitive to changes in the
repetition frequency of generation of the
sawtooth wa~eform.

cessity to recharge CD during the off period of the sweep. The initial cur-
rent flowing into condenser C for any particular repetition frequency of
generation of the sweep is

()cE R. — e-r%”
‘“ CD

“=& D-– R+RD
(11)

, [1 – (e-+.)]’

where
il = initial current flowing into condenser C,

RD = static resistance of diode, assumed constant,

( R.
r

)[

E.(P + 1)
‘R” l–R+% 1

‘+RK l–~, +(M+I)RK’

E. = amplitude of sweep voltage,
R,, ~ are constants of the cathode-follower tube, and

r = duration of restoration period.
(The other quantities are defined in Fig. 7.15.) This equation was
derived by equating the charge lost by the condenser C. during the sweep-
generation period to the charge gained by this condenser during the
restoration period. It assumes that the cathode-follower current can be
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represented by iP = (Ep + PEg)/RP, and hence is not applicable if the
cathode follower is cut off during the early portion of the restoration
period. If the diode forward resistance RD is zero, the initial current i]
is independent of recovery time; otherwise, it is apparent that il increases
as the restoration period 7 is increased. If the time constant RC is to have
a fixed value, it is desirable to make R as large as possible and C as small
as possible in order to minimize the percentage change of il with r. From
the point of view of minimizing the change in il due to change in r there
is an optimum value of CD for any given values of the other parameters.
It is usually desirable to make Rx and R. small and g- large. Some
advantage is often achieved by returning RK to a negative potential.

In Fig. 7.16 the cathode follower feeds the charging circuit directly,
its grid input being capacitively coupled by CD to the point at which the

Switch
opens at

t=o

-1-=
FIG. 7.16.—Another variation of Fig, 7,12.

linear sweep e. appears. The
diode and the voltage divider
help to determine the potential
levels in the quiescent condition
of the circuit. This circuit per-
mits the use of a smaller coupling
condenser CDthan does the circuit
of Fig. 7.15, since the only dis-
charging in this case is through
Ro, which can ordinarily be made
as large as about one megohm
before grid current affects the ac-
curacy. To a first approximation
the repetition-frequency sensi-
tivity of this circuit is independent
both of the values of R and C and

of the properties of the cathode follower. If a sufficiently low-resistance
voltage divider can be used, this circuit can be designed to be much less
sensitive to repetition-frequency changes than the circuits of Figs. 7“13
or 7.15.

Two examples of astable linear-sweep generators are shown in Figs.
7.18 and 7.19. As indicated in these figures, synchronizing pulses can be
used but synchronization is possible over only a narrow range. The
sweeps are of only moderate linearity, the displacement errors being at
most about 2 or 3 per cent. Push-pull sweeps suitable for display pur-
poses on a cathode ray oscilloscope are obtained from the circuit shown
in Fig. 7.18. The gas-filled tube VI serves as the ~witch and the saw-
tooth-waveform generator proper is of the form of Fig. 7“14, VM being
the cathode follower. The output of the inverter stage V2b is a negative
sawtooth waveform of an amplitude approximately equal to that of
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the positive sawtooth waveform from the V2~cathode (see Chap. 2). The
maximum amplitude of the sawtooth waveform is about 150 volts. The
circuit can operate from repetition frequencies of a few cycles per second
up to about 50 kc/see with the upper frequency limit set by the deioniza-
tion time of the gas tube. Flybacks that last for only several per cent
of the repetition period are obtained.

In Fig. 7.19 the blocking oscillator V,5 (Chap. 6) is the switch and the
sawtooth-waveform generator is essentially of the type of Fig. 7.16 in
which VZ~is the cathode follower and the .triode v2breplacesthediode.
A sawtooth waveform of about 100 volts amplitude is obtained. The

(a) (b)
Fm. 7.17(a) .—The change in slope of the linear sweep frOm the circuit Of Fig. 7.14

when repetition frequency is varied. Sweep duration = 650 psec. Repetition frequency
of lower sweep is 1040 CPS;that of upper sweep is 260 CPS.

FIG. 7.17(b) .—The change in slope of the linear sweep from the circuit of ~lg. 7.15 when
repetition frequency is varied. Sweep duration and repetition frequencies same as for
Fig. 7.17(a). Sweeps have been displaced so their slopes can be more readily studied.

upper repetition-frequency limit is considerably higher for this circuit than
for that of Fig. 7.18 since a blocking oscillator switch is used (N l-psec
flyback time is achievable with an 0A18 transformer).

A single-stroke push-pull linear-sweep generator is shown in Fig. 7.20.
The switch VI is chosen to be a pentode in order to minimize the capacity
coupling of the input gating waveform at the grid of VI to the output
at the plate of V1. The tube Vz is a pentode cathode follower and VS is a
paraphase amplifier. Push-pull output of 200 volts with a linearity of
about one per cent, expressed in terms of displacement errors, is obtained.
The push-pull output is shown connected to the CRT horizontal plates,
whose centering control is the grid return of Vt. The minimum sweep
duration of approximately 1 psec is obtained when the stray and tube
capacities serve as C. (It should be noted that it is bad practice to have
stray and tube capacities a large portion of C because the value of C is
then not well defined.)

Figure 7.21 illustrates a single-stroke circuit in which the gating
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+ 300 Votta

positivesyn

-150 Voh

~: 864
~: 6SN7GT

Freq. range =4. 15,000 cps

7.18. —Astable linear sweep generator using cathode-follower positive feedback and a
gas-tube switch.
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Fm. 7.19.—Astable linear sweep generator using cathode-follower positive feedback and a
blocking oscillator switch. VI and V2 are 6SN7 tubes.
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waveform is derived from the sawtooth-waveform generator. This
circuit can be so adjusted that the gate ends when the sawtooth waveform
reaches a particular amplitude, and this property is sometimes of value.
In the quiescent condition the switch tube V,. is conducting and vlb
is biased beyond cutoff. A positive trigger pulse applied to the grid

+300V

0.1
*(-

l-r

—

lM

—

1.0 1.0
10k(b

10k

820 k

+ Ir
iAc7

v,
---&!l), 0—. c ‘%00375---

I~r ;300 \
##f 800 .0075

ppf
I

1 100k

50 k ● I
-150V

Fsa. 7,20.—High speed single-stroke synchroscope sweep using cathode-follower positive
feedback and paraphase inverter.

+ 250V

68 k

39#/.Lf

Positive
trigger
pulse
input 5.6 k

+

FXQ.7.21.—Medium precision single-stroke sawtooth generator

\

Low
impedance

output

47 k

A
-150V

with self-gating feature.
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of VI. renders Vlb nonconducting and the current that was flowing
throtigh the switch tube flows through C and RI. The resulting positive
jump in potential at the grid of VI. is amplified by VI., and the drop in
potential at the plate of Vlb serves to hold off the switch tube Vlb. The
switch tube will again conduct, either because the current through R 1
has decreased appreciably, as it does when the sawtooth-waveform ampli-
tude becomes so large that the cathode follower Vs is operating near zero
bias, or because G’zhas discharged sufficiently through R,, as it does if the
time constant RJ7Z is small enough. Sometimes both of these effects
are important. The turning on of VM is a quick-acting regenerative
process. After C has been discharged, the circuit is restored to its
quiescent condition, and will remain in this condition until another
trigger appears.

The sweep generator is essentially the circuit shown in Fig. 7“15. A
pentode cathode follower Vi is used, and its screen supply resistor is
connected to the cathode of diode Vz, thereby reducing somewhat the
variation of screen potential with changing duty ratio. The output
waveform is trapezoidal rather than triangular because the presence of
R, causes a jump in potential at t = O. The initial potential jump is
about 12 volts in amplitude and the sawtooth-waveform amplitude is
about 125 volts. Often this initial potential jump is not troublesome
and sometimes it is even desired in order to generate a trapezoidal wave-
form (Chap. 8).

7.9. A Cathode-follower Circuit with a Compensating Network.-A
considerable improvement in linearity can be achieved by the use of the
auxiliary network R’, C“, as shown in Fig. 7“22. The condenser C of
Fig. 715 is separated into two condensers, C’ and C“, which are connected
in series and are ordinarily about equal in value. A connection is made
from their junction through a series resistor R’ to the output of the cathode
follower. It is possible to adjust R’ so as to obtain a waveform that can
be expressed as e.(t) = K,t + Kd3 + o . . , and it is by virtue of the
elimination of the term in tzthat this circuit achieves its greater linearity.
A diode is placed across R’ to help maintain proper initial conditions
independent of duty ratio. The diode does not conduct during the sweep
period, but during the restoration period it provides a lower impedance
path than does R’ for the discharge of condensers C’ and C“.

Qualitatively the action can be understood in the following way.
Since the amount of current passing into C’ and C“ when the resistor R’
is not present is a decreasing function of time, the voltage e. has a decreas-
ing rate of change. When R’ is inserted, the amount of current passing
into C“ through R’ is an increasing function of time and therefore the
potential across C“ due to this current has an increasing rate of change.
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If R’is sufficiently small, apotential e.witha positive second derivative
is obtained, but if R’ is very large e. has a negative second derivative.
Hence it is reasonable to expect that if the correct value of R’ is chosen
a potential e. with a zero second derivative is obtained—and this result is
actually possible.

EPP

7-CD

t-

R

cc

R’

=

Switch c
opens A
at~=o c“

= i

..-

Rk

–Ekk

FI~. 7.22.—Second order compensation added to cathode-follower positive-feedback saw-
tooth generator.

The differential equation for the voltage across the condenser is

E,
= RC!R!C,!”

The initial conditions taken are

eC=O
and

de, E,
z= RC’C” “

c, +C,,

A useful form of solution for e. iseasily obtained by the use of Laplace
transforms or by a series solution of the differential equationl

e,.= Xlt+K-2~’x’ p+aiz’- a~~’-zCp+ p,..., (~~)

1V. W, Hughes, “A Range Measuring System Using an RC Linear Sweep, ”
NDRC 14-540, M.1.T. Radiation Laboratory, Sept. 18, 1944.
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where

x, =
E.

~ Clcl!
fjl! + Crl

K= “~c,~lcl!

“=(: F3\+’a’&

\ —)
(y + c,,

1–s 1–s
az = EC! EICI! + R! C!!RC2”

The virtue of the auxiliary network is that
eliminated by setting

K – a,Xl = O.

the term in tz can be

This relation is satisfied if

~clcl!

RI =
(y + C/r 1 C’($j– 1) + Sc”

RC,C,, Cl + Cll cl, J (13)

C, + c,,
(1 – s) + ~c,

and in this case

~c=x’(’+’)
A practical circuit utilizing the compensating network is shown in

Fig. 7.23.1 Tube VI supplies the gate to the switch tube V2a. The
linear-sweep generator is exactly similar in form to that of Fig. 7“22
except for the inclusion of the resistance R2, which was found experi-
mentally to improve the linearity near the start of the sweep. A sweep
with an amplitude of about 125 volts and a duration of about 120 jtsec
is obtained from the cathode or grid of Via. A linearity of 0.1 per cent
in terms of displacement error is obtained over the range from about
2 psec to 120 psec. If the sweep voltage is taken at the grid of the
cathode follower Vi., the change in voltage at about 5 psec after the start
of the sweep (zero shift) is about 0.03 per cent of the maximum sweep
voltage for a 10 per cent change in the filament voltage of all tubes, and

IThe circuit of Fig. 7.23 has been designedon the basis of the theory discussed
above, eventhoughthe linearityachievedby the circuitis so good that theassumption
that this theorymakes,i.e., that the cathodefollowerhas a constantgain, becomesof
doubtful validity. However, the experimental results agree very well with the
theory.
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the change in voltage near the end of the sweep is about 0.15 per cent
for thk same change in filament voltage. The slope of the linear sweep
is, of course, proportional to the value of ED=. At all points of the linear
sweep the change in voltage produced by a repetition rate change from
200 cps to 2400 cps is less than 0.1 per cent of the maximum sweep volt-
sge. .Microphonics corresponding to slight tapping of the tubes seldom
cause a change of the sweep voltage at any point of the sweep by more
than a few tenths of one per cent of the maximum sweep voltage.

The component values have been chosen so that no point of the sweep
changes in voltage by more than 0.3 per cent of the maximum voltage

+400v

#

(unregulated)

L
r I!E!%
4- ~a= 3~6 ~b=~6SN7 b~u=~6SN7

~ . 6SN7
—

~a= *6SN7

Fm. 7.23.—A 120-~sec bootstrap linear sweep with a compensating network.

when the temperature of the surroundings are changed from —10°C to
+75°. This is achieved primarily by choosing R and C so that the
RC product is independent of temperature. A Nichrome wire-wound
IRC resistor, WW-1, with a temperature coefficient of 0.017 per cent
per ‘C was chosen for R, and both C’ and C“ were a combination of
ceramicon condensers manufactured by Erie Resistor Company. This
combination has a temperature coefficient of – 0.023 per cent per “C and
includes a 500-~pf condenser with a temperature coefficient of – 0.047
per cent per ‘C, a 300-ppf condenser with a temperature coefficient of
–0.015 per cent per “C and a 400-ppf condenser with a zero temperature
coefficient. The magnitude of the temperature coefficient of the con-
denser combination equals that of the resistor within the specifications
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allowed on temperature coefficients. Of less importance is the necessity

to keep the coefficient (K – a,zJ/2 of the tzterm in Eq. (12) equal to
zero for the entire temperature range encountered. The relations that
must exist between the temperature coefficients of the various compo-
nents to satisfy this latter condition as well can be readily determined. 1
In this circuit a wire-wound resistor with a temperature coefficient of
0.02 per cent per ‘C was used for R’, and a mica condenser was used
for Cz.

The data on linearity and heater voltage sensitivity apply only if
the sweep is taken from the grid of the cathode-follower tube Via. Some-
times it is desirable to use the sweep from the cathode of the cathode
follower, because of the lower outmut im~edance. It is then necessarv

&

RI

Rk

v
FXQ.7,24.—A variation of Fig. 7.16 capable
of producing a highly precise linear sweep.

to ~eadjust R’, which has been
chosen to give the most linear sweep
possible at the grid, in order to ob-
tain the most linear sweep possible
at the cathode. The heater-volb
age sensitivity of the zero point of
the sweep is greater when the out-
put is taken from the cathode.
This variation maybe several tenths
of a volt for a 10 per cent variation
in filament voltage.

A variation of Fig. 7.16, which
involves a compensating effect, and
which can be designed to yield an
output voltage of the form

e. = Klt + K3F,

provided the cathode follower is assumed to have a constant gain, is
shown in Fig. 7“24. The series combination RI and Rz corresponds to R
of Fig. 7.16.

CIRCUITS INVOLVINGNEGATIVE FEEDBACK

7s10. General Theory and Classification.-The Miller integrator
circuit (Chaps. 2, 5 and 19) is the basic element of the linear-sweep gener-
ators employing negative feedback. The many variations of this type
of circuit differ with regard to the switching method employed and the
complexity of the amplifier. Among the possible variations of this class
of linear-sweep generators are the single- and multiple-tube externally
gated linear-sweep generators, the screen-coupled phantastron, the
sanatron, and the phantastron.

I Hughes,op. m“t.
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Miller Integrator Circuit.—An idealized ,Miller integrator circuit is
shown in Fig. 7.25a. We assume that the amplifier has an infinite input
impedance, a zero output impedance, and a constant gain A, where A

Switch
opans
att=O

(a)

EPP

T
R

@

ec C
—

In Amp Out

(b)

EPP

+

R

e, (1-AjC
Eoti

Equivalent to ~ -A ee

Switch
opens In AmpO
att=O

Input impedance of amp = m
Output impedance of amp* O

Amp voltage gain =A

FIG. 7.25.—Basic negative-feedback linear-sweep generator.

is a negative real number. It is easily seen that

11~, = Aec = AEPP[l – e-(l-;)Rc],

and if

(14)

RC(lt– A) ‘<1’

A

[
~+

tz
‘out E ‘“ 1 – A RC +

12(1 – A)RPW “ “ “ ‘
(15)

t
‘“b= –E’”iw for IA] large. (16)

Clearly, the higher the gain A, the more linear will be the sweep. For
this circuit the ratio of the term in tz to the term in t is 1/(1 – A) times
the same ratio for the circuit in which C is discharged through R from
– E,,, although the amplitude of the term in t is approximately the same
for the two circuits. Since the value of A cancels out of the final result to
a first approximation, it need not be constant as a function of time or of
input voltage.

Another circuit yielding an output voltage of the form of Eq. (14)
is kdicated in Fig. 7.25b. A condenser of value (1 – A)C is charged
through R from EPP and the voltage across this condenser is amplified
by A. This circuit is not recommended as an alternative method,
because of the dificulty of generating a sweep at a low voltage level, but
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is presented merely to indicate the relation of the Miller feedback circuit
to the exponential generation discussed in Sec. 75.

Types o.f Genmakws.-T’he classification of the various types of
negative-feedback sawtooth-waveform generators can be made on the
basis of two properties: (1) the tYPe of amplifier and (2) the type of
switching arrangement. The single-tube amplifier is most common.
For the achievement of high linearity a pentode with a resistive load
impedance is normally employed; even higher gain can be ach~eved by
the use of a load impedance consisting of a resistance and an inductance
in series. A three-stage amplifier is also of value when a very high gain is
desired. Circuits of both the m.table and rnonostable types can be
designed; this discussion will be mainly of monostable or single-stroke
types. The multitube amplifier is usually gated by applying a pulse
to the grid of the first stage. The single-tube amplifier is often gated in
thk way, but, if a pentode is employed, gating on the suppressor grid is
common. Several circuits using suppressor-grid gating generate their
own gate waveform after a trigger is applied to them. The sanatron
does this by the use of an additional tube, and the phantastron accomp-
lishes it in its own cathode or screen circuit (see Chap. 5).

In general, the linearity of the sweep is not appreciably affected by
the switching arrangement used; the starting characteristics and the
restoration time, however, are affected. Wb.en a single-tube pentode
amplifier with a resistive load impedance is used, linearities of about
0.1 per cent, measured in terms of displacement errors, have been achieved
for a sweep with an amplitude of about one-half the supply voltage. For
a multitube amplifier or for a single pentode amplifier with a load imped-
ance consisting of a resistance and inductance in series, linearities close
to 0.01 per cent can be achieved. ~

7.11. Single-stage AmpMer Circuits, Externally Gated.—T’he linear-
sweep generator which employs a single-amplifier tube and is gated on
its control grid is perhaps the simplest circuit of this type. Figure 7“26
illustrates such a circuit. The resistor AL is inserted in order to minimize
the positive jump which would otherwise occur in the plate potential
when the switch is opened. The value of Rc required to avoid this
transient in the output potential is approximately l/g~, provided the
amplifier was not biased off initially. The output waveform will be a
trapezoid if R Gis larger than this. %

An example of a practical circuit of this type is shown in Fig. 7“27.

I Positive feedback to the top of the charging resistor can be used in any of the
MiUer feedback sweeps. This feedback can Partially compensate fOr the rise in grid
potential of the Miller tube, which always Occurs aS a result of limited amP1ifier gain,
end it has been used successfully in high-precision circuits (= 0.1 per cent liearit y).

z See Fig. 7.33 and section 7.13.
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This is an inexpensive, monostable push-pull time-base generator for
driving an electrostatic cathode-ray tube. Basically it is the circuit of
Fig. 7“26 with the addition of a switching tube V, and an inverter tube
V% It is capable of generating up to 400 volts push-pull output with
a 400-volt supply and is sufficiently linear for almost any visual use.
The condenser C controls the slope of the linear sweeps. Of course, the

, triode is not as suitable as the pentode for ~
precision linear sweeps. w

@

To reduce the recovery time of the cir- ~ R~
cuit of Fig. 7“26, which is mainly the time c RC
required for C to recharge through R. and output

Rc, a cathode follower is often employed as ---
shown in Fig. 7.28. The cathode follower

------ E92

changes the important recharging time
constant of Fig. 7.26, RLC, to RLcs, where
Cs is the sum of the stray capacity from {

- E91
plate to ground of the amplifier tube and

FIG. 7.26.—Lineaz sweep gener-
of the input capacity to the cathode fol- ~tO, ~~lok .mPIOY, * ~inde
lower. This reduces the restoration time amplifier stage and is gated on its

by a large factor provided the cathode fol- cOntrO1‘id”
lower can supply sufficient current. The use of the cathode follower
eliminates the need for the resistor Ro. The cathode follower can be used
in this way to reduce restoration time in many of the circuits described
in this section (see Chap. 5).

&ppressor-grid Gating.-Suppressor-grid switching of the amplifier
tube is often useful because the switching circuit can be isolated from

FIG.

Epp + 400 volts

lM Positive

Negative
C 7.5 k

gate I,o
in

7.27.—Inexpensive push-pull monostable sawtooth generator using negative feedback.

critical biasing circuits. Figure 7.29 shows the basic circuit and associated
waveforms; Vz is the Miller integrator tube and VI is the switch tube.
In the quiescent condition VI draws grid current via R,. Because of the
resulting low potential of the plate of VI, the suppressor of Vz is held
negative relative to its “cathode-often in practice by about 100 volts.
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The tube Vz draws grid current via R~, which is connected to a positive
voltage EL; the cathode current of Vz flows to the screen since the negative
suppressor to cathode voltage cuts off substantially all anode current.

EPP

T T T

R

m

RL

---

c J c,
.-A--

------ E___ 9~

{

Rk

Fm. 7.28.—UfJe of cathode follower with
negative-feedback sawtooth generator.

The space current in VZ is con-
trolled by R, to a value such that
the screen wattage is not excessive.
Since the potential E, applied to V, ,
is assumed to be less than EP=, VS
is conducting a current 10 approxi-
mately equal to (EPP – El)/RT.
The condenser C, is charged to
a voltage approximately equal to
E,.

Application of a negative trig-
gering pulse to point PI cuts off VI
because during the pulse the con-
denser C, is discharged via V,.

After the pulse is over, Vs is cut off and the recharging of C, can take place
only via R,. When V, is cut off, the suppressor of V, is brought to ground
level so that the plate of the latter tube is rendered conductive. In practice

Inductance ~
can be
inserted
between x

xx

—

V3 v,
~

~ ,
P, =‘c,

R]

&
Fm. 7.29.—A suppressor-gated, negative-feedback linear-sweep generator and its wave-

forms.

it is convenient to choose the network R4, Rb, Re so that the suppressor of
Vz would assume a positive potential during this period if its upper
excursion were not limited to ground level by the diode VA Since the
anode current that flows at t = O is designed to be greater than the
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current Io that was flowing in diode Ve in the quiescent period, V6
cuts off and the anode potential of V1 falls. Since C~ cannot lose its
charge instantaneously, any fall in the plate potential of Vz will be
transferred to the control grid. An equilibrium condition will rapidly
result such that the anode current is in excess of I. by an amount which.
when multiplied by RT, gives rise to an increase in grid bias appropriate
for this new operating condition of the tube. The cathode current will
be much less for the new operating condition than it was for the quiescent
operating condition. The initial fall e in plate potential at t = O is
often about 3 volts. This rapid initial fall merges rapidly into a decrease
of anode potential which is a linear function of time.

For the analysis of the linear downward sweep Eq. (14) applies.
The control grid of Vz is now at a voltage of – e + eo = – e’, where eo is
the quiescen~ control-grid potential. T~us the effective voltage applied
to R9 will be (EL + e’) = E;. If the potential by which the anode
has moved from its starting level by time t (neglecting the rapid initial
drop) is denoted by E and if the tube gain, assumed constant, is denoted
by A, the grid will have moved – E/A volts. Hence, by Eq. (14),

‘= -AE’{’-exp[-&(A +l)ll

The sweep is terminated when the plate potential reaches the value E2,
where it is held by the diode V5. The quiescent condition is restored
after VI turns on.

An Inductance in Plate Load.-A higher gain for the amplifier, and,
hence, a greater linearity for the sweep, can often be achieved by the use
of an inductance as well as a resistance in the plate circuit. The magni-
tude of the improvement is easily related to the values of the circuit
parameters.

Suppose that a pentode amplifier is being used. Then the chango
in plate current is to a good approximation g~AE~. Suppose further
that the sawtooth waveform is of amplitude AE at the plate of the pen-
tode. As is evident from our previous analysis, the sweep would be
perfectly linear if the grid potential did not change during the sweep,
because in this case a constant current would be discharging the con-
denser Cz of Fig. 7.29. The change in grid voltage is necessary in order
to allow the change in plate current which corresponds to A—?-that is,

Ai= = AIL + AI=,

where 1. is the current which is discharging the condenser and IL is the
current through the plate-load impedance. The discharge current 1, is
substantially constant. Suppose that the change in voltage at the
plate is expressible as AE . t/T, where T is the duration of the sweep.
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Then, if the plate-load impedance consists of R and L in series, it is easy
to show that the change in I. from t = O to t = 2’ is

[
AI.=* l–~T(l–e -~)].

If the load impedance were simply a resistance R, the change in current
would be AE/R. The ratio of AE/R to U L is the increase in effective
gain achieved by inserting the inductance L in the plate circuit. This
ratio is

1
~T 1

l–R~T(l–e ~)

which becomes for L/R >> T

z L~R.
T

Therefore, when L/R can be made >> T, a considerable improvement in
the linearity of the sweep can be achieved by the insertion of the induc-
tance L in the plate circuit. A practical example will be given in Sec.
7.13.

7.12. Multistage Ampli.6er Circuits, Externally Gated.—An externally
gated Miller sweep generator using a multistage amplifier is shown in

FIG. 7.30.—Gated, multistage amplifier Miller sweep generator. Sweep duration is
approximately 0.7 RC.

Fig. 7.30. The amplifier, which consists of two triode stages and one
pentode stage, has a sufficiently high gain so that the nonlinearity of the
sweep is less than 0.02 per cent (displacement error). The input grid
of the amplifier is clamped except during the sweep generation.

A positive sweep is obtained at the output since the charging resistor
is connected to the negative supply voltage. The output from the
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pentode amplifier stage is taken through a CR level charger and diode in
order that the initial level of the eventual output waveform shall depend
on the clamping action of a diode rather than on the d-c characteristics
of an amplifier. The amplitude of the triangular waveform is approxi-
mately 120 volts, its duration is 350 psec and its recurrence frequency is
1000 times per second. Since the time constants of the circuit are
sufficiently small, the transients decay to less than A of their initial
amplitude during recovery.

The feedback amplifier has a gain of 2000 or 3000 at 1000 cps and its
phase and amplitude characteristics are such that the amplifier is stable.
The high-frequency cutoff occurs with an attenuation of 6 db per octave
from 4 kc/see to 88 kc/see, followed by more rapid rate of attenuation
which continues to a frequency slightly below that for which the loop
gain equals unity. At frequencies for which the loop gain is less than
unity there is a more rapid rate of increase of attenuation. Low-fre-
quency stabilization is affected by the clamping of the circuit at the
repetition frequency. It will be noticed that several RC-networks not
included in ordinary RC-coupled amplifiers are employed; these are for
the purpose of stabilization against oscillations.

Stability, not nonlinearity, is the primary source of inaccuracy in
this circuit. The 6SU7 is used for the first stage because stable gain and
low-grid current are necessary. The slope stability is improved if the
charging resistor is returned to a larger supply voltage, because then
instabilities in the switch (a double-diode type is used) are less trouble-
some. Slope instability is directly proportional to the instability of the
negative supply voltage. The zero level of the triangular waveform is
dependent upon the clamping action of the output diode and may vary
by several tenths of a volt.

7.13. Internally Gated Circuits. The Sanatron.—The sanatron is a
variation of the suppressor-gated Miller linear-sweep generator which
itself produces the waveform employed for the suppressor gating by the
use of an additional tube. Thus it is assured that the durations of the
linear sweep and of the suppressor gate are equal. The component
values given for the circuit of Fig. 7“31 represent a typical operating
condition, for which a 200-volt sweep of 20-psec duration is obtained
from the plate of V2. Sweep speeds from 1 volt/see to 50 volts/psec
or higher can readily be obtained with a circuit of this type. Without
an inductance a linearity corresponding to a gain of about 100 is obtained
with this particular circuit; with L = 20 henrys the gain is increased to
about 4000.

A detailed description of the operation of the circuit follows. In the
quiescent condition V, is conducting and plate current in V, is cut off by
suppressor-to-cathode bias. A negative trigger pulse of amplitude
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greater than 6 volts is applied to P,. The precise amplitude of the trigger
is unimportant and, in any case, it is limited to 6 volts by diode VE.

This pulse cuts off ~, so that the suppressor to cathode bias of V2 is
reduced to zero. Also the pulse causes a drop in potential at the point

P3 in the anode load of Vz which in turn cuts off Vi. Hence the initial

drop in potential at the plate of V, due to the trigger is increased, since

.gL (+’JJ3v)

EPP

R3 R4
25 k 25 k

—
(+300 v)

1

RS
?5k

R,l
2k

P2
e’ ‘

P]

@

FIG.7.31.—Sanatron linear-sweep generator. The tubes are British tube types. Tube
V, is a VR116 tube.

the quiescent current (l?== – lJJ/117 = 50 v/25 k = 2 ma is diverted

througli R,,. Moreover, the discharge current of C2, which is

~L=lma
R, ‘

begins to flow through this resistance, and the anode of Vz falls 6 volts
below P3. This drop in potential at the anode of VZ, which is about
9 volts, is applied via Cs to the grid of VI and maintains V, cut off for a
short time after the triggering instant.

A linear fall in potential at Ps now commences. This fall is applied
via El, t,o one end of Ca and the current flowing in Cs will be

where dE/dt is the rate of change of potential at P3. Since only + 1 ma
flows through R,O, 0.25 ma must flow via VE,;hence V, remains cut off
during the sweep with its grid at —6 volts. During the sweep the circuit
is therefore in a stable condition and Cz continues to discharge.
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When the potential at P3 reaches E,, the clamping of the potential

at Pa by Va allows the grid of VI to rise until it is conducting current.

The resulting drop in potential at the plate of VI results in a negative

bias between suppressor and cathode of V2 which cuts off plate current

in V2 and raises the grid of VI so that a regenerative transition occurs.
Since negative feedback between plate and grid of V, is now stopped, the
potential of the grid of V,rises until grid current flows. When the plate
of V2 has risen to El by the process of charging Cz through LI and R7, the

quiescent conditions will have been reestablished.

+ 300volts

56 k

R
V,. V* (lM)

r

Neg.
trigger

puke in 1151k

1 #f 1&f
5.6 k

t“

1 1 I J L 1 1

4 t+ +
Negatwe Negative Positive
sawtooth gate

(with step)
gate

out out
out

FIG, 732.-Cathode-coupIed phantastron.

Times associated with the recovery process can be estimated as
follows. First, it is not until the grid of V, is at about –3 volts that the
regenerative process is well under way. This condition is reached about
0.4 ~sec after the cessation of the sweep, since the motion of this grid is
due to the 1 ma flowing into C~ which results in a rate of change of poten-
tial of 8 volts/psec. The longest portion of the recovery time is that
required to recharge (72through R7 and L1. The condenser CSis employed
to avoid loss of speed in the transitions from the quiescent to the operat-
ing state and vice versa.

Phantastr-ons.-Of the two principal types of phantastron circuit—
the cathode-coupled phantastron and the screen-coupled phantastron—
the former is sometimes less suitable as a linear sweep generator than the
circuits already discussed because in its output there is a larger initial
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jump in potential than there is in the outputs of the other circuits. Its
principal virtue lies in its cheapness. A practical circuit is shown in
Fig. 7.32. The phantastron tube V2 is triggered through the diode V1~.
Cathode follower Vlb is used to reduce the recovery time. The delay
control varies the amplitude of the sweep but leaves its slope unchanged.

The screen-coupled phantastron

E
PP + 200

PI

PO:~:

V3

- ho
(a)

E
PP

R

w

V*

Outpui

%

Input

c --- J-l!.!!------

v,

4
(b)

FIQ. 7.33.—Methods of starting Miller
sweeps without a step.

avoids the large jump in poten-
tial which is objectionable in the
cathode-coupled phantastron, and
is comparable in excellence to the
sanatron (see Chap. 5).

Elimination oj Knitial Step.-In
most of the circuits given thus far a
negative step appears at he start of
the sweep. One method of avoiding
thk step by the use of a resistor in
series w’ith the charging condenser
was illustrated in Fig. 7.26. This
method required a switch which
would hold the grid of the Miller
tube during the quiescent period at
the operating potential desired dur-
ing the sweep-generation period.
One such switch is indicated in Fig.
7.33a. With this switch d-c nega-
tive feedback stabilizes the poten-
tial PI at +200 volts and R,
is the step-compensating resistor.
Another method, which only par-
tially avoids the step, is indicated
in Fig. 7.33b. The current that

was flowing through the diode Vz during the quiescent period flows through
the tube after the suppressor gate is applied. This method is inferior to
that of Fig. 7“33a because it is dMicult to arrange to have the diode cur-
rent during the quiescent period equal to the plate current during the
sweep-generation period. Indeed, this condition can never be exactly
realized if the diode is to be cut off during the sweep generation period.



CHAPTER 8

GENEWTION OF SPECIAL WAVEFORMS

BY R. KELNER, W. PROCTOR, AND F. B. BERGER

8.1. Introduction.-The complex waveforms discussed in this chapter
include exponential, hyperbolic, parabolic, and trapezoidal voltage wave-

forms and linear current waveforms. Most of these waves are initiated
by triggers, follow a prescribed path in the voltage-time plane, and return
to a quiescent condition considerably before the next trigger occurs.
Voltage waveforms are seldom larger than a few hundred volts or smaller
than 10 to 25 volts. Current waveforms involve currents as high as

several hundred milliamperes. The duration of the useful portion of a

v\

L-.. -...--’’._.. .:.... . .4 1.!.I !--!.!..!w! 1 ! R:! !.I.L.EI
(a) (b)

Fm. S.1.—Comp1ex waveforms: (a) linear segments; (b) parabolic and exponential seg-
ments.

waveform may vary from 1 to 1000 psec. The triggers usually occur

at a constant rate of one hundred to a few thousand times per second

although sporadic triggering is possible. These regions are not delimited

by insuperable physical barriers but have, in general, been set by radar

requirements.
Two complex waveforms are shown in Fig. 8.1. These waveforms

are composed of two or more segments. Very often, a wave consists

of the useful segment and a recovery segment that is exponentially shaped.

The “flat” segment following recovery should be considered as a part

of the waveform; in its absence the generator would be repetition-rate

sensitive.
The difficulty of generating some specially shaped waveforms results

in a slight decrease in the accuracy of these waveforms compared with the

linearity of rise in a triangular wave. The displacement errors of most
289
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of the waveforms of this chapter from their ideal curves is usually t 0.05
per cent to f 2 per cent. However, the shape of the exponential wave
has a somewhat smaller deviation from the ideal curve.

Applications.—These waveforms are, at present, used in the following
ways: (1) as elements and controlling waveforms in ‘{model” computers, I
(2) as timing waveforms, and (3) as elements for generation of other
waveforms.

Means of Genemtion.-Ordy generators whose waveforms can be
accurately controlled in shape and size will be considered here.

A designer of a triggered-waveform generator may assume that a
trigger is available as well as the linear elements, curved elements, and
nonconstant elements described in Chaps. 2 and 3. Those chapters also
describe some operations that may be performed with these elements, and
Chaps. 5 through 7 utilize these operations to produce rectangular pulses
and triangular sawtooth waveforms. In this chapter, many of these
methods are used.

The segmented appearance of complex waveforms is a result of the
use of nonlinear elements. Each segment corresponds to one region

of the nonlinear characteristic. The region of operation of a given
element may be controlled by the waveform voltage across the element
or by a separate waveform. Both means of segmenting are commonly
utilized. In the analysis of complex waves, each segment is considered
separately and represented by a separate equation. In the equivalent
circuit, the nonconst ant elements may be represented by constant
elements and switches.

During each segment the shape of the waveform is determined by
linear elements, or at least by elements without breaks in their character-
istic, The step functions of voltage and of rate of change of voltage, for

which means oi generation have been described, may be modified in many

ways by such elements. Laplaoe transform methods can be used to

determine the transformation effected upon any waveform by a linear

network with reactive components. 2 Integration and differentiation

may be achieved by simple vacuum-tube circuits. Elements with

curved characteristics produce similarly curvecf voltage or current waves

if a triangular wave of the other variable is impressed.

8.2. Special Triangles and Rectangles.—lleans for obtaining the

simplest ancl most common triangular and rectangular waveforms are

described in the preceding three chapters. This section deals with some

uncommon types. Any number of the few elementary forms may be
added together. By varying the duratic,n, amplitude and starting time,
a great variety of multisegment waves can be constructed from straight-

I See Sec. 6.5 and 66 Vol. 21.

Z See Chap. 18 of this volume and Chap. 1, Vol. 18.
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hne segments. The elementary waves are, of course, limited in accuracy
by the effects detailed in the preceding chapters.

simple Triangles. —Figure 8.2a shows right triangles that “flyback”
at the end of the triangle. In some instances, the “ flyback” must

occur at the beginning as in Fig. 82b. The requirements for rapid
“ flyback” are usually most restrictive in this case. The two cases merge
when the interval between triangles becomes small. Thk type, shown in
Fig. 8.2c, is used for oscillatory time-base generators.

A triangle generator of this type
is shown in Fig. 83a. A capacitor
is charged through a low-impedance
triode and allowed to discharge
through a high mpedance triode.
The upper triode is forced to conduct (a) “Flyback”atend of wave

by a positive pulse at the grid that
must be as large as the output tri-
angle and of duration sufficient for
the charging: of the capacitor. The
linearity of such triangular waves is
discussed in Sec. 7.2, Chap 7.

In Fig. 8.3b a c“apac~or is dis-
charged through a triode during the
trigger and is charged through a (b) “Flyback” at beginning of wave

resistor while the triode is held cut
off by the grid current drawn during
the trigger. The rise is “caught”
by a diode at a voltage of +E and
remains at that potential until
another trigger appears. (c) Small recovery time

The circuit in Fig. 8.3c is a saw- FIG. 8.2,—Sin,ple right triangles.
tooth waveform generator commonly (a) “ Fly back” at end of wa~e; (b) fly-

used for generating time bases. A
back at beginning of wave; (c) duty ratio
100$7..

gas-filled tube fires when its plate
voltage reaches a certain level or when a trigger is applied to its grid,
and in either case the exponentially shaped charging curve of the RC-com-
bination is restarted. The output waveform is that of Fig. 8.2, The
departure from linearity of such an exponential is given approximately
by the following expression:

Per cent displacement error at t= 10 ~,

where T is the effective time constant. 1 The circuit oscillates without
1See “operating Instruction for Du 310nt 208 Oscilloscope,” The Allen B.

Du Mont (%., Paseaic, N.J. If adjusted for 1000 eweeps pcr :;ccond, the time con-
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triggers. In such a case, the gas-filled tube fires when the plate voltage
reaches a certain level that is determined by the grid bias. Diodes could
be used in the first two circuits to improve the accuracy with which the
zero and slope of the waves are determined.

+300V

JLIL
Triggers

b+;
100 k

D
$

(a)

-150V

output
triangles

(c)

h
R

884

Triggers ~. ~ ‘-’.
c

n_llJL”l
l%. 8.3.—Triangtiar-waveCorm generators. (a) and (b) generate triangles of types of

Fig. 8.2b; (c) generates the waveform of Fig. S2C. In (a) the heater potential of the
uP@r tube should bs maintained at cathode level ta minimize leakage.

The cathode follower with a constant-current cathode load (Fig. 8.3a)
can be used to produce several types of waveform. If a positive rec-
tangle is applied to the grid of the 6SN”7 triode, the same rectangle is
rep~oduced in the output of the circuit except that the return to the

stant is 10,000 @cc, assuming that the fine frequency control is set at its central
position. The deviation of the exponential curve from the best straight line that
caa be paeissd through it ia not greater than 1 per cent.
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quiescent level is a linear fall at a rate determined by the constant current
and the charging condenser. The resultant waveform is shown in Fig.
8.4a. This circuit is suitable for following an arbitrary wave by a linear
fafl, provided only that the wave terminates in a falf that is faster than
the one to be generated. (See Fig. 8“4b for the output with a triangular
input wave.) The errors of this circuit are the same as for cathode-
foUowing of a waveform plus some nonlinearity in the voltage fall.

Stainmse Waveforms.—The staircase waveform may be considered
as the sum of a number of rectangles of different heights. Its use in

(a) (b)
FrQ.8.4.—Rectan@dar wave followed by triangular wave; (b) triangular wave followed

by triangular wave.

counter circuits is described in Sec. 17”6. A photograph of a staircase
waveform is shown in Fig. 8“5.

Several means of generation of the staircase waveform are shown in
Fig. 8.6. The first shows the adding in a resistance network of the
squarewave outputs of several monostable multitibrators. The resist-
ances in the adding network must be large compared with the source
impedances of the multivibrators if interactions are not to occur. On
the other hand, the resistances cannot be increased beyond the point
where the delaying action of stray capacitances affects the waveform
rises. The output ~waveform is at .—.—. . ._ _._=

---:a comparatively Klgh impedance. r~
The output may be a rising or a
falling staircase according to whether “c j
the positive or negative multivibra- : —.- ---- . . . ___ -
tor output is used. Adding with a FIG 8.5.-Staircase waveform.

network of resistors connected to the virtual ground of a feedback
amplifier is an excellent method.

The addition may also be done as in Fig. 8“6b. Each component
square wave changes the conduction of one tube by a certain number of
milliamperes. The accuracy of the action is increased by providing
current feedback in the cathode circuit of each tube.

Still another type of circuit is shown in Fig. 8*6c. The output voltage
approaches the maximum amplitude of the input pulses via a staircase
waveform. This circuit is analyzed in Sec. 17.8. The true integration
of pulses provides a staircase with a linear envelope. Particular atten-
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tion must often be paid to elimination of heater-cathode leakage in the
inverted diode in order to assure a flat top for the steps. The circuit

action is ended or restarted by the discharge of Ct through a switch.
Display System.—Another use for step waves occurs in the control of

cathode-ray-tube displays. Frequently, it is necessary to sweep the
electron beam horizontally across the face of the tube at a succession of
vertical levels. In addition to the other signals impressed between the

1
T

- b 0
Trigger Sum

L

I0
3°

c .- (a)

Multivibrators

I I

-----

J
1---n-n

(c)
FIG.8.6.—Staircase-waveformgenerators.

vertical deflection plates, there must occur a staircase waveform. In
television or radar B-scope displays, the number of steps is so large and
their amplitude is so small that the staircase is approximated by a smooth
sweep, the envelope of the staircase. When the number of horizontal

sweeps is small and the desired separation is larger, a true staircase must
be used. The functional diagram of such a system is shown in Fig. 8.7
and the details of the circuits in Fig. 8“8. A two-tube vacuum-tube adder
follows multivibrator square-wave generators. A sum of triangular
waves of varying slopes must be applied to the horizontal plates of the
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cathode-ray tube in Fig. 8.7. The high slope triangles provide expanded
displays.

Triangle Addes-s.-A multiple-sawtooth waveform may be produced
in a variety of ways. Several sawtooth-waveform generators may be

w
u1 Appearance

I of display
I , 2’0
II

0114

Fm. 8.7.—Display system. (1 mile corresponds to about 12 gsec.)

H
++

L+Lll!Jr.

MYSweep amplifier,
Jl- follower and.- ..-.

inverter

r

)

FIG. 8.8.—Det.%ilsof display circuits.
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gated at the appropriate times and their outputs added. Or a slope-
determining element in a single generator may be switched in value.

Figure 8.9 illustrates the use of the “bootstrap” circuit for a multiple-
sawtooth waveform. The two sawtooth-waveform generators interact

EPP

Negative
gate A

w

a
-Ekk

Fm. 8.9.—Triangle adder.

although this would not be true if the cathode followers had zero output
impedance. The interaction is small and may be neglected for a first-
order approximation. The output of the circuit is nearly the triangle
from the first cathode follower plus the voltage across condenser Cz.

-T

R,

Rz

80
mile

(%

Cs==

& i
FIG.S.10.—Triangleadderof Fig.S.8.

In Fig. 8.10 the value of the charging condenser C is switched to
provide the multiple triangles. The gating arrangement is suitable for
the display of Fig. 8.7. The bootstrap circuit differs from the previous
type by the substitution of Ri for a diode. The rapidity of fall of the
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discharge sections of the grid wave is determined by the capacitance and
the resistance of the switch tube through which it is discharged.

8.3. Trapezoids.—A trapezoid is a quadrilateral with two parallel
sides. Thisisonly aspecial caseofthe wave shapes described inthe last
section sincea quadrilateral is formed of straight lines. The trapezoidal
waveform is of considerable use in
self-gating triangle generators and
current sawtooth-waveform drivers
but will be only kmieflyconsidered
in this section because detailed cir-
cuits are given in Chap. 7 (boot-
strap and phantastron circuits), and
Sec. 8’15.

A trapezoid may be generated
by addition of a rectangular and
trianalar waveform or by the use

FIG. S.Il.—Trapezoidal waveform.

of a special trapezoidal waveform generator. The most common and
useful shape of trapezoid is illustrated in Fig. 8.11.

Some self-gating triangle generators give rise to output waveforms
that are actually trapezoidal, consisting of a triangle mounted on a step

n
+

FIG.8.12.—Trapezoidal-wave-
form generator. The step of
voltage is equal to (EPP/R)RL.

(Chap. 7). The means employed for gen-
erating the step is a resistor in series with
the condenser of an RC-sawtooth waveform
generator. (The wave of Fig. 811 is gen-
erated by the circuit of Fig. 8.12.) This
method of generating trapezoids is simple
and permits accurate control of the step
size.

8.4. Exponentials.—The exponential
waveform is a most common and useful
waveform which can be generated easily and
accurately. The recovery time can be
made low. For the exponential waveform
the initial level may be set by a clamp
tube; the shape of the curve may be deter-
mined by a resistance and a capacitance,
and its amplitude by a voltage. Hence the

circuit is simple. Any exponential wave may be represented by

~ = ACIJT+ B, (1)

where T is determined by a resistance and a reactance, and A and B are
determined by the initial conditions. The deviations of an actual wave
from its ideal shape are caused by variable leakage across the clamp tube,
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by “soaking” effects in capacitors (see Vol. 17), or by distributed or
stray capacitances and inductances, Good quality resistors and capaci-
tors are available for which these effects are small.

Simple Exponential-wavejorm Generators.—The “linear “-sawtooth-

waveforrn circuits (Figs. 8.3b and c) actually produce exponential waves.

The waveforms of Figs. 8.13a, b, and c are taken across condenser C of
Fig. 83b. They have a constant duration, the time constant of expo-

(,)

(b)

(d)
FIG. 8.13.—Exponential waveforms. The durations are fixed”and the time constant is

varied; (d) is the current waveform corresponding to (b).

nential rise being varied. The waveform which is the derivative of the
waveform of Fig. 8“13b is shown in Fig. 8. 13d.

The grid waveforms of multivibrators and blocking oscillators are
exponentially shaped. The amplitude is not as well controlled, in
general, as for the circuits of Figs. 8“3b and c but can be set by means
of diode “ catchers. ”

General Exponential Generator.-A more versatile circuit is that of
Fig. 8.14. It will be seen that by the choice of S the exponent can be
made positive. The voltage across the condenser is, ideally,

1

!

‘ll+e(S-l)dt
‘=C o R

(2)
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. &q (1 . ,-&) (3)

The simple exponential generators may be considered to be circuits for
which s equals zero.

The rate of change of e with time increases with increasing time if S
is greater than unity and positive. If S < +1, the rate of change

(b)

Negative
gate

1- ? 1

Et G/

1,

output

(a) -Q
aAmplifier&

Input with gam
4 s G -

Negative
=C

gate

o

=

(a) (c)

Fm. 8.14.—(u) Generator of exponential with positive or negative exponents; (b)
circuit details; (c) wave forms: Line l—positive exponent, Line 2—zero exponent, Line
S-negative exponent.

decreases to zero exponentially. If + S equals unity, the waveform is

linear as is indicated by Eq. (4). This case is that of the bootstrap

triangle generator, which is discussed in Chap. 7.

The waveform of Fig. 8-14c is generated with the circuit of Fig. 8.14b
for which S is approximately Ofor the highest curve, 1 for the center curve,
and 2 for the lowest curve. The output swing of the amplifier may be
nearly as large as the supply voltage. The stability and linearity of these
amplifiers may be increased by local negative feedback.
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Time-measurement Circuit.—A simple time measurement circuit
which uses a cathode-ray tube, an exponential sweep, and an expo-
nentially shaped card potentiometer is shown in Fig. 8.15. An expo-
nential rise occurs across C and deflects the electron beam. The

1 1
EXp#e&ally

=
potentiometer

FIQ. 8.15.—Exponential time-base gener-
ator-use in time measurement.

phenomenon to be timed is caused to
deflect the beam vertically when it
occurs. The reading of P, for which
the pulse is at an index on the tube,
is a measure of the time interval
between the start of the exponential
and the pulse. In order to correct
for the shape of the exponential
sweep, P should be an exponentially
shaped potentiometer with a linear
scale.

Time-modulation Circuits.—A
crude form of an exponential-sweep
delay circuit is a conventional mono-
stable mult vibrator using a variable
capacitor in the time constant. The
delay increases with increase in the

time constant, which varies linearly as the capacitor shaft is turned.
Another type of delay circuit uses an exponential potentiometer to

provide a voltage for comparison with a sawtooth waveform. A prac-

+300, Epp

1% _____
2oo k WW\~ Oven I

30,000w w

0

Negativa
2?7 ~

6AC7
gates 0.001

0
Generator Comparator

FIG. S.16.—Exponenti8l sawtooth-waveform generator-use in time modulation.

tical circuit using this scheme is presented in Fig. 8.16. A negative gate
is applied to a clamp tube for the duration of the exponential waveform
for which the shape is determined by a voltage and a resistance-capaci-
tance combination which is maintained at a constant temperature.
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Small adjustments of the capacitance and the starting potential of the
wave are provided. The waveform is provided with an initial step to
minimize the effects of distributed capacitance at the start.

The exponential ~waveform is applied to an amplitude selector which
utilizes the cutoff characteristic of a pentode. The resultant rise is
amplified to form a marker. The circuit provides a maximum delay
of 300 psec. The time constant of the rise is 720 ~sec, and a rise of about
94 volts occurs in 300 psec. The accuracy is limited by the clamp and
amplitude selector characteristics, not by the exponential portion of
the wave or by the potentiometer.

Means of approximating hyperbolic waves by subtracting several
exponential from a trapezoid are described in Sec. 8.6. The exponential
that are used for the summation are of the transient type, for which T is
negative.

8“5. Hyperbolas. General Considerations. —The type of hyperbolic
voltage waveform to be discussed is shown in Fig. 8.17. The voltage

i i Z
7

t:o t~th

T=-1 T.o
FIG.8,17.—H yperbolic voltage waveform.

as a function of time is expressed by the relations

e=() t<th
e = k’~=~, t > th, (5)

where h is a constant that is equal to the interval between a reference
time (t = 0,) and the time instant at which the hyperbolic portion of the
waveform starts.

A common use for such a waveform may be considered as a special
case of “triangle solving. ” Referring to the right triangle shown in
Fig. 8.18,

r = 4=2. (6)

This equation has the same form as Eq. (5). In one of the applications
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the parameter this made proportional to one side of the triangle in ques-
tion, and the amplitude of a hyperbola like that shown in Fig. 8“17 is
determined at a fixed time t1,which is made proportional to s. The
amplitude “e1 so measured will be proportional to r. Alternati WSly, the
time k, at which the amplitude reaches a fixed value el, gives a measure
ofs. Another common application of such a hyperbolic waveform is a.sa
time base.

Hyperbolic waveforms for use in radar have been generated in a
variety of ways, most of them giving very rough approximations to the
ideal hyperbolic waveform. Three methods capable of the greatest

Ls
h

90°

T
FIG. S.lS.—Triangle for

slant-range problem.

accuracy (of the order of ii of 1 to 1 per cent) will
be discussed here. One method consists of gen-
erating the hyperbola by a series of electronic
circuits performing the algebraic functions of
squaring and square-root extracting as suggested
by Eq. (5). The other two methods make use of
RC-networks which give rise to voltage waveforms
approximating the desired hyperbola by giving the

difference between the ‘~um of sev~ral exponen~ial waveforms and a
trapezoid.

8s6. Hyperbolic Waveforms by Algebraic Operations; by Charge
Compensation. Algebraic Operatwns.—Equation (7), describes the

e=k~tz —t~, (7)

desired voltage waveform. One method that has been used to generate
such a waveform is first to generate a parabolic waveform

el = El(tz — t~), t > th, (8)

and then, by use of a square-root-extracting circuit, with el as the input,
to derive e of Eq. (7). Chapter 19 is devoted to a discussion of the basic
squaring and square-root-extracting circuits; Chap. 18 describes electric
integration. This method is difficult and costly (Fig. 8.19).

Charge-compe?isation Method. —Another method for generating a
hyperbolic waveform is shown in Fig. 820. It consists of a “height-
correction” circuit which supplies a nonlinear current to the condenser
of a sawtooth waveform generator which adds to the ordinary constant
current such that a hyperbolic waveform is obtained. The variation
with the parameter th is of such a nature that k of Eq. (7) does not vary
as thdoes. A detailed description of the operation of the circuit follows.

Tube V, is cut off except during the time from O to th. It follows
that immediately preceding time h, diodes VZ and Vi are conducting,
and the condensers Cz, CS, CA, and Cb are all charged to about 105 volts,
the grid of V, being at – 5 volts. From O to th, V, is on and its plate
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bottoms; hence, current flows out of the condensers through the 500-K
resistor, Vj being nonconducting. The total charge that flows out
during this pe iod is closely proportional to h, since the cathode of Vz
does not depart far from 100 volts. The discharge is proportioned among
the condensers in a manner dependent on t~; for small values of tfiit comes
mainly from the short-time-constant arm; for large t~ mainly from the
long-time-constant arm, The time constants given on the diagram have
been chosen to suit a range of t~ from 10 to 60 psec. At the time th, V,
is cut off, and simultaneously the switch V5 + V~ is opened to permit the

-i-
t of x th

Sawtogth
Delayed

generator gate

n ~r ,fi,

0 ‘OAT
Sawtooth Integrator :qua:;
generator

~ output

el =~l(t 2- th)z ~
I Ae=kw

ih + ih ;

FIG. 8.19,—Hyperbolic waveform by algebraic manipulation.

sweep to start. The pulse generated across the inductance LI is main-
tained at a delay proportional to h by an external circuit. Through Vj
the network is returned to 100 volts (at cathode of V,), and the charge
that left the condensers through the 500-K resistor during the period
from zero to th is replaced by charge flowing through Vz into C, by feed-
back action in V,. This charge flows onto C, in addition to the charge
flowing through RZ and results in an increased rate of fall of the potential
of the plate of VG. In other words, the charge lost by the network in
the time from O to th is effectively transferred to the feedback condenser
Cl during the first part of the hyperbolic portion of the wave. The
time scale of the increased rate of change of plate voltage is determined
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by thand the network time constants; the total amount is set by ~hand
the 500-K network discharging resistor. The total additional charge to
be supplied to C, by the network is (200 volts/1 megohm) . hi this is the
charge lost to Cl by delaying the start of the time base. If just this

amount of charge is replaced, all hyperbolas (i.e., for all k) will, at large
values of time, assume the same value. The charge received by C, is

the charge lost by the network during the period from O to tk,which is
approximate y (100 volts/O.5 megohm) - h; the two quantities of charge
are equal for any th. In practice, because the value of 100 volts is not

+3CQVw150 k V3

18k 500 k +1OOV
---. .--- ~

0.5

b

y
.

2k Li
5mh

!
H marker

for altltude
tracking

mC2 C3 G4 C5

{

0.001 0.00020.0C020.000i

150k 120k 47k 10k

H gatefrom
time modulator

+--p--
I

t=l*
f=o t:=th

Height correction circuit
I t=th tmax

FIG. S.20.—Hyperholic waveform by charge compensation.

maintained during the discharge period, it is found necessary to reduce

the 500 k to a somewhat lower value.

8.7. Hyperbolic Waveforms by Summing Exponentials.-In order to
generate the hyperbolic waveform described by Eq. (7) and Fig, 8.17,
the trapezoid generator of Sec. 8.3 may serve as the fundamental circuit.
The step of the trapezoid is to be “rounded” so as to approximate a
hyperbolic wave (Fig. 8.21). The circuit forces a constant current
through this network after time fh. The voltage across the network rises
according to the various time constants involved (an exponential wave
is associated with each) and the output waveform is a hyperbola. In
the design of these networks, difficulties arise if tk must be variable for
then the shape must vary. The effect of varying all the resistances is

+200V
~–

EPP

+

~T1
150k 0.5

Time base generator
time modulator

-300V r-l
time base generator

-+1-
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to change the amplitude of the exponential terms. If

~=t–th
th

(9)

is substituted in Eq. (7), the desired waveform becomes

e=O, for T<O

= kth V’T2 + 2T, for T >0 (lo)

This is a hyperbola with vertex at T = O. This waveform can be modi-
fied properly for varying thby varying the amplitude and time constant
of each exponential term in propor- E
tion to th,which is achieved in prac- PP

tice, by varying all the resistances ~

by a thshaft. Instead of starting
c~
II

the CUrrent Step exactly at t= th,
ithas been found that fewer RC RS

sections will serve if the step is Stepcurrent v2b

started somewhat before th.
-IattT

Negative ---

The design of the network is gates --- - —1
ithe geometrical problem of adding ~ ‘-- , co ,

several exponential curves and a I V2(,

~

I R, i R4

linear curve to approximate a hy- :t, ~: c,
;

perbolic curve. This is often done I 1
graphically. Ii v

When the design of the network ; ;R2 /

in the form shown in Fig. 8.21 has 1; c2 /
1,

been completed, it can be changed
I

into any equivalent RC-network /=
demanded by practical considers- -— __ _ J.
tions such as element size, stray Fla 8.21.—H yperbolic waveform by sum-

capacitance, etc. The illustrations
ming a trapezoid and two exponential.

in Figs. 8.22a and b show several equivalent forms of the networks in
question. The figures show the error in fit as a function of ground
range for various altitudes. The amount of prestart and maximum sweep
speed are given in each case; 0 is the angle OPQ in Fig. 8.18. The
data are given for h and r in feet. 1 These curves indicate the extremes
of accuracy that have been used.

8.8. Parabolas.—The solid curve in Fig. 8.23 is the type of parabolic
waveform we consider. Such a parabola is represented analytically by

y = Ik,t’, (11)

A repeated parabolic waveform is shown in Fig. 8.24.
IAltitudeh is proportional to tkand ground range is proportional to e in Equation

(7).
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Fm. 822.-Error curves for ground-range sweep networks. (2000 yds corresponds to
about 12 psec.)



SEC.8.8] PARABOLAS 307

Means for Obtaining Parabolic lVavejorms.-The several means of
obtaining a parabolic waveform that are described here all involve opera-
tions upona inear waveform. See Chap. 7. The operations that will
produce a parabolic segment of waveform from a linear segment are inte-
gration, multiplication jandsquaring (see Chaps. 18 and 19).

A portion of a triangular waveform can be represented by

y = M. (12)
The integral is

/
ydt=yl=$tz+ka. (13)

The electrical integrator approximates this process to various degrees of
precision (see Chap. 18).

“\\

I

Time

Fm.823.-Useful parabolic segment. FIG.S24.-A “parabolic” waveform.

The simplicity and accuracy of integrating circuits have obviated to

some extent the development of parabolic-waveform generators that

depend upon squaring processes Llany of the multiplication and squar-

ing circuits of Chap. 19 can be applied as parabola generators. A tri-

angular wave applied at the single input of a squarer or at both inputs

of a multiplier produces a parabolic waveform at the output.

Descriptions follow of a bootstrap generator and a Miller integrator-

generator.

Double-bootstrap-integrator Parabola Generator.—A circuit that has
been used considerably for parabola generation is illustrated in Figs. 8.25
and 8.26. The voltage is maintained constant by the bootstrap circuit
involving CF 1 and the voltage across the charging resistor Rz is con-
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strained to increase linearly with the time by action of both cathode
followers.

+ Epp Regulated plate supply

b’ T- ,

S2

C3
RI

4I

- supply

FIG.8.25.—Schematicdiagramof a double-bootstrap-integratorparabolagenerator.
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FIG. S.26.—Detailed diagram of a double-bootstrap-integrator parabola generator.

In Fig. 8.25, the switches are closed in the quiescent state. A current,
E/R,, flows through R,; no voltage appears across C, or C2, and no current
flows through Rj provided the cathode followers are balanced and have a
negligible voltage difference between grid and cathode during the qui-
escent time.
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Theswitches areopened simultaneously byagate occurringatt = O.
The current h’/R, starts to flow into C, and is maintained nearly constant
by the feedback through CS. The voltage across R2 is a linearly increas-
ing function of time. Hence the voltage e~, which is the integral of the
current through R2 divided by C2, is parabolic.

There fo lows a mathematical analysis, for which the vacuum-tube
switches are assumed perfect and the cathode followers have constant
gains g, and g,. The current into Cz maybe represented by

~c, = 91(92e2 + d – =32
R, ‘

from which follows

(14)

(15)

The current into C, may be found from the following relation that sums
the voltage drops along its path:

del c,

/

de,
g@*+e’+z R’c’– G ~ dt = g,(el + gze~). (16)

by rearrangement of these terms and application of the following
assumptions at t = O,

el=O

e2=0

de, _ E
dt R,Cl’

(17)

we derive

If two solutions in power series are assumed for e, and e*, together
with the initial conditions, and if the coefficients are determined by
substituting the assumed solutions in Eqs. (15) and (16) and by equating
coefficients of like powers, it is found that

E

[- (

tg ts 1 – gl + cJc3 + 1 – g~gz
‘$2 = ’192 RICIRZCZ 2! – ~ RIC1 )1

— . (19)
R2CZ

In order to produce the waveform of Eq. (19), the initial current
through RZ must be zero. This would be true only if ideal switches and
cathode followers were available. Otherwise a first-power term is added.
The coefficient for this term may be calculated from the new initial con-
dition. Any additional first-power term moves the parabola on the time
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voltage plane but does not change its shape. Equation (19) becomes
the following expression for the circuit of Fig, 826:

gzec = 1.4 X 10+’0(t2 – 440t3). (20)

The cubic term is about 2 per cent of the square term when

A reduction of this term by a factor of 10 may be produced by the use of
a pentode cathode follower for the feedback.

According to Eq. (20) the parabola from the above circuit will have
the proper ordinate to within 0.2 per cent from O to 50 ~sec. This
accuracy is approximately realized although there are sources of error
not taken into account by the above analysis. Thus the initial current
through Rt and the nonconstant gain of the cathode follower have not
been considered.

The ratio of the amplitude o the linear rise e, to that of the parabolic
rise ez may be adjusted by means of RICl and R2CZ. By maintaining
fixed the product of the two time constants, the output parabola ampli-
tude is fixed. Higher accuracy results from a small linear sawtooth
waveform and a large parabolic sawtooth waveform. The circuit of
Fig. 8.26 is not optimal in this respect. The size of the output is limited
by the characteristics of cathode followers at allowable supply voltages.
The output impedance is a few hundred ohms.

The limiting errors of the circuit may total to several per cent, but
by calibration, such as adjustment of the potentiometers of Fig. 8“26,
they are reduced to less than ~ per cent. The sources of error are the
same as for the triangle generator, but they are more numerous in this
more complicated circuit. An initial delay from the trigger start to
the parabola start of the order of 1 Psec is caused primarily by the
capacities associated with the switch tubes. The transients that follow
the end of the sawtooth waveform should be of negligible amplitude by
the beginning of the next sawtooth waveform if repetition frequency
sensitivity is to be avoided.

The circuit of Fig. 826 was operated as shown to provide the parabola
of Fig. 8.27. Figure 8“28 corresponds to a modification of this circuit
which provides a nonzero initial current through Rz. For each waveform,
the derivative is shown; it is seen to be nearly linear.

Double-& fille?=integ?’ator PaTabola Generator. —This circuit is shown in

Fig. 8.29. It is designed to accept a negative-going sawtooth waveform

that can start at any voltage and to produce as output a positive-
going parabola. If the input voltage is represented by

e = M, (21)
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approximate y,

II

w
2RC”

(22)

:nt can be flowing into C at t = O.
The grid-coupling time constant is

Fm. 8.27.—Parabolic waveform and its FIG. 8.28.—Paraboli c waveform with non-
derivative. The parabolic waveform was zero initial slope and its derivative.
generatedby the circuit of Fig. S,26.

much larger than RC. Capacitive coupling is used in order to avoid
current through R at t = O, whatever the quiescent voltage at the input.
This integrator is capable of very good accuracy, particularly if a pentode
is used. In general the Miller circuit is more suitable for accurate
parabola generation than is the bootstrap circuit.

R

L
‘‘-2

FIG.8,29.—Miller feedback integrator for converting a linear fall to a parabolic rise.

Other Methods. —Another type of integrator that may be used for

parabola generation is shown in Fig. 8.30. The current across the

cathode resistor of a pentode is varied linearly by applying a linear saw-
tooth waveform to the grid. The plate current which is nearly pro.

portional to the cathode current is integrated in a condenser, the only

element connected to the plate of the tube drawing the sawtooth current.
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The changing plate voltage of the pentode has little influence upon the
plate current.

The generation of parabolas by multiplication and squaring is devel-
oped in Chap. 18, where several complete circuits are given.

Measurement.—The exact waveforms resulting from these circuits can
be analyzed by the comparison methods described in Chap. 9. This
analysis is described in Chap. 20 and is usually required for accuracies
of observation better than + per cent.

Another means of examining the waveform is differentiation (see
Chap. 20). The derivative of a parabola is a triangle, and a triangle is

1 . . -T-Q(Y!

u.
I -Outout ‘“-- >20!

11
1004 sec

Fm. 8.30.—Constant current pentode integrator for producing a parabolic fall when modu-
lated by a linear rise.

easier to analyze than a parabola. The differentiator that was used for
the waveforms of Figs. 8.27 and 8.28 is described in Chap. 18.

8.9. Higher Powers and Series Approximations. -One of the simplest
means of generating linear and parabolic waveforms is integration,
Integration of a constant voltage produces a linearly changing voltage;
integration of the linear waveform yields a parabolic wave; another
integration leads to the cubic, and the process is limited only by the
increase in complexity of the generator. This method produces simple
terms of the form at” if the constants of integration are adjusted to zero
in each integrator. This fact suggests that exceedingly complex wave-
forms might be synthesized by a summation of terms with integral
exponents, since it is well known that a large class of functions can be
approximated over a certain interval by a few terms of a power series,

y=aO+a,t +ad2+a#+. ”’ +a.t”. (23)
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8.10. The Sums of Sinusoids.—The conventional approach to analyz-
ing the effect of a network upon a nearly sinusoidal ~~aveform is to con-
sider the waveform as the sum of the fundamental and harmonics. The

logical inverse of this problem, the synthesis of a network to produce a
given effect upon a waveform or to produce a given waveform can be
attacked by the same method, although it is not often profitable to do so.

A wide variety of periodic waves can be represented by Fourier series
and often to a useful degree of accuracy by only a few terms. The gener-
ation of sinusoids carefully controlled in purity, amplitude, and fre-
quency is a familiar and easily solved engineering problem. From these
two facts it might be surmised that the summation of sinusoids to form
complex waveforms is common This is, of course, not the case since
simpler means are available for generating most waveforms. The
resonant stabilized frequency divider of Sec. 16.12 is one example, how-
ever, where a wave is formed by the summation of sine waves. A
second example is in the simulation of musical tones by electrical cir-
cuits and mechanical transducers.

8.11. Pulse Shaping.-It is often convenient for the testing of video
amplifiers or indicators to have a video pulse whose shape is like that of a
pulse that has passed through a radar receiver consisting of single-tuned
stages, staggered pairs, or double-tuned circuits, and it is inconvenient
to use a complete receiver for the purpose. A series of RC-low-pass
sections acting upon a square video pulse distort it so as to give the
effect of a set of single-tuned circuits upon the envelope of a square i-f
pulse. This effect occurs, however, only if the sections of the RC-filter
are separated by tubes or otherwise arranged so that each filter section
is not affected by currents in following sections. One method of accom-
plishing this isolation is to increase the RC-ratio in each section by a
factor of three or more while keeping the RC-product the same. Figure
831 shows such an arrangement.

The cathode impedance of the first cathode follower is about 130 ohms
and, in parallel with the 150-ohm cathode resistor, makes the effective
resistance of the first section of the filter 180 ohms, giving the first section
a time constant of 0.1 ~sec. The other sections have an increasingly
higher impedance but the same time constant. The last section uses the
effective input capacity of the 6SIX7 amplifier to give it the same time
constant. The second set of filter sections is the same, but the last
section has a lower capacity and a higher resistance since the last 6SN7
section is used as a cathode follower and therefore has no ~Miller effect.
The relation for the bandwidth of this filter is the same as for single-
tuned-circuit i-f amplifiers if the effect of each section on the preceding
one is neglected, namely,



314 GENERA TION OF SPECIAL WA VEFORLWS [SEQ. S.11

and

AF=~
2.RC’ (24)

Bandwidth per section.——-—
Over-all band~~~h– =

1.2 *,

where IV is the number of sections and AF is the bandwidth per section.
For eight sections, as in this circuit, AF equals 1.6 Me/see, and the over-all

1156 k

6AC7
0.01 f *L

4 A*-T?JJ”” L
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~------ -----------------------------
+6SN7

e

output

4 L----------------------------------
FI~. 8.31.—Filter and amplifier for linear shaping of rectangular waves to simulate output

of multistage receiver.

bandwidth eauals 0.475 Me/see. A similar filter is shown with the same
resistors but “with the condensers ten times larger.

With the circuit of Fig. 831 pulses were passed through the filter
with the larger condensers that give a 47-kilocycle bandwidth. The
results are shown in Fig. 832. Aw input pulse 10 psec long was used
(see Fig. 8.32a). Figure 8.32b shows the output from the circuit. The
whole pulse has been delayed nearly 3 ~sec at its foot, and very rounded
corners are evident. If a l-psec pulse is used (Fig. 8.32c), the output is
too small to observe (see Fig. 832d). By increasing the input pulse
considerably a noticeable output is obtained (see Fig, 832e) and it can
be seen that although this pulse is delayed about the same amount as
the output from the long pulse, its peak occurs much earlier, If a
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~psec pulse is used, the output is still smaller, but upon further raising
the input-pulse amplitude an output is obtained like that shown in
Fig. 832f. This pulse is very like the one shown in Fig. 8.32e. Thus
for input pulses of 1 psec or shorter, the output has a constant shape,

! 1111 11
I I

I I I I I
I IF

Fm. S.32.—Filtered square waves.

8.12. Approximation of Curves by Segments.-This method may find

applications where a wave shape is required which cannot be synthesized

by simple operations, such as integration. No experimental tests on the

circuits of this section have been made.

h%aight-line Segments.—Curve-fitting can be done to any desired
degreeof accuracy by the combination of a sufficient number of straight-
Linesegments. To apply this principle to waveform generation, the
simple circuits shown in Fig. 8.33 are used. A linear rise of voltage is
applied to the circuit. The output is equal to the input so long as the
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diode is effectively an open circuit. When the rise equals the diode
bias, the tube becomes a resistance of a few hundred ohms, which may
be made effectively a closed switch. The output then rises more slowly
than the input (in circuit a). The degree of attenuation is set by the
ratio R1/(R + El). A two-segmented wave is produced with its boundary

1
R

S7-1

“+ ~’ *

(a) Increase of attenuation

As above with
reversed diode

(f)) Decreaseof attenuation

FIG. 8.33.—Two-segment elemente.

a voltage set by a supply voltage and the diode broken-line characteristic.
In circuit b, the diode is conducting at first and becomes nonconduct-
ing. Thus, the slope of the output wave can be made to increase or
decrease.

Curves whose main trend resembles a straight line may be con-

+E

F’m. 8.34.—Circtit for producing a four-
segment waveform,

strutted by this means. As an
example, the circuit of Fig. 8.34
is shown. Several branches are
successively connected across the
output terminals, thus producing
an irregular output voltage which
may be made to follow a smooth
curve rather closely.

Chmed Segments.-Since many
empirical curves can be more
closely repre.wmted by segments of
a parabola or exponential curve
than by linear segments, it shouId

be noted that these curved waveforms may be supplied at the input of
the circuit of Fig. 8.33 in place of a linear rise.
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Other Voltuge-dejined Segments.-A direct nonlinearity or broken-line
characteristic is employed in the preceding examples to vary the attenua-
tion of a waveform. Another way
in which the waveform can be
altered while its value lies between
a pair of boundary voltages is to
modify the waveform generator
itself. Thus feedback net works
within the generator may be dis-
connected or additional elements
maybe connected into them. The
amplitude-selection process is the
basis for this type of segmenting.

Z’inwd Segments.-Clearly, the
nordinearities that have been used
to produce segments maybe oper-
ated by gates occurring at fixed
instants rather than by fixed volt-
ages. Thk method was exem-
plified in the multiple-triangle

*

FIG. 8.35.—Circuit for producing timed seg-
ments.

generators of Sec. 82. The circuit of Fig. 8.35 shows a circuit that will
provide a large variet y of exponential segments with various time constants.

SPECIAL CURRENT WAVEFORMS

INTRODUCTION

The foregoing material has outlined the methods for generating
linear and nonlinear voltage waveforms. In a number of important
applications corresponding current waveforms must be reproduced in the
magnetic-deflection coil of cathode-ray oscilloscopes, and a number of
special techniques for this purpose have been developed. They are
treated in detail in Vol. .22, Chaps, 11 and 17, but a few of the basic
methods of obtaining linear current waveforms are summarized here.

8.13. Derivation of a Current Waveform from a Voltage Waveform.—
The most common method for obtaining a current waveform is to gener-
ate a voltage waveform of the desired shape and then to drive an amplifier
whose current output is proportional to the input voltage. A basic
circuit for this purpose is illustrated in Fig. 8.36. An approximate y
linear sawtooth waveform is generated by the switch tube and resistance-
capacitance network RICI. If the cathode resistor RZ is large enough to
give linear operation, 1 amplifier V1 will give an approximately linear
current through L1 in response to the input voltage.

ISeeVol. 18 for discussionof the pentode cathodefollower.
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A practical example is shown in Fig. 837. Since the positive pulse
applied to the cathode of VI is controlled in duration ~Y the signal on the
cathode of VI, the amplitude of the triangular voltage waveform gener-
ated in VI, V@, and Vg is constant. The duration is variable from 60 to
2400 gsec. For triangular waveforms of durations longer than 720 psec,
the gain of amplifier V, is made greater than unity to compensate for the
poor low-frequent y response of T,. L

The current amplifier consists of tubes Vi to Vs, and ensures a
linear current waveform in the cathode resistor of VT and V, and, hence,
through the primary of 2’,. The high-frequent y response of the amplifier
is, however, limited by the resistance-capacitance network in the grid of

E
PP

R,

r

*

Fm. 8.36.—Simplified current amplifier for a
triangular waveform.

V1. Diode Vs sets the level of
the amplified signal applied to Vg
at a considerably negative poten-
tial to ensure that VT and Va are
cut off in the absence of the saw-
tooth wave. The cathode fol-
lower V, drives the grids of V,

and V8 far enough positive to

achieve a reasonably high trans-
conductance. The performance

of this circuit is fairly good, and

the linearity of the current wave-

form through a synchro of the

Diehl FJE44-1 type is f 3 per

cent.
8.14. Current-waveform Gen-

erators.—In some circuits the cur-

rent waveform is directly generated through the inductive load. A few of
the important types of current-waveform generators are discussed below.

Switched Inductance Type. —Figure 8“38 gives a simplified circuit of a
sawtooth-current generator. Initially the plate current is cut off, and,
on applying a rectangular waveform to the grid, the plate “bottoms”
and considerable screen current is drawn. The plate voltage will
increase linearly according to the equation

~ _e=L@
PP P dt “

(25)

If the change of e~ is much less than Epp, the current is to a first
~pproximation, i = (EPP/L)t. The inductance L is usually shunted by a

1The frequency responseof synchros and other inductive loads is discussedin
ietail in Vol. 22, Chap. 11 and 17. A complete circuit is shown in Fig. 1228.
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damping resistor to prevent too high voltage at the termination of the

EPP

t

Negatwe
b!as

FIG. 838.-A simplified triangular current
generator.

rectangular pulse.
A practical circuit is shown in

Fig. 8.39. The inductance is,
however, in the cathode circuit
rather than in the plate, and two
parallel pentodes are required to
supply sufficient current through
the inductance L. A negative rec-
tangle applied to amplifier VI
gives a very large positive pulse
on the negatively biased grids of
Vz and VS. The cathode poten-
tial of V~ and l’s rises rapidly to
slightly above the grid potential
and then drops slightly as the cur-

rent rises through the induct ante in a linear fashion. Th~s drop together
with any resistive loss in the coil can be compensated by replacing the

180kr
+500V..— *300 v reg.

nl

47 47

----- --

1-L
J~Qv

300v

J

t“

----- - -t
50v

--- __-i---
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’201
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*
-50V

FIG. 839.-A practical circuit of the type of Fig. 8.3S.

input rectangle by a trapezoid at the grids of VB and Vs. For the partic-

ular constants shown, a sawtooth of 20-psec duration and a peak cur-

rent of 200 ma are obtained.
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Voltage Feedback.—Instead of current feedback, one may take advan-
tage of voltage feedback for generating a linear current waveform, as
indicated in Fig. 8“40. The condi- Em
tion for obtaining a linear sawtooth
current wave in L with a constant
input voltage ei is

{

RL

L
K

= RIC ‘::9: 1; (26)

R,
otherwise the sawtooth becomes
exponential. Providing the term
~L&n is large, the character of the R c= =

output wave depends little upon g.. + e~ eg
The principal difficulty is due to b

Sfii&h

stray capacitance (neglected in this
equation) which causes a small I=
delay in the initiation of the cur-

=
FIG.8.40.—Atriangular-currentgenerator

rent wave. 1 The strays have a usingvoltagefeedback.

minimum effect in this circuit since the tube current is large.
A related circuit is shown in Fig,

L=
FIG. 8.41.—A variation of Fig. S.40.

8.41 in which the load current ‘i. is
proportional to the input voltage ei.
If Eq. (26) is satisfied, then,

iL(t) = a,(t), (27)

where a is a constant.
8.15. Level-setting of Current

Waveforms.—Precise cathode-ray-
tube displays, especially those iwing
mechanical grids or overlays, re-
quire that the positioning of the
cathode-ray-tube display be main-
tained constant. Therefore, the
d-c level of the current waveform
must be constant in spite of changes
of duty ratio. Also the display
pattern must start at the center of
the tube (PPI).

Two methods of accomplishing
this constancy are possible. First,

d-c restoration may be used. Although this is relatively simple with
voltage waveforms, where diode detectors may be used to establish the

1A detailed discussion of voltage-feedback amplifiers is given in Chap. 2 of this
volume, in Vol. 18, and in Vol. 22. A practical example is given in Fig, 1226,
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level, it is difficult with low-impedance current waveforms. Impedance
changing devices must oft en be used in the latter case.

Second, a circuit may be employed to initiate the phenomena dis-
played on the cathode-ray tube at the moment the current wave passes
through zero. Shown in Fig. 8.42 are three typical current waveforms
which might be used for the display sweep on a CRT. One may have
a free choice of the moment at which the waveform to be displayed is
initiated, and for these three types of waveforms one may obtain a
display that is initiated on the same portion of the cathode-ray tube
by starting the unknown event at the moment the rising portion of the

A

t Q#&/ I
i l-m

,111
till i.

to q tz ts (a)

(b)

(c)

F1~, S42.-Various types of current
waveforms indicating the area-balancing
that may be obtained by initiating the
dkplay waveforms at the moment when
the current waveform equals zero.

current waveform is equal to zero,
This process therefore avoids the ne-
cessity for establishing the level of
the displayed waveform, and instead
at the appropriate time derives the
trigger for the phenomenon to be
displayed. Amplitude-comparison
circuits (see Chap. 9) are specialized
for the purpose of accurately defining
the moment of equalit y of two voltages
and may therefore be employed here.

This second method has, however,
some limitations. The first and most
important is that the display circuits
must trigger the waveform to be dis-
played. The second difficulty is indi-
cated in Fig. 8.42b, which shows that
the maximum duty ratio is 50 per
cent for a sawtooth waveform. A
more complicated waveform, as indi-
cated in Fig. 8 -12c, will reduce this
difficulty. A third objection is the

difficulty of obtaining a voltage waveform of sufficient amplitude from the
current waveform to permit accurate amplitude comparison. This
requirement is usually avoided by employing a voltage-waveform genera-
tor and a linear-current amplifier (Fig. 8.37). If the current waveform is
triggered by the same trigger that initiates the waveform to be observed
then it is necessary that the area of the recovery portion of the current wave
equal that of the useful portion in order that the sweep shall start from the
center of the tube. A straightforward method of adding to the triangular
current waveform an area which exactly balances the forward portion
of the triangle is indicated in the Mock diagram of Fig. 8.43. This
method permits area balancing in spite of changes of amplitude, dura-
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tion, or repetition rate of the time base. As, for example, in the circuit

of Fig. 8.37, a triangular waveform is generated The area of the forward

portion of the triangle is then measured with an area detector (see Chap.

Time base Amplitude
duration central control

T T

b=

)
i

Adding Driver
circuit amplifier

D
Synchro coil

Well

u.

Area

starting measuring

signal circuit

Area control
signal

Balancing
well

generator

FIG.8,43.—Blockdiagramof an area-balancedcurrent-waveformgenerator.

J

14). The duration of a negative rectangular wave is controlled in
accordance with the output of the area detector and the rectangular
waveform added to the triangular waveform. The negative rectangle

l_
-6

.
FIG.S,44.—Circuit involving a Miller integrator for producing a balanced voltage wave-

form.

is phased appropriately with the triangular wave so as to coincide with
its falling edge. A circuit is given in Fig. 12.28.

A Miller integrat or with an inductive plate load is a convenient means
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for generating an area-balanced voltage wave. Such a circuit is shown
in Fig. 8.44 together with circuits for linearizing the flyback, limiting
the rise of the pulse at flyback, and gating the Miller integrator. After
a trigger is applied, a positive gate appears at the cathodes of diodes
VI and V,. The integrator grid (Vi) has been previously held at – 6
volts but now starts to rise and the plate runs down linearly at a rate
determined by Rl, C, and EPPI. When diode Vs conducts, the inte-
grator grid starts to fall since the current through R2 is larger than that
through R,. A linear plate rise results which ends onIy when V, con-
ducts. The circuit reverts to its quiescent state as the grid of V,, falls
to – 6 volts and the plate voltage returns rapidly to the quiescent level.

Other methods, including automatic ones, of producing area-balanced
waves are discussed in Vol. 22, Chap. 17.



CHAPTER 9

AMPLITUDE, SELECTION, COMPARISON AND DISCRIMINATION

BY R. KELNER, J. W. GRAY, E. F. MACNICHOL, JR.

9.1. Introduction. —The processes of amplitude selection and ampli-
tude comparison (see Chap. 3) have been extensively used in many
vacuum-tube devices. All relaxation oscillators, for example, contain
one or two amplitude comparators. The point of view that leads one

to analyze the circuit action in terms of waveform shaping processes
also brings about explicit formulation of these processes. Thus, the cir-
cuits of this chapter are presented as selectors and comparators although
they were developed as components within complex waveform generators.

These processes have another application: the analysis of waveforms
requires amplitude-sensitive devices. For many purposes, a waveform
may be plotted with sufficient accuracy on the face of a cathode-ray tube
(see Chap. 20). Grids and other means of measurement permit some
increase in the accuracy of examination. Amplitude comparison,
followed by time-interval measurement is considerably more accurate,
however, as a method for obtaining the voltage-time curve that defines a
waveform.

Amplitude discrimination (see Chap. 3) is similar to the other two
processes in its concern with the relative amplitudes of two voltages.
The time scale is somewhat different since’ discriminator input signals
vary comparatively slowly and continuous information is required in the
output.

9.2. Amplitude Selection.-The process of amplitude selection is
derived from nonlinear elements. If a waveform and a boundary (ref-
erence) voltage are applied to a selector, the output from the selector is
usually that portion of the waveform that lies beyond (above or below)
the boundary amplitude. The selector may provide amplification or
attenuation of the selected wave. The linearity of the selector is generally
required to be good. A quasi-selector distorts the selected waveform but
is suitable for the purpose of amplitude comparison.

The most common selector is the diode-series-resistance circuit that is
illustrated in Chap. 3. The importance of the size of the waveform with
respect to the voltage region over which the diode characteristic is
exponential (a few tenths of a volt) is shown in Fig. 9.1, which consists
of two photographs of selected portions of sine waves of different ampli-

325
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tudes. In addition to the greater distortion of the low-amplitude selected
wave, the boundary uncertainty caused by drifts in the break of the
diode characteristic is a much larger percentage of the maximum ampli-
tude of the smaller wave.

Applications.—Selection provides a means for generating waveforms
containing segments parallel to the horizontal axis (flat regions), such as
trapezoids or square waves. Thus, square waves maybe made by select-

ing the central portion of a sinusoidal wave.

A curved waveform may sclmetimes be profitably selected from

another which has a simpler analytic representation. Thus, a hyper-
bolic segment correctly shaped for the time base -of an interval delayed
from h (in an airborne radar) could be selected from the hyperbolic
time-base wave that starts at the time of return of the altitude signal

(a) (b)
FIG. 9.I.—Effective sharpness of break in a selector (broken-line characteristic) with two

sizes of input waveform: (a) ~ volt rms; (b) 50 volts rms.

(see Sec. 8.5). The selected segment is amplified and applied to the CRT.
Figure 9-2 shows the original and selected waveforms.

Modulation of a carrier with an electrical signal may be accomplished
by selecting portions of the carrier above, below, or within amplitude
bounds set by the signal (see Chap. 11).

Amplitude selection is analogous to time selection on the other wave-
form axis (Chap. 10). Amplitude comparison may be considered as
quasi-selection above or below a reference amplitude followed by dis-
tortion of the selected wave into a step or fast pulse.

Methods.—The broken-line characteristic is the basis for arnditude
selection (see Chap. 3). More generally, any means of instantaneous
indication of amplitude correspondence may be used to operate a selector
switch. Auxiliary means for linearization, disconnection, or isolation
of the selector may be used, but the accuracy of the selection boundary
is determined solely by the stability and sharpness of break of the broken-
line element.

The characteristics of many nonlinear elements and the factors that
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cause them to deviate from the ideal are discussed in Chap. 3, For a
diode in addition to the disadvantage of the curvature at the break of the
characteristic, the entire characteristic moves along the voltage scale by
several tenths of a volt with changes in heater voltage, tube age, and tube
sample. A germanium-crystal characteristic breaks somewhat more
sharply and has no heater voltage as a source of error, but the effective
break moves along the voltage axis with temperature changes. All con-
tact rectifiers are inferior to the diode in back characteristic. Other
broken-line elements such as grid-controlled tubes have similar faults.
By comparing the approximate magnitude of the curved segment of the
characteristic with the maximum waveform amplitude that is usually
realizable, the errors of selection may be estimated at & to + of the

e
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Duration ‘of delayed
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Fm. 9.2.—Selection of a delayed hyperbolic time base.

maximum amplitude. The drift may be considerably reduced by the
compensation methods of Sec. 9.6.

The linearity of the selector in regions away from the boundaries is
achieved in diode selectors by the addition of a linear series resistance
(see Fig. 327). For multielectrode elements the nonlinearity is a severe
handicap that nullifies in most cases the advantage of amplification
within the selection circuit. Negative feedback may be used to linearize
the selection at the expense of a loss in gain.

Other Properties of Seiecton.-”The selector may have undesirable
effects upon the waveform generator or may provide undesired coupling
between the waveform and the output circuit. It is often desirable to
minimize such effects by isolating the selector from the waveform gener-
ator. A cathode follower may be interposed as a buffer stage, but this
does not remove stray capacitance coupling (across a diode selector, for
example) and introduces drift errors. A pentode selector is excellent in
these respects: the input impedance may be very high, and the undesired
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capacitance from grid circuit to plate circuit is comparatively low. The
germanium crystal is shunted by a to l% p~f, a factor of 10 smaller than
the diode shunt capacitance. Often the capacitance effect can be
balanced out in symmetrical diode circuits or by “neutralization”
capacitances.

The impedances that a selector presents to a waveform generator may
be different for the selection and the rejection (antiselection) periods; if
this is true, capacitance coupling causes rectification. This property is
not always objectionable, particularly if the selector impedance is large
compared with that of the generator. Very often, the effective imped-
ance of a selector circuit is determined by that of the load. Selectors
must not be allowed to dktort the waveform at the generator terminals.

The recovery timeof a selector is always of interest if repetitive wave-
forms are to be selected. If the time constants associated with the
selector circuits are not small compared with the repetition period, the
effective boundary voltage will be a function of the repetition frequency,
For large time constants, Tectijication may occur with broken-line charac-
teristics. This fact usually precludes capacitance coupling to the selector
unless the level of the waveform is reset once per cycle (d-c-restored)
on the same side of the capacitor as the nonlinear element. Moreover,
rectification does not occur if no current is drawn by the selector as,
for example, in selectors using the cutoff characteristic of a grid tube.

The economy of the diode amplitude selectors is an important con-
sideration. The use of diodes for waveform shaping is common through-
out this volume. Other elements are relatively more expensive, if only
because more electrodes must be biased properly.

9.3. Diode Selectors.-A diode selector is described in the previous
section to illustrate the importance of a large waveform amplitude in
“sharpening” the break in a broken-line characteristic. The shape of the
break and the effect of the series resistance in linearizing the transmission
segment of the characteristic (a large linear resistance is in series
with a small nonlinear resistance) is shown in Sec. 3.14. Other connec-
tions of this simple type of selector are possible with which selection
above or below a boundary voltage, between or outside of two boundary
voltages, and between adjustable limits may be carried out. These
circuits present various input and output impedances and voltage levels.

The fundamental idealized circuits are shown in Fig. 9“3. Other
possible variations are effected by placing the battery and the source of
reference voltage elsewhere in the loop of wave generator, diode, and
resistor. These variations, as well as adjustments in the size and polarity
of E, change the level of selection and the level of the output waveform.

The four circuits shown may be subdivided according to whether
the output voltage is taken across the diode or the resistor. This classi-

-. ..
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fication corresponds to the shunt and series switches. of Chap. 10. The
two types have somewhat different properties: the series-switch circuits
provide a low series impedance during selection and a very high input
impedance during antiselection; the shunt switches give a high series
impedance during selection and a comparatively low input impedance
during antiserection. For these reasons, the series selectors (c) and (d)

(b)

T —

ea =e(e>E)

=E(e <E)

e8=e(e <E)
=E(e>E)

es = e(e>E)

=E(e<E)

FIG.9,3.—Fundamental diode wlector circuits.

in Fig. 9.3 are commonly used, except in special cases. The series-switch
circuits increase the impedance level of the selected signal only by the
resistance of a conducting diode. Both the input and output imped-
ances during antiselection are higher than for the corresponding shunt
circuits. The series switches have one main fault: the shunt capaci-
tance of the diode provides a transmission path for fast signals during
the antiselection time. This undesired signal can be cancelled by such
means as are shown in Sec. 9.9 for the quasi-selector circuits used in
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comparison. Another consideration, if thermionic diodes are used,
is the allowable heater-cathode potential, which must be as large as
the waveform amplitude for the series circuits, unless separate filament
windings are used. This expedient is not usually necessary since some
diodes are designed for 300 volts between heater and cathode.

The ideal circuits require a battery of zero or comparatively low
impedance except when the battery and the resistance have a common

+ E2

Input

%

——--- -

E

(b)

—. ——. —_ —_-

=
9.4.—PracticaI diode selector circuits. (a) One-bound selector. (b) Two-bound

selector. The transfer characteristic for this type of circuit is given in Fig. 3.60.

terminal, since in the latter case, R can be made up partly of the source
impedance of E. In this case, E can be obtained from a voltage divider
between a supply voltage and ground without drawing excessive current.
Thus, the circuit of Fig. 9.4u is an economical practical realization of
Fig. 9.3d. The positive or negative supply voltage may be used alone
unless the boundary voltage must be adjustable to values above and
below ground.

Selection within two boundary voltages may be accomplished by
combinations of circuits from Fig. 9.3. A practical circuit combining
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Figs, 9.3c and d is shown in Fig. 94. The combination of two shunt
switches may be simplified by using a single series resistor and connecting
both diodes to the same output point.

9s4. Germanium-crystal Selectors.—The contact rectifier may be
substituted for the diode as a broken-line element in the circuits of.the
previous section. The two elements cannot be considered to be irrter-
changeable, however, and fairly severe limitations upon the size of
waveform and the impedance of the waveform generator are imposed
by the crystal characteristic (see Sec. 3 ~15). The most suitable contact
rectifier is the high-voltage germanium crystal operated at a constant
temperature.

For precision selection with crystals the series-switch circuits of
Figs. 93c and d are preferable to the shunt-switch circuits, as is evident
from the previous section, particularly since the capacitance coupling
is smaller than for the diode. The back resistance of the crystal may
be less than 100 k so that the series resistance R cannot be made very
large, since the transmission during the antiselection time is deter-
mined by R/(Rb.,i + R). If R must be so small that the break instability
becomes intolerable, temperature control may be used, but unit-to-unit
variation remains. The maximum back voltage that can be applied is
small enough to limit the size of waveform in many cases, and tends to
nulIify the increased sharpness in crystal break over diode break. The
presence of crystal reverse conduction imposes a load upon the waveform
generator.

In Sec. 9.19, a special selector using germanium crystals is described.
The circuit uses two crystals to limit mutually the applied back voltage,
but it is not suitable for the undistorted reproduction of the output wave-
form. At the present stage of crystal development, the uses of ger-
manium crystals are mostly for quasi-selection where some distortion
of the waveform is permissible. In these cases, the economy of the
crystals is realized because temperature control is unnecessary.

9.5. Triode and Pentode Selectors.—The diode selector is almost
universally used for the accurate selection and reproduction of a portion
of a waveform. If the wave is to be amplified, however, and if accurate
reproduction and boundary setting are of secondary importance, a grid
tube is desirable. The various broken-line characteristics that may be
achieved with a grid tube are described in Chap. 3. The break insta-
bilities are larger than those of the diode, in general.

Cathode-jollower Circuits.—A selector that uses the cutoff break of a
triode and selects all input voltages above the boundary thus defined is
given in Fig. 9.5. This circuit provides a low output impedance for the
selected wave and may provide a boundary definition only slightl}
inferior to that of a diode. At a given plate voltage a high-p tube is
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better for sharpness of boundary than a low-p tube (see Sec. 3.17). The
cutoff break in the triode characteristic is not as stable as that for the
diode. Hence, this circuit is somewhat less precise than the diode
selectors,

~w
EPP

v, V2 b
Wave Q —- ---

L~ ‘1: J

b

output
Wave Reference output

Reference voltage

voltage

=
=

Fm. 9.5.—Cathode-follower selector. FIG. 9+1-Double-triode selector.

If the reference voltage is applied to the cathode of the selector tube
through a second and identical tube as in Fig. 9.6, the stability of the
boundary is increased. For the 6SU7 tube the instability in boundary
is smaller than ~ volt Unfortunately V2 acts as a low impedance
load (less than 1 k) upon VI during the first part of the selected wave;.

-i-
.-

0 I
L

Q

=
Fm. 9.7.—Triode am.

plifier eelector.

a distorted output waveform is produced until VZ is
cut off.

AmplijisT iSele@ors.—The plate output of the cir-
cuit of Fig. 9“6 provides an amplified selected wave.
Another amplifier selector is shown in Fig. 9.7. If a
waveform is applied between the grid and cathode,
the portion corresponding to the grid base is selected.
The lower bound is set by cutoff; no upper bound is
present unless the flow of grid current reacts upon
the waveform generator. By adding a series-grid
resistor, an upper bound is provided, and the circuit
selects only those portions of the input wave that lie

within the grid base of the tube. Two circuits and theh characteristics
are given in Chap. 3, Fig. 3.38,

The use of negative feedback to linearize the transmission segment
of an amplifier selector is feasible, but the usual procedure is to use an
accurate diode selector and a separate linear amplifier. In many of the
applications of these amplifier selectors, wave-shape reproduction is not
important.
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Other Selectors from Grid-controlled Tubes.—Any of the broken-line
characteristics from a grid-controlled tube may be used for 8 more or leas
precise amplitude selection. For particular applications these may be
of interest, but in general the accuracy of selection is inferior to that for
the circuits that have been listed
here. +E

9.6. Compensation of Cathode
Drifts.-The dependence of all of
the vacuum-tube selectors upon
the heater voltage (the cathode
temperature) is sufficiently large
so that compensation of this
source of error by special circuits
is often necessary. A common
method is to balance the drifts in
one cathode against those of a. o

similar cathode supplied with the a Q
same heater voltage. The effects (a)
of aging tend also to compensate +E
in such a circuit. The ideal is to
use the same cathode for both
elements. The 6X5 diode pair
have a common cathode, and a
few tests have shown that good
compensation is achieved. The
6J6 type of construction may be
of interest although no data is
available.

Compensating Diode Drifts with
a Second Diode.—Any circuit uti-
lizing this device for increasing
accuracy depends upon the attain-
able similarity between diodes.

o
(h)

The uncompensated drift figure, FIG.9.8.—Stwbilizationof boundaryvolt-
100 mv for 10 per cent filament- ~Odeageof a seriee~witchselectorwith a mconci

voltage change, can be reduced by “
a factor of 5 or 10 by using the two diode sections of a tingle tube. Best
results are achieved by the use of a 6SU7, diode-connected.

A circuit for stabilizing a series-switch selector against drifts is shown
in Fig. 9.8. In this case the boundary voltage is determined by the
combination of three resistors. The analogous circuits fdr stabilizing
shunt-switch selectors are shown in Fig. 9.9. The added circuit in each
case is a source of current of the proper polarity to maintain one diode
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in conduction at all times. The current should be adjusted to the current
of “effective break” in the other diode. The added circuit presents a
high impedance during selection.

Compensation of Triode or Pentode Plate-current Cuto~ with a Diock—
This subject is discussed in Chap. 12, Vol. 18. The circuits used there
may be adapted to the corresponding selector circuits. As an example,
the means of compensation for the triode selector of Fig. 9“5 is shown in

1
0

(a)

(b)
FIG. 99.-Stabilization of a shunt-switch

selectorwitha second diode.

Fig. 9.10.
Compensation of Trioo?e Pairs.

This type of selector circuit has
other advantages that have been
described in Sec. 9“5. The com-
pensation against cathode drifts
may be high since identical tubes
or sections may be used. Tube
selection for symmetry may be
desirable if extreme accuracy is
necessary. The effect of this type
of stabilization is only to remove
drifts from the effective boundary
at the input waveform. The
drifts are still effective in changing
the d-c level of the output selected
wave.

9.7. Quasi Selectors.—The
amplitude selectors that are de-
scribed in the preceding sections
deliver a portion of the input
waveform in the ideal case. The
output wave is composed of seg-
ments of constant voltage during
the rejection times and a segment
corresponding to the portion of
the input waveform that is se-

lected. Ideally, the break between these two segments of the waveform is
abrupt: there is a discontinuity in slope. Actually, the sharpness of break
is limited by that of the nonlinear characteristic, as has been shown.

The abrupt rise of the selected portion of the waveform identifies a
time instant with some precision so a selected waveform may be used
as a marker or a trigger. The initial rise is the only ~art of the selected
wavefarm which is of interest in such cases and the major part of the
tieleeted ~ave need not follow the input wave. A high value of volts/psec
ak a time ctwre~ponding to the instant when the waveform reaches the
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reference voltage is the requirement of an amplitude comparator. Hence
some circuits, often called “quasi selectors,’~ which are inferior selectors
because they reproduce the input waveform only approximately, are of
interest as elements in comparator circuits.

Quasi selection mm be accomplished by any element with a broken-
]ine characteristic. The characteristic property of quasi-selection circuits
is the comparative unimportance of the transmission segment as compared
with the sharpness and stability of the break. The quasi selector often
involves an amplifier.

n

Outmlt

FIG. 9.10.—Stabilization Of a cathode-follower selector. Z2i is important in determining
the boundary voltage and acts as cathode resistor for the cathode folIower.

9.8. AmpLitude Comparison.-The process of amplitude comparison is
accomplished by quasi selection and amplification. By amplification
the initial rate of change of the selected wave is to be made as large as
the timing accuracy requires. Rises with a total duration of 0.005 fisec
have been used.

The mechanism of comparators is simpIe if an ideal selector is postu-
lated. The selected waveform, which starts at a perfectly defined time
instant, is amplified in a linear device (Fig. 9.1 la). In practice, the expo-
nentially curved break in most selector elements makes the “instant”
of output rise &~endent upon the amplifier gain (Fig. 9.1 lb). The marker
time is defined here as the instant at which the amplifier ouput rises to
a fixed voltage.

9.9. Amplifiers for Comparators. —The broken-line characteristic
that is essential for amplitude comparison may exhibit a gain during
the transmission segment. Diode circuits provide no gain, and many
elements provide insufficient gain for a marker so that auxiliary ampli-
fication is necessary.

The comparator may profitably be regarded as a quasi selector and
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an amplifier even when these functions are provided by a single element
such as a gas-filled triode (see Chap. 3). The amplifier is a “rise-rate
amplifier” and often a pulse former. The most economical rise-rate
amplifiers use regenerative feedback to obtain very high gains, which are
limited by the stray reactance present rather than by the amplification
factor of the tubes. Regeneration may be used in any stage of the
amplifier, in the entire amplifier, or around the entire loop of amplifier

al Amplifier

~1 saturates

r

gl

I

10A
=1
gl
01 A
%1
~,

:1
<1

I
1 SelecSoltage
I

(a)

I

x

(b)
Fm. 9.1 1.—E5ect of linear amplification upon selector output. (a) With ideal selector.

The output waveform approaches a step function as amplification is increased. The
discontinuity occurs at a well-defined value of input voltage, the voltage at which the
ideal selector “switch” cloees. (b) With diode eelector. The effectiveboundaryvoltage
varieswithamplification.

and selector. The requirement for an output pulse rather than a step
often makes it convenient to use a blocking oscillator as a regenerative
output stage. Each intermediate amplifier stage should be operated
within the high-g- region near zero bias. The gain of these stages must
be su5cient to ensure stable triggering of a blocking oscillator.

The differentiation or quasi differentiation of a selected wave may be
used for wave shaping. A pulse may be formed from a step by this
means. An li!C-network or a pulse transformer may be used to accom-
plish quasi differentiation. The pulse transformers are convenient since
they provide for level changing and impedance changing and may be
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used as inverters so that each stage operates in a phase that may be
determined by other considerations. The polarity of output or of feed-
back is also conveniently controllable with pulse transformers.

An example of a rise-rate amplifier is given in Fig. 9.12. The input
waveform is a negative gate which cuts off V1. The end of the gate turns
this tube on, and a negative signal appears at the plate. This is quasi-
differentiated and inverted by the pulse transformer and used to fire
the blocking oscillator, Vt. The first section of V2 is used to amplify the
trigger further and to apply it to the plate of the blocking-oscillator tube.
The positive-pulse output is about 20 volts in amplitude but may be
increased somewhat by increasing resistor RI. The pulse rises 20 to 40

+ 200
Negative

~ output

:;lM

0.02
O-I( ---
Input step

“& JN7
o

Poeitiw
27 k

4
Fm. 9.1 2.—Rise-rate amplifier. A quasi-differentiating amplifier plus a blocking

volts in a few tenths of a microsecond. The circuit is a special design
for firing the blocking oscillator at the rising portion of a negative rec-
tangular wave. A grid return to a voltage near the center of the grid
base would make the circuit responsive to a positive-going selected wave-
form preceded by a constant voltage.

It is sometimes necessary to compensate the effect of capacitance
shunted across the selector. This may be done by a “neutralization”
capacitance connected from the waveform generator to the amplifier at
such points that the neutralization signal and the undesired signal are of
opposite polarity. An example of this device is shown in Fig. 9“13. The
input waveform is a trapezoid. The output of the diode-selector circuit
is a selected upper portion of the trapezoid plus a component contributed
by the capacitance across the diode. This is canceled in the grid circuit
of the second stage by the adjustable capacitor coupling to the waveform
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generator. The waveform generator must have a sufficiently low output
impedance so that the additional capacitance produces no distortion.
The capacitor C is chosen to minimize the undesired output signal.

~

- +53
5k lM

0.01
50ph lk

2oojJ/Jf
q. ~ --- ,J’&

5r33Jf7
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FIQ. 9.13.—Comparator with neutrahzation of the effect of the capacitance shunting the

diode selector.
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FIG.9.14.—Simple diode comparator.

9.10. Simple Diode Comparator.—The example of Fig. 914 is a
representative application of diodes in amplitude comparison. The
amplifier illustrates the use of pulse transformers for coupling elements.

The diode selects a portion of a triangle above a reference voltage,
and the selected wave is amplified and shaped to form a trigger. The
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triangle input waveform rises 150 volts in 300 ~sec. A pulse is obtained
which rises 100 volts in 1 or 2 psec depending upon stray capacitances.
The delay through the amplifiers is less than a microsecond The accu-
racy of comparison depends primarily upon the definition of conduction
of the diode. In order to compensate for the diode drifts, a second diode
may be added (see Sec. 9.6).

An attenuated portion o! the triangle appears at the cathode of the
diode. This positive signal is quasi-differentiated in the grid circuit of the
first tube and again by the transformer at the plate. The second stage is
cut off by the screen-divider current through the cathode resistor. Thus,
it does not respond to negative signals and amplifies only the trigger
corresponding to the time of conduction of the diode. 1 The transformer
is connected to invert the polarity
of this trigger so that it is positive
at the grid of Vz. A sharp nega-
tive drop at the plate of VZ is
followed by a somewhat slower
rise.

9.11. Grid-controlled Com-
parators.-The grid-tube elements
that are described in Chap. 3 are
suitable for both quasi selection
and amplification within a single
unit. Their chief disadvantages
as comparators using cutoff are
the loss of sharpness and stability
in the break of their characteris-
tics compared with that for a diode,

+’:
waveform

IM

at low impedance)
o T+

FIG.9,15.—Simpletriodeselectorfor corn.
parison. Plate-currentcutoff provides the
nonlinearity or comparator point.

and the difficulties in operating the cathode at a variable potential with
respect to plate or screen, since these relative potentials determine Eo,k
at cutoff.

In Fig. 9.15 a single triode is ordinarily held cut off by the difference
voltage between the wave and the reference potential. The waveform
raises the grid until the tube conducts. Further rise of the grid will finally
cause grid conduction. The diode d-c restorer is included to reset
the level of the wave during recovery .- The negative-output signal is
amplified and shaped to form a marker. The circuit will operate only
for the positive-going portions of a waveform.

If a falling waveform is to be compared with a reference, their differ-

] In general,maintaining a stage of amplificationbeyond cutoff is bad practice
sinceit introducesa small delay in the amplifier. The need for this quasi selection

may be eliminated by the capacitancebalancing circuit described in the preceding
sestion.
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ence can be applied to the cathode of the tube. With this connection, the
input waveform may be distorted by the plate current which flows after
the comparison. It is also possible to apply a falling signal to the
cathode and the reference voltage to the grid. If the reference voltage is
applied to the cathode or to the grid, the effect of the varying plate-
cathode voltage upon the cutoff point may be appreciable.

Comparators (or at least their selector component) are similar to
direct-coupled amplifiers. One problem of direct-coupled difference-
amplifier design is the rejection of common-mode signals. In the
immediately preceding example (Fig. 9.15) this was accomplished by
applying the reference and the waveform voltages to the same electrode,

&fJ-:i%~=~~&
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FIG. 9. 16.—Double-triode comparator.

thereby eliminating the common-mode signal. I However the super-
position of the waveform on a level equal to the negative of the reference
voltage is not always convenient.

The double-triode circuit of Fig. 9.16 rejects common-mode signals in
another way. This selector is discussed in Sec. 9.5. The cathode signal
here is applied to a two-stage amplifier with some regeneration through
the cathode resistor. A rapid rise from this 6J6 is differentiated, its
negative overshoot is eliminated by V1 and the rise is used to trigger a
blocking oscillator. The wave that was applied to this circuit was a
triangle which rose 120 volts in 350 psec. The rise of the blocking-
oscillator pulse is about one thousand times faster. The circuit might
require some additional gain if a slower waveform were used. This
comparator is used in a time modulator described in Sec. 5.4, Vol. 20.

1SeeVol. 18, Chap. 12.
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9.12. Multivibrator Comparators.-The monstable or bistable multi-
vibrator may be used as a comparator. In most multivibrators, regen-
eration is initiated when a rising grid reaches a grid base. An example

is shown in Fig. 9.17. Tube VI is ordinarily conducting, and acts as a

cathode follower for the input waveform. Tube VZ is cut off by the high

cathode potential. As the waveform falls, the cathode of V, falls, and

V* eventually starts to conduct when the grid of ~1 is slightly above that

of V2. Conduction in VZ completes a positive-feedback circuit from plate
to cathode of VI with V2 acting as a cathode follower. A regenerative
action rapidly turns VI ofl and V2 on. The rapid rise of plate current in
Vz is quasi-differentiated by the plate inductance, across which the output

+275v

VI
VR-91

Reference

o
Negative
triangle

T

o

-250 v
Fm. 9.17.—Monostab1e mtdtivibrator comparator. Often called “long-tailed pair.”

The VR91 is a British pentode resembling the 6AC7.

is taken. The reference voltage maybe obtained at a potentiometer and
applied to the grid of Vz. No voltage appears across the 10 k resistor
before the regeneration starts. The portion of the waveform that appears
on the plate of VI slightly modifies the effective reference voltage.

The circuit is fairly accurate since the effects of filament-voltage
variation from the two tubes and other drifts tend to cancel. The
proportion of the total supply voltage through which the reference
voltage can be varied is somewhat limited. In some cases, the subtrac-
tion of some portion of the reference voltage from the waveform may be
used to remove this limitation. The feedback during regeneration is
more effective if a very high cathode resistance and a negative-supply
voltage are used. Since a high variational resistance is required, a triode
with cathode degeneration is sometimes used in place of a cathode resistor.
The common-cathode circuit is particularly advantageous because of
the drift cancellation.

Multivibrator circuits with other feedback connections are inherently
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less accurate but could be used in special cases. The difference between
the wave and the reference can be applied to any two electrodes that
provide sufficient control of the loop gain, Ordinarily these are the first
control grid” and cathode, but the second control grid in a multigrid tube
could be used.
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(+66 to+6v)

- 360V
FIG. 9.18.—Double-triode multivibrator comparator with additional gain in the regen-

erative loop.

A variation of the above circuit involving a pair of triodes in a single
envelope, chosen for balance, is shown in Fig. 9.18. It gives high accuracy.
This circuit includes part of the waveform generator. The cathode
follower V,. applies a negative-going triangle to the cathode of V,,. The

grid of Vlh is held at the reference
+150V

B

potential. When the cathode of

A..
output VI* reaches the reference voltage

u(se plus the cutoff voltage of the tube,
Triangular 6SL7

Reference

)

conduction starts. The action is
wave voltage--- --- speeded up by the amplifier V2,

O.l= 1 k which amplifies the fall at the plate

100k of V15 and produces its positive
derivative at the grid of V15.

-75 = When the common cathode rises,
FIG. 9.19.—Blo&ing-oscillator comparator. the grid of ~Ia falls rapidly. The

turn-on of vxb occurs in about &

psec. The output signal at Vz is a step that is used to trigger a blocking-
oscillator pulse generator.

9.13. Blocking-oscillator Comparator.—If a blocking oscillator such
as is described in Sec. 6.1 is maintained in an nonoscillatory state by a
negative grid bias and a positive-going wave is superimposed upon this
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voltage, the circuit will fire when the tube starts to conduct plate current.
A practical example is shown in Fig. 9“19. The triangle rises 50 volts in
approximately 30 ~sec. Variations of the heater voltage by ~ 0.2 volt
and of the B-supply voltage by ~ 1 volt resulted in less than f O.15-psec
change in the timing of the output pulse. The reaction of the comparator
resets the waveform generator.

9,14. The Multiar.-A most simple and accurate amplitude-compari-
son circuit is the “ multiar,” for which a practical circuit is shown in
Fig. 9.20. The accuracy of selection depends only upon a single diode,
and the amplifier that follows is an economical regenerative device which
provides a nearly instantaneous pulse and step at the instant of diode
conduction. 1 The principles that underly the design of this device are
widely applicable to the problems of amplitude comparison.

+E))b

Input,
A reference voltage

~

&

Input,

triangle

-——
Fm. 9.20.—The multiar circuit. A diode selector and a regenerative amplifier with loop

broken until the diode conducts.

Circuit Operation.—For the multiar of Fig. 9.20, the pentode is
ordinarily conducting strongly. The plate of this tube, VZ, may be
bottomed. A small grid current is flowing through the grid leak which is
returned to the positive supply. The plate of the diode, Vl, is at the
reference voltage. Its cathode ii higher being at the quiescent level of
the input waveform. Tube Vl, therefore, is not conducting and the feed-
back path through the transformer is not complete. The negative input
waveform, in this case a triangle, lowers the voltage at the cathode of
VI. When this voltage reaches the reference voltage, the diode conducts.
The feedback path is now completed, and since the transformer is con-
nected for positive feedback, the pentode is rapidly cut off. The circuit
is returned to its quiescent condition by the voltage rise at the end of
the triangle.

i SeeF. C, Williams and N. F. Moody, “Some Remarks on ‘Ranging Circuits,
LinearTime Base Generatorsand Time Discriminators,’” I.E.E. Convention paper,
March1946,p. 13.
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A distorted reproduction of the portion of the triangle below the
reference voltage occurs at the plate of the diode. This wave tends to
carry the pentode grid negative and, thus, acts aa a trigger for the
regeneration. The grid of the pentode is driven several volts below
ground by the regeneration. If the input terminal were held at a con-
stant potential after the start of regeneration, the grid of the pentode
would rise with a time constant determined by the charging rate of the
stray capacitances at the grid circuit. The pentode would again conduct
and be cut off by regeneration when the grid rise permitted the diode to
conduct. This relaxation oscillation or “bouncing” is accentuated by
any quasi differentiation in the transformer operating upon the overshoot
of the cathode wave. A short grid base for VZ is desirable to prevent
this effect. Proper transformer design also is helpful. If the input
waveform is a negative-going triangle, the triangle continues its fall after
the comparison thus tending to suppress bouncing, and finally maintains
the grid of the pentode beyond cutoff. It is clear that some other solu-
tion of this problem may be necessary when a positive-going or slowly
falling triangle is used.

Dest”gn.-The considerations that should be applied to the design of
a transformer for this circuit are like those for the pulse transformers that
are used in blocking-oscillator circuits (see Sec. 9“20). In addition some
attention must be paid to low-frequency response in order to prevent
bouncing, since the tube should be cut off after the input waveform has
passed the comparison point. The interwinding capacitance of the trans-
former shunts the waveform generator and must be minimized.

The tube is chosen to deliver sufficient power so that the output rise
may be of the size and speed desired. The pentode has several advan-
tages over the triode for this application including the low Miller effect,
the independence of plate potential of the cutoff voltage, and the short grid
base. The grid time constant and the resistance through which the refer-
ence voltage is applied are chosen so as to load the triangle generator as
little as possible. By making the loading sufficiently small, the triangle
may be applied to several comparison circuits with independent reference
voltages. The multiar is insensitive to repetition-rate changes except
for RICI averaging effects.

9.15. Other” Forms of the Multiar.—The advantages of the multiar
are twofold: (1) the stable and sharp break of the diode is used to define
the equality of voltages by firing a regenerative circuit, and (2) the gain
of the circuit is obtained in a single regenerative loop.

Dr@ Cornpensation.-The largest source of error that remains for
most multiar circuits is the cathode drift of the diode. This may be
compensated by another diode according to the methods of Sec. 9.6.
The multiar-circuit modification is shown in Fig. 9.21.
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l%e-waue Comparator.—It is often desirable to produce a square wave

whose rise and fall instants are stably timed with respect to a sine wave.

This “squaring” is easily done with a circuit of the multiar type. Such

a circuit is shown in Fig. 9“22, and the relevant waveforms in Fig. 9“23.

EPP

+
FIG. 9.21.—Stabilization of diode in multiar.

The pulse spacing and the square wave are not symmetrical since the

turning on of the triode occurs when the sine wave reaches the cutoff

voltage instead of zero. The waveform may be made more nearly

symmetrical by increasing the sine-wave amplitude or by using a tube
with a shorter grid base. The accuracy of relating the positive-pulse

EPP
T >

Square wave
output

B .

2
Pip output

A
—,,/ I >

Fm. 9.22.—Multiar for conversion of sinusoids to square

output to a fixed phase of the sine wave depends, in the main, upon the

diode characteristic. The instant of the negative pulse is less accurately

determined.

Regenerat~ve Azimuth-marker Generator.-A type of amplitude com-

parison that operates at a slower time scale than the preceding methods
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producing a pulse of a few milliseconds duration at a fixed phase of a low

frequency sinusoid is sometimes required (see Fig. 9.24). The 24 rpm

sinusoid appears as modulation upon a carrier of a higher frequency. The

steepest portion of the wave which is near the null is chosen as the

operating point for comparison, and a regenerative circuit i; used for

amplification. The modulated carrier waveform shown in Fig. 924 is

derived from a synchro system connected to a radar scanner. The enve-

lope nulls do not go to zero amplitude, since an unmodulated com-

Voltage at A

ri’”
1 I I

I ‘ Pp output:t ,,

w

I

i

V;tsf

I

Fm. 923.-Waveforms for Fig. 9.22.

ponent of carrier, phase-shifted 90°
from the modulated component, is

present.

A circuit for performing this

operation when a 400-cps carrier is

used is shown in Fig. 9.25. The
input waveform is amplified by a
factor of 100 or more in the input
transformer and push-pull ampli-
fier. The two outputs are applied
to the grids of a full-wave plate
detector. The connected plates of
these triode sections rise toward the
supply voltage at the null. The
output of the detector operates the
quasi-selector stages (a cathode-
follower cutoff by 50 volts bias).
During the selected portion of the
waveform, a regenerative loop is
connected through the center tap of
the input transformer. The marker
is formed by a multivibrator-like
circuit.

By adjusting the bias on the quasi-selector stage, the start of the
pulse may be adjusted relative to the null. The center of the pulse must
occur at the center of the null if a variation in marker time with polarity
of input signal previous to the null is to be avoided. Thus, for one bias
of the quasi selector, the circuit is a fairly accurate two-way comparator
(see next section). The duration of the pulse may be adjusted by the
time constant of the feedback network. The uncertainty of the 400-cps
phase at the null introduces some jitter (a time equal to ~ of a 400-cps
period, at the most). Any variation in amplifier gain or in the scan rate
will require a readjustment of the selection boundary and the duration
of the pulse. The waveforms at the input to the selector are shown in
Fig, 9.26.
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0

0° Spinner position

(a)
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(b)
FIG. 924,-Input waveform to azimuth-mark generator.
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FIG. 9.25. —A~imuth-mark-generator circuit.
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The 900-shifted unmodulated carrier component that prevents perfect
nulls may be discriminated against by a phase-detector action. The null
must be good even with such a circuit, in order to avoid overloading the
amplifier.

9.16. Two-way Comparators.—If a marker is desired whether a wave-
form approaches a reference voltage from larger or smaller values, a
two-way comparator must be used. A satisfactory solution is to provide
two circuits, each sensitive to one direction of approach. Or one seeks
a discontinuous characteristic as shown in Figs. 9’27 and 9“28. The
instability of the effective boundary is large for both circuits, and they
are designed for use wit h s]ow waveforms.

F@re 9.27a shows a circuit that is to operate as a two-way com-
parator. Its characteristic is simply adjusted for maximum slope without

J-1
/
I ‘ Grid of V3 with and

I without feedback

I

--- Feedback
loop closed

; ;

FIQ, 9.26.—Detector output in azimuth-mark generator.

hysteresis, as is illustrated in Fig. 927b. Figure 928 exhibits the use
of a high variational resistance as a cathode resistor in a double-triode
comparator involving a conductive regeneration connection to produce
the desired characteristic.

9.17. Sic-wave Comparators.’—Comparators to produce a marker
when a sinusoid equals a fixed voltage are necessary to many high-pre-
cision timing circuits. This process is sometimes called “peaking” or
“squaring.” The methods are identical with those for any comparison,
selection, or quasi selection followed by amplification. A broken-line
characteristic is clearly required, because no operation on sine waves with
linear elements can produce any wave except another sinusoid.

The quality required of the marker, which is usually a pulse, is that
its time instant shall correspond to a fixed phase of the sinusoid. Except
for the zero-voltage points, the phase corresponding to a given voltage
depends upon the maximum amplitude. As a result, comparison with

~8s0. 9.17 to 9.20 by R. Kelner and E. F. MacNichol, Jr.



Sm. 9.171 SINE-WA VE COMPARATORS 349

rem voltage is capable of the greatest accuracy. Another advantage in
sero comparison is that the slope of the wave is greatest at this point and
small changes in the reference level from the nominal value of zero and
in the sine-wave amplitude have the least effect upon the phase of the
marker. Furthermore the least amplification is required to increase this
rate of rise to that of a suitable marker.

The waveforms resulting from peak selection and linear amplification
are shown in Figs. 9“29b and d. TKIS wide pulse can be used with a
time-selector circuit to select a narrower and more accurate pulse which
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Ra. g27.—Two-way comparator for oper- FIQ. 9.28.—Another t we-way com -
ation at a fixed reference level. parator. The feedback adjustment permits

adjustment of the characteristic to mari-
mum S1OLWwithout hyetereeis.

occurs near the peak of the sinusoid. The center of the selected pulse
is not affected by shifts in the sine-wave amplitude or the reference
level, and small symmetrical variations in its width are unimportant.~
The edges of the selected peak could be amplified to form markers,
but the amplification required is comparatively large, and the depend-
ence of marker phase upon amplitude relationships is excessive. Still
with complex circuits a marker can be derived from the peak of the
wave fairly accurately.

Zero comparison followed by double differentiation is shown in
Figs. 9.BC and e. A single-bound selector is biased to select the positive

i % Vol. 20, Chap. 6.
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half cycle. A sinusoid may be marked at four accurately determined
points by a combination of peak and zero selection as shown in Fig. 9.30.
By amplitude comparison at amplitudes intermediate to the peak and

threshold

Zero selection _
threshold

I
Peak selected i

and
differentiated

Zero point
selected

Peak
amplified

~~c~&d (e)

d;::entiated

FIG.9.29.—Peakandzeroselection,

zero, interpolation, or variable pulse spacing, and smaller fixed delays
are possible. The additional necessity of controlling the amplitude of
the sinusoid is troublesome.

!

II

I
1
I

Positive selected pulse at zero point I

Negative selected peak !

Negative selected pulse at zero point

1,
Positive selected peak l,!

ll!llll! (,,1 1 [111
o ‘9018)7:60

Fm. 9,30.—Phase relationships of pulses formed from a sinusoid,

9s18. Sine-wave Peak Comparison. -Peak selection is usually accom-
plished in Class C amplifiers or oscillators. The grid of the selector tube
is biased off so that conduction takes place only on the peak of the wave.
The output pulse appears across a small resistance or inductance in the
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plate circuit. Figure 9.31 shows two typical circuits for peaking the out-
put of crystal oscillators. In both circuits the oscillator operates with

+250V

T
& “

1Mh
ii

5.1 k

+250 V

_

- Pulseout

‘-’W:’10Mh$?p7$50,f
..-

+Pulse outQli’.!31.
---+6SN?

82”& ~

2.2 M

❑
0001

8.2 k ( 2.2 M

/

❑ 1 6s
Positivepulses

kc/see 5.1 k
8,2 k

Clyetal 1 Mh

(a) (b)
FIG.9.31 .—Crystal-oscillator peakers. (a) TS-1OO lAP; (b) 256B oscilloscope.

very large cathode bias so that plate current flows only on peaks. In a,
pulses are taken across l-mh inductors in the plate and cathode circuits.
fiese coils have negligible imped-
ance at the 82-kc/see fundamental
frequency, but they have a high
impedance for the pulses of plate
current so that pulses of approxi-
mately 25 volts of about l-psec
duration are developed across
them. The 5}-k resistors over-
damp the oscillations that are
shock-excited in the coils. In b,
the plate-current - pulses pass
through one winding of a pulse
transformer which has negligible
impedance for the fundamental
frequency. The heavy pulse cur-
rent synchronizes a blocking oscil-

+ 250 V
1 I

56

0.002

10 k

—

FIG. 9.32.—Squaring amplifier for peak
selection.

later which would free-run at a frequency slightly lower than 82 kc/see.
Pulses of l-~sec duration are taken at very low impedance level from the
plate and cathode circuits.
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A circuit for producing timing marks from a l-Me/see sine wave is
shown in Fig. 9.32. The input sine wave has a peak amplitude of 150
volts. The tubes conduct over a 70° region near the peak, producing
nearly rectangular pulses of 30 volts amplitude and 0.02-~sec duration
which rise and fall in 0.003 ~sec. Two tubes are used in parallel to
provide the necessary gmand dissipation. The output is taken through
a 95-ohm cable correctly terminated at the deflecting plates of the CRT.

9.19. Sine-wave Zero Comparison.-Since selection takes place at a
fixed level, triodes and pentodes are frequently used as selectors as shown
in Fig. 9.33. The amplitude of the input wave must be large compared
with the grid base of the tube so that linear amplification takes place
over a very small portion of the waveform. In the circuits shown, a
large grid resistor is used so that grid limiting takes place. The average

~ ~

d“:!+mv+ ‘:: ‘- v 100k ,:= E. . . 92

&

v v
FIG.9.33.—Sinewavezerocomparisoncircuits.

current and the length of the grid base are adjusted by varying ~p= or
E LJz. The pentode circuit will give the most nearly rectangular output
because it will bottom on positive half cycles of the input as well as cut off
on the negative half cycles. The d-c resistance in the grid-cathode
circuit should be kept as small as possible to prevent shifts in the selection
threshold with amplitude or frequent y of the input signal. This is
particularly important if a pulsed oscillator is used as a source since the
duty ratio will be variable. In Fig. 933 inductances are used for this
purpose as they have a low d-c resistance but a high impedance for the
sinusoid.

If RC-coupling must be used, diodes should be inserted for d-c restora-
tion as shown in Fig. 9.34. In a, Rd and R, are equal and large com-
pared to the tube resistances rdand r~jwhich are also nearly equal. The
current drawn will therefore be the same on positive and negative halves
of the cycle, and the average level at point A ~vill be zero. In b, R~ is

very much smaller than R.. The diode cuts off on positive halves of
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the cycle so that no grid current will flow. There will be a slight shift
in level since current is drawn through I?v on negative half cycles only.

EFP E

+$ W ;

PP

c
A i?g 9A

--- ---
c~ 8d

Rd Rg

(a) (b)
Fm. 9.34.—Sine wave zero comparison circuit with diode d-c restorers.

It is sometimes advantageous to stabilize the level of the output

waveform in a manner that makes it independent of the tube character-

istics. This may be accomplished by inverse feedback as shown in

Fig. 9“35. Inverse feedback is
applied from the plate to the grid
through the diode Vz. The level
is adjusted so that the grid is
slightly negative when no input
signal is present. On negative
half cycles VI conducts, breaking
the feedback loop and permitting
the tube to cut off rapidly.

An example of a regenerative
comparator is the cathode-coupled
bistable multivibrator (see Fig.
9’36a). It should be so designed
that the first control grid never
draws current and is biased in the
center of the unstable region.

An oscillator that produces
square waves that are accurately
phased with respect to the sine-

-L= i
FIQ. 9.35,—Comparison circuit with in.

verse feedback to maintain the output level
oomtant.

wave output is shown in Fig. 9 .36b. A large cathode resistor is used so
that the tubes draw equal currents during their conduction time and
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this current value is maintained by degeneration, The tuned circuit
receives a square wave of current of accurately determined amplitude
and duration so that high stability is achieved.

EPP L

!

(b ,-1

WN +– - =-#.J---=-
9,

1 1
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(a) (b)
FIG.9.36.—Multivibrator-typecomparators.
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FIG.9.37.—Accurate two-bound selectors.

None of the circuits shown above moduces a waveform that has the
same spacing from negative edge to positive edge as from positive edge
to negative edge; also, the slope of one edge is greater than that of the
other. Hence upon differentiation the negative-going pulses will be of a
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different size and shape than the positive-going ones. This is brought
about by the fact that the g~ of the tube is greater near zero bias than
near cutoff so that the negative-going edges are amplified more than the
positive-going ones. If identical pulses are wanted from both the posi-
tive- and the negative-going edges, accurate, symmetrical squaring must
be used. This can best be accomplished by diode-amplitude selection.
Figure 9.37a shows how symmetrical squaring can be accomplished by
two-contact rectifiers or diodes. A single, symmetrical, nonlinear ele-
ment, such as thyrite or a saturable transformer, might be used in place
of the rectifiers. In Fig. 9.37b the grid current of the pentode amplifier
is used as the upper bound and a diode is used to define the lower one.
Since grid current starts at – 0.5 volt and the diode conducts at – 1.5
volts, the grid base has been effectively shortened to 1.0 volt. The
change in gm between these limits is small so that both the rising and
falling edges are sharp. As the operation on the input wave is sym-
metrical, condenser coupling may be used in both circuits. If the wave
must be very greatly steepened, several stages may be used, each selector
being followed by a linear amplifier.

9.20. Sine-wave-comparator Amplifiers.-If pulses are to be pro-
duced from the steep-edged waveforms discussed above, some form of

N

Fm. 9.38.—Pulsed-osciUator and peaker circuit.

p~se shortening must be used. If accurate rectangular pulses are
required, the steep edges may operate the switch tube in a delay-line
pulse generator or actuate a blocking oscillator or a multivibrator. For
many purposes a simple quasi differentiation will suffice. This may be

an RC, LR, or transformer differentiator. A complete pulsed sine-wave
oscillator-peaker circuit is shown in Fig. 9“38. The pulsed oscillator VI
is actuated by a negative gate and produces a sinusoidal wave train. The

limiter Vz~ selects only negative half cycles. The plate current in VQ~
is applied to the inductance L through the bypass condenser C. The
resonant frequency of the combination is too low to be shock-excited



356 AMPLITUDE, SELECTION AND COMPARISON [SEC,920

by the plate-current pulses. Pulses of appreciable amplitude appear at

the plate of Vz= only when V2C is cut off. The output pulse is applied

to the cathode follower ~qb, which passes only the positive pulses. With

the oscillator tuned to 163 kc,sec and L = 2 mh, the output pulses
are 15 volts in amplitude, nearly triangular, and about 0.75. usec in
duration at the base. A diode may be used in place of the damping
resistor so that nearly complete attenuation of the negative pulses will
occur.

Pulse transformers may be used as excellent quasi differentiators and
will produce outputs at any desired impedance or voltage level. Closed-
core transformers such as are used in blocking owillators are not satis-
factory. Very satisfactory transformers using straight cores are easily
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FIG.9.39.—Quasi-differentiating amplifier and transformer.

constructed.’ Figure 9.39 shows how such a transformer is constructed

using pies from standard RF chokes and laminations cut from a type

Utah OA-15 pulse transformer. The core material is not critical, as

practically all the reluctance is in the air gap. The core increases the

inductance of the transformer by a factor of approximately 4 depending
upon the shape of the coils. The coils are cut from 4-pie l-mh RF

chokes and, w-ith the core in place, the inductance is approximately 7 mh.

The primary and secondary coils are separated by copper-foil faraday

shields to minimize capacitance. lVith a 10-k load in the primary and a

2,7-k load in the secondary, which is stepped down 2 to 1, the effective

load is approximately 5.6 k, yielding a time constant of L/R = 1.2 ,usec.
The waveforms in a two-stage squaring and differentiating amplifier

are shown in Fig. 9.40. The circuit is two stages resembling that of
Fig. 9.39 with a resistanm or the above transformer in the plate circuit
of the second stage.

1F. N. Moody, 1.E.E. ConventionLecture,March 1946.
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9s21. Amplitude Discrimination.-Indication of either the equality of
two voltages or of the sense and approximate magnitude of their inequal-
ity is termed amplitude discrimination (see Chap. 3). Subtraction of the
two voltages and amplification of their input difference is suitable for

.....

(a)

(b)

(c)
FXQ,9.40.—Squaring or differentiating amplifier waveforms. Two stages were used,

identical with the one shown in Fig. 9.39, except that the first stage had a 22-K plate
resistor. The 6AG7 tube was used for the second stage in all cases. (a) 6AC7 first stage:
sinusoid input and plate voltage. (b) Outputs from second stage with a resistor load and
with a transformer load. (c) Input wave and first and second stage outputs with 6AG7
first stage and transformer load in second stage. The concave bottoms of the square
waveforms result from the positive-grid characteristics of the first tube.

this operation. The amplified signal must be in a form acceptable in
signal amplitude, d-c level, and wave shape to some recording, indicating,
or controlling device. In order to avoid common-mode interference (i.e.
variation of the d-c. level common to both the inputs) with stability, the
entire discriminator and indicator may be ‘‘ floated” upon one of the
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input voltages. Extensive use of amplitude discrimination is made in
servo follow-ups. 1

The slowly varying input voltages need not be d-c, but may be the
slowly varyi~g amplitudes of a-c carriers. If the carriers are in phase,
subtraction and amplification suffice. The sign of the input difference
is indicated by an error signal in phase or out of phase with one of the
carrier waves. This type of discrimination may replace the discrimina-
tion of d-c voltages in servo follow-ups and has the advantage of per-
mitting the use of a-c amplifiers in the discriminator. The error signal
may be rectified or used as alternating cu~rent.

Even in cases where the input signals are d-c, a-c amplification can
be used if the subtracter is replaced by a modulator that develops an
alternating current proportional to the difference voltage. The particu-
lar requirements for such modulators are described in Sec. 9“23. The
stability of the discriminator depends primarily upon the modulator
characteristics. For some mechanical-switch modulators, the character-

istics are such that the stability of discrimination may be increased

by a factor of 1000 over the stability of devices using only vacuum

tubes.
Subtraction in d-c discriminators may be by use of a passive2 net-

work, but the common-mode component cannot be eliminated by a
passive network alone except in special cases. Certain so-called “differ-

ence amplifiers,” however, can accept two d-c voltages at two grids,

amplify their difference, largely reject common-mode variation, and also

compensate for the effect of cathode drifts, thereby attaining fairly good
stability. This circuit and other d-c amplifier discriminators are dis-

cussed in the next section.
For all of these discriminators, the linearity and constancy of gain

may be increased by negative feedback. Local feedback in the amplifiers

or, with modulation-demodulation systems, feedback from the d-c out-

put back to the d-c input shotild be used.
9.22. 13irect-coupled Discriminators.-These circuits are special d-c

amplifiers with the unusual property that they amplify the difference

between two d-c voltages but not the sum. Their outputs are single-

ended or push-pull voltages measured from a reference potential that is
fixed with respect to ground. Good rejection of the common mode, and

stable indication of zero input difference are usually the important
properties of a discriminator.

Some considerations that affect the design of direct-coupled dis-

criminators are given below:

1See Vol. 21, Part 11.
zSee VOI.18, Chap. 18. See also Chap. 18.
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1.

2.

3.

4.

5.
6.

Input common-mode variation—the degree to which the output
should be independent of the d-c level of the two inputs, and the
range through which this level will change.
Nature of output—whether the output voltage is single-ended or
push-pull, and, if it is the latter, whether its central value must be
independent of the input common mode. E
Linearity—how nearly perfect a measure of PP

the input difference is desired.
Range-the extremes of the input difference

x

Rp
to which the output should respond.
Gain. ‘P

Stabilitv-effect u~on zero Doint and uDon
gain of time, heater voltage, etc. i-c)

Difference AmplifiT Stages.—The simplest dis-

Jcriminating amplifier is a triode with inputs to both ‘2
grid and cathode, as in Fig. 9.41. A certain offset of FIG. g.ll.–sinde-tri-
the inputs is required in practice, el being some- ode discriminator.

what below e2 for the “central” value of output. Also, common-mode

input variation affects the output 1/~ times as much as does the difference

input. The input e2 must be at a comparatively low impedance.

The latter two conditions are avoided in Fig. 9.42u, where ez is

attenuated and shifted by the appropriate amounts. With proper

adjustment, the zero shift caused by common-mode variation is the

+ 250 V

%-ok .250F> I

ip

---
100 k

-1,5 -1.0 -0.5 0 0.5 1,0 15

e,–e2 In volts
FIG. C!.42.-Improved sihgle-triode discriminator.

result only of the change of ~ with respect to plate-cathode potential,

which, at any one value of plate current, is usually small. The zero

shift caused by an input common-mode level change from zero to 150

volts was found to be not more than that due to 10 mv of el — e2 signal,

for the several 6SL7’S tested (with proper adjustment of the potenti-

ometers for each tube). The gain and shape of the output curve are

somewhat dependent on input level, as shown by Fig. 9.42b.
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The above circuit will suffer considerable zero shift if the cathode
temperature changes; a 10 per cent increase of heater voltage demands

A
Ekk

FIG. 9.43.—Double-triode discrimi-
nator.

about a 100-mv decrease of el — ea for a
fixed output. In the differential arrange-
ment of Fig. 9’43, the effect of heater-volt-
age variation is canceled in so far as the
two cathodes are similar. For two triodes
in the same envelope this cancellation is
generally better than h effective, or, in
other words, the zero shift at the inputs
will be less than 10 mv for a 10 per cent
change of heater voltage. Another ad-
vantage of the differential amplifier is
that both inputs are to high impedance
grids.

The output of the differential amplifier
is via two terminals, and is in terms of the
voltage between them. Assuming, :for
the moment, exact similarity of the triodes,

the output difference will be zero when the input difference is zero regard-
less of input level. The output level, however, will be a function of
input level; it will, in fact, vary approxi-

●250v
mately – R./2Rk times the input-level
variation. This effect is reduced by in-
creasing R~ in Comparison with ~L.

The resistor Rh may be made higher,
without reduction of current, by the sub-
stitution of a triode constant-current cir-
cuit as shown in Fig. 9.44. The output
level is approximately +24)0 volts, and
will change by only two volts as the level
of the inputs is changed from —50 to +150 -75V

volts, the change being caused by a 4 per
cent variation of the total current.

Where the plate currents are constant
at null output as in Fig. 9.44 the percent- =
age difference zero shift resulting from the
common mode signal is equal to l/(M + 1) of Fro. 944.-Double triode dis-
the percentage inequality of the two triode ~athod,~O,d,criminatorwitha constant-current

p’s. That is if the input level is changed
by e volts, the difference in input levels required to maintain the output
zero is given by: 1

1Vol. 18, Sec. 12.10.
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where PI, M are

DIRECT-COUPLED DISCRIMINATORS

1 pz–p,A(el – ez) . _ _
/J+l # ‘

the ~’s of~wo triodes and p = ‘~.
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Thus, for example, if the P’S of the two triodes in a certain 6SL7 differ
by 3.5 per cent, the above expression will be 0.5 per cent (p is about 70)
and the zero shift in Fig. 9“44 will be 0.1 volt if the input level changes
by 200 volts. Nearly all 6SL7’S are even more closely matched than this,
as has been shown by actual tests. A potentiometer between the cathodes
for the purpose of a zero adjustment does not affect the above equation.
If plate current is permjtted to vary appreciably, as it will in Fig. 9.43

WEm

(1)42)atground level

R

Signal
(1)

=
-Em

L
Signal

(2)
FIG. 9.45.—Improved balanced discriminator.

due to common-mode variation, plate resistance differences affect the

above expression ae well as p differences. Another restriction upon the

utility of this formula ie that the analysis does not apply to pentodes since

the assumption is made that the variational resistance of the cathode

element is very much larger than the plate resistance of the tubes. The

increased p of a pentode does not increase the insensitivity to common-
mode signals. A pair of 6SJ7 pentodes (Y > 1000) has been found to

give no better rejection than two triodes (6SL7).

A fundamentally different type of discriminator circuit is shown in

Fig. 9.45. One input is applied to an amplifier which inverts it about

ground. This result is added to the second input in a resistor adding

network. The output of this stage is the difference of the two signals,

and the output level (ground) is independent of input level. The

balanced circuit tends to cancel out filament variations and other tube
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clrif ts. This circuit also utilizes negative feedback for linearization

and gain stabilization. The output signal is ‘independent of supply-

voltage changes, which was not true of the previous discriminators. 1
9.23. Modulated–carrier-amplitude Discriminators.-The advan-

tages of a-c amplification may be employed by impressing the magnitude

of the difference of the input signals upon a carrier and the sense of the

difference upon the phase of the carrier. 2 Zero carrier amplitude is a

useful indication of equal inputs for many purposes. If the output of the

discriminator is required to be a slowly varying voltage rather than the

amplitude of a carrier, a subsequent demodulation stage may be used.
Mechanical-sm”tch iWodulator Circuits.—The stability of output cor-

responding to zero input difference is determined largely by the modulat-
ing circuit. Vacuum-tube and contact-rectifier modulating circuits
introduce errors of zero drift only slightly smaller than the similar errors
for a d-c discriminator. If a mechanical-switch modulator is used, how-
ever, the zero stability is increased by a large factor. This. device
provides the most accurate discrimination that is available at present.
It is often convenient to use a mechanical-switch demodulator after
sufficient a-c amplification. This combination is suitable for very high
accuracy discrimination with feedback and for discrimination at very
low values of input difference.

Other combinations of mechanical-switch modulators and vacuum-
tube circuits may be convenient. The design of such modulators and
the characteristics of some switches-are given in Chap. 11. The main
restrictions on the applicability of the device are: introduction of spurious
signals into high-impedance circuits, <0.01 of a microvolt of uncertain y
in the voltage between switch contacts, the restriction of input differences
to less than a few volts in order to avoid injury to the contacts, and the
limited upper frequency at which mechanical switches can be vibrated.
Where these restrictions are not binding and the requirement for small
weight and size is not paramount, this discriminator far surpasses all
others.

Electrical-moclulator Circuits. -An important feature of electrical
modulators is that they can be used at frequencies above those for which
the mechanical-switch modulator will operate. The stability of zero indi-
cation of electrical discriminators is such that drift rates of less than 3
pv/min, shifts from tube change of less than 50 mv, and sensitivity to
heater-voltage change (5 to 7 volts) of less than 25 mv have been observed.

I For the design of the stages of a d-c discriminator following the difference

amplifier see Chap. 12, Vol. 18.

2See Chap. 11 for modulation circuits and Vol. 21, Part II for phase-sensitive

modulators used in servos.
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The linearity and constancy of gain may be made as good as for the
mechanical-switch discriminator by the use of negative feedback.

Only bidirectional electrical modulators are suitable; bidirectional dis-
crimination is necessary for a modulated, carrier-amplitude discriminator.

Amplifirs and Detectors.—The amplifiers used with these modulators
need satisfy no difficult requirements. The bandwidth and gain stability
desirable in the amplifier vary according to whether or not negative
feedback is provided around the complete modulator-demodulator loop.
The demodulator operates at a comparatively high signal level so that
its d-c drifts are not effective as sources of error in the output sigual.
Phase-sensitive demodulation is necessary in most cases..



CHAPTER 10

TIME SELECTION

BY BRITTON CH.4NCE

10.1. Introduction. -There are three important analytical processes,
time selection, time discrimination, and time comparison, that may be
applied to the time axis (abscissa) of a waveform; 1 they are analogous
to the processes of amplitude analysis described in Chap. 9. The first
function is analogous to amplitude selection and maybe defined similarly
as the process of selecting a portion of a waveform that occurs within a
given interval or before or after a given time relative to a repeated time
reference. Time selectors have been called “coincidence,” “separator,”
“strobe,” “ gating, ” and t‘ int erval-select or” circuits. These time selec-
tors have three important uses: (1) the selection of a desired waveform
to the exclusion of other nonsimultaneous waveforms which may inter-
fere, as, for example, in radar systems; (2) the selection of a member of a
train of timing pulses for the precise initiation of a lower-frequency wave-
form, as, for example, in frequency division or multiple-scale range
circuits (see Chap. 16), and (3) the selection of a portion of a waveform
for the purposes of phase discrimination (phase-sensitive detection), time
discrimination, or time comparison (see Chap. 14).

Time discrimination is defined as the process of indicating the relative
time of occurrence of two electrical events by zero output if they are
simultaneous or, if nonsimultaneous, by an output that indicates the
sense and approximate magnitude of the time difference. This process
depends upon both time selection and detection and is therefore the
subject of a separate chapter (Chap. 14). Time comparison, analogous
to amplitude comparison but operating on the time axis instead of the
amplitude axis, gives in the output the amplitude corresponding to a
given value of the abscissa of the waveform. It too requires detection
since a constant output is desired, and is also discussed in Chap. 14.

The discussion of the various time-selector circuits follows a pattern

1The abscissa of the waveform need not always represent time; for example, it

may represent quantities such as mechanical position, temperature, pressure, etc.
The general principles of the three processes here designated as “time operations” are
equally applicable to waveforms whose abscissa has the other representations. The
@elector waveform must, however, be controlled in accordance with these other
quantities.

364
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dictated not only by the type of circuit element employed but also by its
effectiveness. The circuit elements are, of course, those described in
Chap. 3 and maybe two-variable, three-variable, or multivariable. A
time selector should fulfill the following conditions. First, an undesired
signal in excess of the amplitude of the selector pulse should not be passed
through the time selector, Second, the amplitude of the output pulse
should not be dependent upon the amplitude of the selector pulse applied
to the time selector. Time selectors employing addition of signal and
selector pulse and followed by amplitude selection violate the first
proviso, and the conditions of the second are fulfilled only by three-
variable elements such as multigrid tubes. A large number of cir-
cuits, including multidiode switches, satisfy the first and the second
requirements unless the signal exceeds the selector pulse amplitude.

This chapter also includes a somewhat different category of time
selectors. These devices are definitely time-sensitive in that a pulse
response is produced” which is dependent upon the duration or time of
occurrence of the input wave. These devices do not, however, reproduce
the input wave and are therefore called “quasi time selectors. ”

Another type of time selector is useful in time discrimination and
may consist of a pair of time selectors giving a two-terminal output or a
pair of phase-reversing time selectors giving a single-ended output.
Their use in time demodulation is presented in Chap. 14.

10.2. Amplitude Selectors. Diodes.—The characteristics of nonlinear
circuit elements and the basic principles of amplitude selection have
been given in Chaps. 3 and 9. The use of nonlinear circuit elements in
time selection stresses wideband circuits and requires that the sig-
nals, selector pulses, and nonlinear circuit elements shall all have a low
impedance.

Figure 10.1 indicates the addition and amplitude selection of positive
pukes. The first line of the figure shows the train of input pulses, the
second line the selector pulse, and the third the output of the amplitude
selector. The time selection of the second pulse of the top line is indi-
cated in the third line. Since the selector pulse is slightly larger than
the input signals, only the coincident pulse appears in the output. Satis-
factory time selection requires that the selector pulse be precisely equal
to the bias (E~&), which in turn must equal the amplitude of the largest
interfering signal to be rejected. A slight decrease of the bias (EM)
would cause not only the unwanted signal but also a portion of the selector
pulse (a pedestal) to appear in the output. Pedestal would also be
caused by a slight increase in the amplitude of the selector pulse. In
order to avoid excessive sensitivity to variations in signal, selector pulse,
and bias, the voltage scale of the whole operation must be large compared
with the voltage scale of the nonlinearity. Operation under these
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conditions minimizes the effects of variation of contact potential of the
nonlinear element with heater voltage and time. Since low-impedance

wideband circuits aredesirable for time selection, the germanium crystal
in its present form appears desirable for time selection because of its
excellent stability, thesharp break in its characteristic, andits low shunt
capacitance. These factors also permit operations at somewhat lower
levels than with thermionic-diode amrditude selectors.

Signal
input

)$
RI Rz

(a) 6AL5 or
germanium

~ crystal

Rq Se.sde:

R,

E~k
1

(a)
FIG. 10.1.—Addition and amplitude

selectio~ of positive Pukes. The first
line shows the simml inrmt. the second
the selector puls~, and- the third the
selected output. The waveforms of
Fig. 10.1czwere obtained with Rl = R, =
27k, Rs = 220k, R, =43k, V, = type
6SN7. EM is obtained from a low-
impedence source. The sweep duration
is 120 usec.

Triodes and Pentodes.-Time se-
lection depending upon grid-cathode
addition and amplitude selection in
triodes and pentodes has been em-
ployed in a number of circuits in
the interests of expediency. Not
only is the characteristic more curved
than in the diode, but the maximum
signal voltage cannot exceed the grid
base of the tube. AISQdrift is some-
what greater than in the diode. This
method is, however, employed in a
number of “decoders” described in
the next paragraph. In this case
fidelity is not required; the circuits
are quasi time selectors.

Quw” Selectors Employing Defay
Lines. -An electric, supersonic, or
cathode-ray-tube delay device (see
chaps. 21, 22, and 23) may be used
to delay an early member of a train
of pulses and thereby permit the time
selection of a late member by the
delayed early member. This process
is called “decoding.” Reasonably
secure identification of a particular
pulse train may be obtained if it con-
tains three or more pulses, and delay
devices are cascaded to make the

early- pulses coincide with the last one. Time selection gives a single

pulse free from interference.
The various circuit connections for electric delay lines have already

been discussed (see Sec. 6.15), and some practical applications of these
“decoders” are given in Vol. 20, Sees. 10.6 and 11”4, and in Vol. 3.

An example of a double-pulse selector employing a delay line and
grid-cathode addition in a triode is indicated in Fig. 102. A pair of
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low-impedance negative pulses of duration D microseconds is connected
to the input terminal. The bias of gl prevents conduction of VI pro-
vided the initial pulse is not too large. The delay line L, is matched by a
resistor Rs at its input end, is short-circuited at the other end, and has a
tap at D microseconds from the input end. The tap may not be closer
to the input than the width of the input pulse. The first pulse travels
through the line, is reflected as a positive pulse, and 2L – D microseconds
later arrives at point D, where L represents the total delay of the line
and D represents the displacement of tap D from the input end. If the
spacing between the two pulses has this value (2L — D), conduction
of VI will occur since a positive pulse is applied to the grid coincident
with the negative second pulse on
the cathode. This process may be
repeated in a number of stages in
series to give selection of any reason-
able number of pulses.

The second member of the coded
pulse train may be time-modulated.
The duration of the output pulse
then varies in response to this time
modulation and may be demodulated
by the methods of Sec. 14.5.

Sometimes selectors are designed
to give a pulse output when the dura-
tion of a rectangular input pulse lies
within certain values or is less or
greater than a certain value. These
decoding circuits are widely used in
radar beacons (see Vol. 3). The
beacon receives a pulse of a pre-
scribed waveform, and the time selec-

Fm. 10.2.—Double-pulse selector.
The first member of a pair of negative
pulses is reflected as a positive pulse with a
delav = 2L – D and acts u selector
pulse for the second member of the pair.
R, is adjusted to match the characteristic
impedance of the delay line L,. V, may
be type 6SN7.

tor gives a pulse output if the input lies within required time limits.
Figure 10.3 shows a typical circuit for selecting pulses of duration in
excess of 1.6 ,usec. The negative input signal is connected to the grid of
V2by means of diode ~,, which removes the positive overshoot from the
input signal. The positive output from the plate of V~ is connected to
open-circuited delay line, L1. This positive pulse is reflected with the
same polarity and, 1.6 psec later, adds to the input wave. If the duration
of the positive pulse exceeds 1.6 psec, the input and the reflected pulse will
overlap and give at the grid of V8 a positive pulse which is twice the
amplitude of the input.

Time selection occurs in Vs by addition and amplitude selection, and
the bkw of Vs is adjusted so that no conduction occurs for either one of the
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positive pulses connected to its grid. The sum of the pulses will exceed
the bias of the amplitude selector and cause triggering of blocking
oscillator Vq. Therefore, a negative output is obtained for pulses which
exceed 1.6 psec in duration.

+25ov

2=1k=
c.!n

ccl 7

-1 0.01 c~
T

%xrL
k-

270 RE
output

U

pulse

w
u

.

-105 v

FKC+.10.3.—Pulse-width selector using a delay line and an amplitude comparator. The
circuit selects pulses in excess of 1,6-~sec duration. The overlap of the trailing edge of a
pulse in excess of 1.S-psec duration is added to the leading edge of this pulse delayed 1.6
paec by L,. The output triggers blocking oscillator V4 through Vs.

+250V

-105 v
FIG.10.4.—Pulse selection in an interval between 1.9 and 3.3 WC. Pulees of durations

between these limits give sufficient overlap at the grid of V8 to cauee triggering of V~.

A time selector responsive to signals having a duration of 1.9 to
3.3 psec are shown in Fig. 10.4, in which short-circuited delay lines are
employed. A negative input pulse applied to the grid of VI causes a
positive pulse to travel down L1. The pulse is then reflected and returned
to the input with the opposite polarity with the result that pulses in
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excess of 1 ~sec give two pulses of opposite polarity, each 0.9 ~sec long.
These pulses, amplified by Vi and connected to the second short-circuited
delay line L2, give for each of the input pulses another pair of positive
and negative pulses spaced by 2.6 Psec. At the grid of the time selector,
V* there are, therefore, four 0.9-~sec rectangular pulses; the first and
fourth are negative, the second and third are positive. No single pulse
will exceed the bias of amplitude selector Vs. Input pulses to VI of
durations between 1.9 and 33 ysec give sufficient overlap of the second
and third pulses at the grid of Va to cause triggering of Vd.

+ 250 V

145EW

v*

c,
150#ljIf

Rb o Rg
10k 4.7 k

R, R,.
100 k -105 v 39 k

Fm. 10.5.—Pulse-width selector using a sawtooth generator and an amplitude corn.
parator. The circuit responds to pulses in excess of 1.5 psec. The duration of the input
pulse determines the amplitude of an exponential wave at the plate of VZ. Adjustment
of R7causestriggering of V~ and V4 in response to pulses in excess of 1.5 #sec.

Quasi Selectors Employing a Timing Waveform. —Pulse-width selection
may be accomplished by converting the input pulse to a triangular wave-
form of constant slope but of a duration depending upon that of the input
signal. An amplitude comparator set to operate when the triangular
waveform reaches a given amplitude indicates the reception of a pulse in
excess of a predetermined width. An example of this circuit is shown” in
Fig. 10.5, where a negative input pulse is applied to the grid of V, through
diode V1. This diode, Vl, eliminates positive overshoots of the input
signal and also prevents any positive bias from accumulating upon Cl, a
process which would displace the potential of the plate of Va at the
moment of reception of the input pulse. The negative signal then
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generates at the plate of VP a positive exponential waveform whose slope
is determined by R6C2, a time constant of 2.5 met. Since the grid of
Vs is biased negatively by roughly 100 volts, amplitude selection of a
portion of the triangular wave rising above this potential causes triggering

Signal input

r 1

-i-=L
Ekk

(a)

Fm. 10.6.—Serie9 diode switch for
positive pulses. The waveform diagrams
of Fig. 10.6cTwere obtained with the follow-
ing component values: V] = Vz = Western
Electric germanium crystal type D 171612,
R, = 240, E, = 550, R, = lk, R, = lk,
E.u = – 9v. The signal input is shown
on the top line of the waveform diagram
and the selector pulse on the second and
fourth lines. The outputs corresponding
to these two selector ptiees are shown on
the’third and fifth lines respectively. The
sweep duration is 12 #sec.

of the blocking oscillator ,V4. Ad-
justment of the grid bias of V~will
cause triggering earlier or later, as
may be desired. Termination of
the input pulse discharges C2 to a
value of several volts because of the
“bottoming” of pentode V.Z. The
circuit is then ready to operate
again.

10.3. Switch Circuits.-Switch
circuits are much more useful for
time selection than the circuits de-
scribed in Sec. 10’2 since one may
employ a three-variable character.
istic such as that of multidiode and
multigrid switches (see Chap. 3),
and hence there is no critical de-
pendence upon the amplitude or
shape of the selector pulse. There
are, however, two other less strin-
gent requirements for the selector
pulse: it must exceed the value of
the signal voltage in multidiode
switches, or it must exceed the grid
base of a multigrid switch.

Diode-switch Circuits jor Uni-
polar Signals.—The circuit of Fig.
10.6 indicates a diode-switch circuit
suitable for positive pulses.

The signal amplitudes, the cir-
cuit impedances, and the bias Ek~
are chosen so that the potential of
point a does not exceed ground in
the absence of a selector pulse.
A ~ositive selector Pulse applied to

the cathode of VI allows the positive inp~t signal to flow through ‘V2which
then gives outputs as indicated in Fig. 10”6a. The only requirement for
the selector pulse is that it exceed the sum of the bias Ekkand the poten-
tial of the point a in the presence of the desired signal.
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With a switching waveform of a low impedance--for example, 500
ohms-and a type 6AL5 diode or germanium crystal giving a value of Rd
equal to a few hundred ohms, R~ may be as low as a few thousand ohms.
The cathode resistor of V2 should be somewhat greater than R9 to prevent
undue attenuation of the signal during the selection interval.

The diagrams of Fig: 10.6a
were obtained by using germanium
crystals and indicate on the top line
the positive signals applied to the
plates of V, and VZ through R2.
The first three lines indicate the
time selection of the second input
signal by the selector pulse shown
on the second line. The last two
lines indicate the time selection of
the first input signal. The wave-
form diagrams indicate several
characteristics of this type of cir-
cuit: (1) the Iinearit y is reasonably
good since the abruptly broken-line
characteristics of the germanium
crystal is used; (2) there is no
noticeable pedestal associated with
the selector signal; (3) there is very
little leakage of the anticoincident
signals caused by capacitance cou-
pling; (4) there is some reaction of
the selector pulse upon the input
signal (see the first line of Fig.
10.6a).

An example of the practical use
of this diode switch in a multiple-
coincidence circuit is given in Fig.
10”19.

A limitation of these circuits is,
of course, that they respond to uni-
polar signals only. Another diffi-

+.

(a)

FIG. 10.7.—Bidirectionalswitch. The
waveformsof Fiz. 10.7a were obtained
with the following component values:
T, = 0A18, Rz = 250 ohms, C, = CZ =
0.1, R, = 1?, = 510k, R, = 550 ohms.
The input signals are displayed on the top
line and the selector pulse on the second
and fourth lines. The outputs correspond-
ing to these two selector pulses are shown
on the third and fifth lines respectively.
The sweep duration is 12 #sec.

cdty isthe fact that the capacitance coupling between the input and out-
put is not balanced as it is in the fourdiode-switch circuits discussed in the
next paragraph.

Diode-switch Circuits for Bipolar Signals. —Figure 10.7 shows a series
diode switch that will accept either positive or negative input signals.
A bias developed across RICI and R,CZ from the previous selector pulses
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is of sufficient magnitude to maintain VI and Va nonconducting over the
desired excursions of the signal input voltage. Therefore, no output except
that due to stray capacitance coupling will appear at d. A selector pulse
applied by transformer T1 gives a positive and a negative voltage on the
plate of VI and on the cathode of Vz respectively. The signal will then
be conducted through the leakage inductance of the secondary windings
of the transformer and through VI for positive signals and V@for negative

(b) selectorpulse

(a)

Fm. 10+3.—Shunt diode stitch-bi-
dirediomd operation. The w=veforma of
Fiu. 104% were obtained with the followib~
component values: RZ = 240 ohme, RI =
lk, TI = 0A18, V, = VZ = Western Eleo-
tric germanium crystal type D 171612.
The first and second lines represent the
s@~ and aelector pukes. The coincident
ugnal and the leakage of the anticoinci-
dent signal are indicated on the third liue.
The eweep duration ie 12 WC.

signals. At the same time the ca-
pacitances Cl and C~ are recharged
to the peak value of the selector
pulse and thereby maintain discon-
nection of VI and Vu in the absence
of the selector pulse. Thus, there
are two requirements for the selec-
tor pulse: (1) sufficient charge must
be accumulated in capacitmcea Cl
and Cz, and (2) the current through
the diodes VI and V* must be in
excess of the signal current through
Et.

The waveform diagrams of Fig.
I07U indkate on the first lime the
input signals and the selector pulse
on lines 2 and 4. Outputs obtained
on coincidence of the selector pulse
with either one of the input pulses
are shown on the third and fifth
lines, Considerable distortion of
the input signal results from the
ringing of the transformer which is
excited by the selector pulse in the
position indicated by the second
line. The linearity of the circuit
is good, and the response to nega-

tive signals is similar to that shown for positive ones.
A similar connection of this circuit for shunt or normally conducting

operation is indicated in Fig. 10.8 where, in the absence of a selector
pulse, the signal output is effectively short-circuited through VI and Vi.
The selector waveform appears negatively at b and positively at c, and
hence disconnects the short circuit. The response of the circuit of
Fig. 10.8 to coincident and anticoincident pulses is shown in Fig. 10’8a.
Since the diode short circuit is not completely effective @d ~ ~,], a

portion of the anticoincident puke appears in the output. With a
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larger value of RI the anticoincident output would be nearly completely
attenuated.

The transformer coupling of the selector pulses is not always neces-
sary, as is indicated in Fig. 10”9, where the output signal is short-cir-
cuited to the positive and negative power supplies by the diodes VI and
Vn. The impedance of the diodes in the region where the signal current
does not exceed the current through either tube is approximately 500 Q
(see Sec. 3.14). Negative selector pulse b and positive selector pulse
c disconnect the short circuit and give selected output at d.

The circuit of Fig. 10.9 has the
potential in the absence of selector
pulse is dependent upon the equality
of the positive and negative voltage
supply, the resistors Rl and Rz, and
the diodes V, and V,. A consider-
able improvement in this respect is
obtained by the configuration of the
circuit of Ficc 10”11. In addition, a .

severe limitation that the output

+150V

3
“ -,
1

pulse (c)

Ra Selected
pulse (d)

lower resist~nce is obtained.
Signal
input ‘f,

The waveforms of Figs. 10.10a (a) % “2
and 10. 10b show the response of the
four-diode-switch circuit to positive
and negative coincident and anti-
coincident pulses. In the first line. *’)

Fm. 10.9.—Shunt diode switch for bi-is shown the selector pulse, m the ~rectiond ~wration.
Negative and posi-

second and fourth lines the input tive aalector pulses applied to the plate

signal, and in the third and fifth lines
and cathode of V1 and Vz respectively
releaae the short circuit at point d and give

the coincident and anticoincident a selected pulse in the output. Currents

outputs. The diagrams indicate
of 5 to 10 ma through V, and Vz are usually
employed. The resistor R, includes the

that pedestal ‘is completely elimi- source resistance of the aignd. *

nated and all that remains is ca-
R, = FA.

pacitance coupling of the switching waveform. A more accurate balanc-
ing of the stray capacitance of the diode bridge would equalize any
residual efiect. The anticoincident signals give no output except for a
small capacitance coupling.

The impedance of 200 ohms obtainable with type 6AL5 may be
reduced to approximately 100 ohms with germanium crystals. Figures
10.10c, 10”lOd, and 10”10e represent operation with selected samples of
Western Electric crystals. Figures 10. 10c and 10. 10d respectively repre-
sent response to coincident and anticoincident negative signals. The
linearity of response of the switch to a triangular signal shown in the
second line of Fig. 10”10e is indicated in the third line. Equal fidelity is
obtained for negative signals.
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Figure 10.11 indicates a shunt-diode switch that employs resistance-
capacitance coupling of the selector pulses. The normally conducting

diode bridge carries roughly 10 ma, and selector pulses of the appropriate

+ii!il
R, c,

~
Signal

(b) “
input

(a)

Rz ~ &~Selected
output(c)

RB
v,

(a)

(b)

i. —.-
(e)

Fm. 10.10.—Four-diode switch. The waveform diagrams indicate operation with
thermionic diodes, 10.1OUand 10.l@ and ~th germanium crystals, 10.1% 10d, and 10e.
The circuit values are, R, = 600k, R2 = 200 ohms, R3 = lk (fOr germanium crystals,
12z = 300 ohms), 2’1 = 0A18, C, = 0.01. In 10.10a and 10b, the top waveform represents
the selector pulse, the second and fourth the input signal, and the third and fifth the
coincident and anti coincident outputs. In waveforms 10.10C. 10d, and 10e the top line
represents the selector pulse, the second line the signal, and the third line the output.
The waveforms are displayed on a sweep of 12-psec duration except for the waveform of
Fig. 10.10e that is displayed upon a 120-#see sweep.

polarity release the short circuit from Rs and permit the se!ected pulse
to appear in the output. As the waveform diagram of Fig. 10.1 la indi-
cates, the linearity and absence of pedestal are excellent. Similar results
are obtained from negative signals.
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The circuit of Fig. 10.11 has an advantage over that of Fig. 10.9 in
that the output potential in the absence of selector pulse is set at ground
bythe diodes V, and V,. The configuration of Fig. 10.llis useful since
a high-impedance selector pulse may be conveniently used. The advan-
tage of a high-resistance input for
the selector pulse is not great in
wideband circuits, although it is
useful in case the amplitude of the
input wave is large. A more signi-
ficant advantage is that additional
signals occurring at the same time
may be selected by the addition of
onlytwo diodes (duplicating VI and

“ V$)to the circuit of Fig. 10.11. If
this is attempted with the circuit of
Fig. 10”10, addition of the signals
occurs in the output.

Dcwble-triode Switches Giving
Bidirectional Operation. —Figures
10.12 and 10.13 give series- and
shunt-connected double-triode
switches which provide two-way
operation. These circuits resemble
those of Figs. 10”7 and 10”9, respec-
tively, except that advantage is
takenof the three-variable property
of the grid of the triode. In Fig.
10.12 the input waveform is nor-
mally disconnected from the output
because of the bias developed across
networks RIC1 and RK72 by the
previous selector pulse. A positive
selector pulse b applied to the grids
of VI and V2 causes conduction for
positive and negative signal inputs.
In this case the necessary amplitude
of the selector pulse is determined
by the grid base of V, and V, and

(a)
FIG. 10.11,—Four-diode bidirectional

switch-shunt operation. The waveforms
were obtained using germanium crystals
with 10-ma quiescent current. For the
particular conditions of Fig. 10.lla, R, =
200 ohms, R, = lk, R, = R, = 15k, C, =
C, = 0.01. The selector pulses were gen-
erated at an impedance of roughly 200
ohms. The top line indicates the selector
pulse, the second and fourth lines signal
inputs, and the third and fifth lines coinci-
dent and anticoincident outputs. The
waveforms are displayed on a sweep of
120-psec duration.

not, to a first approximation, by excursions of the signal input.
In order to avoid capacitance coupling between transformers T, and

7’0,it is desirable that separate transformers be used. If, however, the
same transformer is used, the winding should be on different legs of the
common core.
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The response of the circuit of Fig. 10”12 is shown in the waveform
diagrams of Figs. 1012a and 10”12b. The response to positive and
negative coincident and anticoincident signals is shown in the third and
fifth lines respectively. The capacitance coupling of the anticoincident
signal to the output through the pulse transformer and stray inter-
dectrode capacitances is evident in the bottom line of these two figures.

(a) (b)

FIG. 10.12.—Double-triode bidirectional switch. The circuit values for the particular
waveforms shown are VL = Vz = type6SN7; TL and TZ represent separate legs of the
same transformer, type OAIS. IZJ = 200 ohms, RI = R, = 620k, C, = C, = 0,01,
R, = 5. lk. The waveform diagrams of Figs. 10.12a and b show the selectorpulse onthe
top line,coincident and anticoincident signals on the second and fourth lines, and the oub
put on the third and fifth lines. The sweep duration is approximately 12 -c.

The cancellation of the switching pulse and the linearity are, however,
excellent.

A normally conducting circuit is shown in Fig. 10.13; a negative
selector pulse in excess of the excursions of the input signal is applied to
the grids of V, and V2 and permits disconnection of the short-circuiting
action of these tubes and conduction of the desired signals into the output
circuit.

This circuit has a severe disadvantage compared with the transformer-
coupled circuit of Fig. 10.12. The output resistance is unequal for
positive and negative signals. With positive signals the plate resistance
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of a triode Vu is obtained, and with negative signals the cathode-follower
resistance of VI is obtained.

Although these circuits permit a high-impedance selector pulse, some
grid current (5 to 10 ma) must flow to obtain a reasonably low-impedance
switch circuit. In most cases the desired selector pulses are generated
from blocking oscillators at impedances of 100 or 200 ohms, and the
possibility of employing a high-impedance selector pulse is of little
practical advantage except, of course, for the time selection of slowly
varying waveforms.

Paralfel Cathode Followers or Pentodes.—A well-known switch circuit
for time selection is indicated in Fig. 10”14. This circuit is, however,
suitable only for negative pulses which have no positive parts since the
circuit shows no time selectivity
whatsoever for positive signals.
It consists of a pair of normally
conducting cathode followers ar-
ranged in such a way that dis-
connection of one permits the
conduction of the input waveform
through to the output terminals.
Since the tubes VI and Ve are
normally conducting, their dis-
sipation may be exceeded if Rz
is reduced to give good response
for short pulses.

The waveform diagram of Fig.
10.14a indicates on the top line a
negative selector pulse applied to
the control grid of V2. Two nega-
tive signals are applied to the con-

+150
Selectorpulse

(Neg.)

L,. !&

(b) R,

c, If

Signal
---

S31ected

“’pti (a)

FIG. 10.13.—DoubltAriodebldkectional
switch. The gridsof VI and Vz are bixed
positivelyand draw eeveralmilliamperesin
the absence of a selector pulse. A negative
selector pulse applied at (b) will release the
short circuit at the point c giving a selected
pulse in the output;

trol grid of VI, the first anticoincident and the other coincident, and the
output is indicated on the third line. The low impedance of cathode
follower Vz maintains the output potential relatively constant in spite
of the cutoff of VI due to the anticoincident signals. The very small back
swing of this signal, however, does appear in the output. The slight
pedestal due to the selector pulse is also indicated. The linearity of this
circuit is excellent as the. third line of the diagram indicates.

A similar connection using parallel pentodes is indicated in Fig. 10.18.
Here both pentodes are conducting with the result that a negative
selector pulse applied to the grid of Vz will not cause a change of the
output potential, unless a negative signal is simultaneously applied to
the grid of V,.

The operation of this circuit is indicated by the waveform diagram,
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Fig. 10”15a, the first line representing the negative selector pulse applied
to the control grid of Vt, and the second line representing coincident
and anticoincident negative pulses applied to the control grid of V].
The output isrepresented in the third line, and forthe particular value
of Rg used, appreciable selector pulse and anticoincident signal appear

+E
---#%--

(a)

FIG. 10.14.—Time-se1ector circuit using
narallel cathode followers. The w-ave-~––
form d]agrams of Fig. 10,14u were taken
with Vi = Vz = type 6SN7, R? = l%
C, = (7, = 0.1, RI = R, = lM, EOI =
+90, E,, = +300. The first and second
lines indicate the inputs to the control
grids, and the third line indicates the out-
put at the cathode. The sweep duration is
approximately 1200 psec.

+EPP

1 T T 1wS:d$f
R, R3 Rz

K +Eg K ~2

+“ ‘::

---

Signal ‘=+

input S&&r

+-

in the output. The rejection of pedestal and anticoincident signals can

be increased by increasing Rs, but at the expense of speed of response.
The tubes in Fig. 10.15 are not “bottomed,” since this condition would
lead to nonlinear operation.

One advantage of these circuits is that high-impedance input signals
may be employed and that a number of units may be connected in parallel
for multiple-coincidence operation (see Sec. 10.4).

I

I
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Pentodes and Multigrid Switches,—The most useful time selectors

for high-hnpedance signal and selector pulse employ the pentode or
multigrid switch, and the selector
pulse is applied to the suppressor
grid of a pentode or control grid,

gs, of themultigrid tube. The use
of type 6AS6, developed specifically
for this purpose, is indicated in Fig.
10.16, where a positive selector
pulse is applied to the suppressor
grid and the signals are connected
to the control grid. Because of the
characteristic of the suppressor grid
of this tube, the amplitude of the
selector pulse is not critical provid-
ing it carries the grid positive with
respect to the cathode; and under
normal operating conditions, a se-
lector pulse of 5 or 10 volts is
adequate. Some tubes require a
resistance in series with gs to avoid
a decrease of plate current at posi-
tivesuppressor voltages. The short
grid base of this tube permits the
use of a small signal. The screen
grid is, however, conducting in the
absence of a selector pulse, and a
sizable current must be maintained
in order to have an adequate plate
current at the time of the selector
pulse. Type 6AS6 has an espe-
cially high screen-current ratingl
for this purpose.

The operation of this circuit is
indicated in the waveform diagram
of Fig. 10”16a where the top line
indicates a scaled-up version of the
signals applied to the control grid of
the multigrid selector. The actual

. .

+Ebb

IIR~
Selected

I 1 I
1

(a)
FIG. 10.16.—Pentode time selector.

Signalsappliedto the controlgrid coinci-
dent with the selectorwaveformanr)!ied-.c——–—
to the suppressor grid are selected. The
waveforms of Fig. 10.16a were obtained
with V, = 6AS6, Cl = C, = 0.1, R, =
R, = 47k, R, = 15k, E.p = +120, E,, =
–6v, E,i = –42v. The signal applied to
the control grid is shown on the second
line and that applied to the suppressor grid
is shown on the third line. The first line
indicates the signal input at a higher scale
factor. The last line represents the
selected output. The sweep duration is
approximately 1200 f.mec.

amplitudes of the input signal, the selector pulse, and the selected output are

1In somecircuits additional screenvoltage is applied before and after the occur-

rence of the selector pulse in order to achieve higher transconductance and avoid

exceeding the screen dissipation.
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shown in the second, third, and fourth lines, respectively. It is evident
that there is nearly a complete absence of leakage of the anticoincident
signal and only a small amount of pedestal from the selector pulse. The

(a)

Fm. 10.17.—Pentode time selector with
negative feedback, The output waveform
shown on the third line of Fig. 10.17a
indicates the improvement of linearity due
to the addition of the negative-feedback
network C4, R~, Rs. The first and second
lines indicate the signals applied to the
control grid and suppressor grid respec-
tively. The waveforms were obtained with
the following component values: C4 =
0.1, Rs = 62k, R, = 30k. Other con-
ditions of the circuit of Fig. 10.16 were
unchanged; the sweep duration was 1200
paec.

linearity of the circuit is poor since
gl is biased nearly to cutoff in order
to obtain freedom from pedestal.
The triangular signal input is con-
verted into a much narrower curved
signal. Types 6AS6 and 6AC7
have a relatively sharp cutoff of gl;
in other pentodes and multigrid
tubes—for example, types 6L7 and
6SA7—the curvature is more severe.

Greater linearity may be ob-
tained by increasing the screen cur-
rent in the absence of selector pulse.
This leads to an increase in the
pedestal and may be objectionable
in this time-selector circuit. On
the other hand, pedestal may be
tolerated in the double time selec-
tors used in time discrimination,
and under these circumstances the
screen rating of the multigrid tube
is of importance.

A significant improvement of
linearity is provided by the circuit
of Fig. 10.17, where negative feed-
back between the output and input
of the time selector is obtained by
the network, C,, R,, and R,. The
performance of this circuit, shown
in Fig. 10.17a, indicates the accurate
reproduction of the input wave as
represented by the strictly linear
fall of the output voltage. This
circuit has the well-known property
of negative-feedback circuits—a
low but known gain—as the size

of the input and output waveforms indicates. The gain is closely repre-

sented by the ratio Re/Rb.
There is, of course, some feedthrough of the input signal to the output

circuit in the absence of a selector pulse because of the feedback network.
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This pulse is, however, of opposite sign to that obtained from coincident
signals and is therefore unlikely to cause difficulty.

Except for the necessity of maintaining a reasonable screen dissipa-
tion, these multigrid circuits give performance on a par with the four-
diode-switch circuits shown in Figs. 10.10 and 1011.

10.4. Multiple-coincidence Circuits. -There are many ways in which
satisfactory multiple-coincidence circuits may be made by a combination
of the circuits described m-eviouslv. For exam~le, network addition and.,
amplitude selection are always possible-though these have numerous
dilliculties. More practical circuits employ the multigrid tube as indi-
cated in Fig. 10”18, where a selector pulse has been applied to the screen
grid of type 6AS6 as well as to its
suppressor grid. Although this ar-
rangement is unsatisfactory for some +
purposes since pedestal is introduced
and the output current depends upon
the amplitude of the pulse applied to
the screen, it has the advantage that
considerably higher screen voltage
may be used than when a continuous
screen current is passed.

A most efficient and satisfactory
arrangement is shown” in Fig. 10”19,
which is a combination of the mul-
tigrid time selector with the simple
diode-switch of Fig. 10”6. The input
pulse and selector pulse c are short-
circuited through normally conduct-
ing diodes VI and VO. Pulses can
reach the control and sutmressor

FIG.10.18.—Triple-coincidence circuit
for positive pulses. Positive selector
pulses are app[ied to the suppressor and
screen grids of V,, and the input signaJ
is connected to the control grid. The
pulse applied to the screen should be
capable of supplying 10 or 20 ma.

grids of the time selector on~~ after positive selector pulses b and d have
been applied to the cathodes of VI and V%and thereby the positive wave-
forms a and c are allowed to vary the control and suppressor grid poten-
tial, respectively.

The first four lines of Fig. 10.19a give the input signals and the three
selector pulses, two of which are coincident with the desired signal, and
the third of which is anticoincident. The out~ut contains no trace of
the signal or selector pulse. Coincident opera~ion is indicated in Fig.
10.19b, where the input wave is reproduced with high fidelity.

Operation for multiple coincidences can be obtained by the addition
of a number of diode switches in parallel with VI and Vz in such a way
that the waveforms a and b cannot reach the control electrodes of Vs
until the desired number of positive waveforms have coincided.
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Similar combinations of circuit elements can be made suitable for neg-
ative pulses by the addition of more tubes in parallel ~rith those indicated
in Figs. 10.14 and 10.15. In this case, however, the average current drain
from the power supply Ivill be large.

R9
Signal R5 C2

a+ ‘v’’f-ikr
pulse

c

Selector
pulse

b u Selector
R, pulse

d
E@

(b)(a)
FIG. 10.19.—Quadruple-coincidence cirruit for positive pulses. The output wave.

forms were obtained with the following romponent v31ues: 1’, = 6.4S6, V, = V, = i6AL5,
C, = 0.05, It, = 47k, C, = 0.1, R, = 47k, R, = 5k. 1?, = 15k, R, = Ik, R7 = 3k, R, =
30k, R.J = 62k, (’s = 0.1, EPP = 130, Er, k = –9u, ,!la,~ = – 10v, The waveform dia-

grams indicate on the top line the signal applied at point a, on the second line the selector
pulse appIied at point b, on the third line the selector pulse applied at point d, and on the
fourth line the selector pulse applied at c. The bottom line shows the anticoincident and
coincident outputs. The sweep duration is 1200 psec.

Figure 10.20 shows another triple-coincidence circuit. The tubes Vz
and Vs are conducting and passing a small plate current through VI, since
its grid bias is set at the negative end of its linear range. Under these
conditions a positive pulse on the control grid of VI will result in an
increase of current through Vz and Vj and a negligible change of potential
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drop in R, because of cathode-follower action. Similarly, if a negative
selector pulse is applied to the grid of either t’z or Vs, a positive pulse on
the control grid of VI will have a negligible effect upon the output. On

+450“

m

+300v

Selector R6 R, Re
pulse(a) 1 M ~z v lM 47k
(negatwe)

-$-II, ---- ‘--

Selector
@Jse (b

t

(negatwe)

0.001 6SN7

0%01 +310U! .
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output
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Input wgnal
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(posqt<ve~ Rl

-1
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Zoowlt R2
look

I
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50k
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$
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.
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(a) (b)
Fm. 10.20.—Triple-coincidence circuit using a pentode as load resistance for parallel

cathode followers. The waveforms were taken with the component values and voltages
indicated in the figure. The top two lines show the input signal (amplified and direct),
and the third and fourth the selector PUIses. The bottom lines indicate the coincident
and anticoincident output. The sweep duration is 1’20psec,

the other hand, if both V~ and Vq are cut off, a negative pulse is obtained
at the plate of V1.

The waveform diagrams of Fig. 10.20a show on the second line the
actual input signal, and on the top line a scaled-up version of it. The two
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selector pulses are shown on the third and fourth lines, and a coincident
output is shown on the fifth line. The circuit has three obvious faults:
(1) the feedthrough of the anticoincident signals, (2) the portion of the
selector pulse appearing in the output, and (3) the obvious nonlinearity.
The response obtained with the second selector pulse in anticoincidence
is shown in Fig. 10.20b, and the transmission of the input signals is still
visible. In view of the complexity and poor performance of this circuit
in comparison with that of the multigrid coincidence circuit, it seems
desirable to use the latter ~vherever possible.

10.5. Adjacent Time Selectors.—It is often desired to determine not
only whether two pulses coincide but the accuracy with which they coin-
cide. This is a part of the important process of time discrimination
described in Sec. 14.7. A pair of tubes supplied with adj scent selector
pulses are suitable for thk purpose, and a typical example is shown in
Fig. 10.21.

This circuit consists of two multigrid time selectors identical with
those employed in Fig. 1017. As is shown in the top line of waveform
diagram Fig. 1021a, positive input signals are connected to the parallel-
connected grids of VI and Vz. Adjacent selector pulses ~hown in the
second and third lines are centered with respect to the signal, and are of
slightly greater tot al duration. These pulses are connected to the sup-
pressor grids of V, and V2. ‘The fourth line shows the difference of the
output obtained bet ween the plates of V, and Vz. The difference was
obtained by connecting the outputs of VI and Vz to the opposite plates
of an oscilloscope, and indicates an initial response to the overlap of the
first selector pulse and the signal, and then to the second selector pulse
and the signal. For the relative timing of signal and selector pulses
shown, the sum of the areas is nearly equal to zero. The output is,
however, sensitive to a small displacement of the selector pulses with
respect to the signal. As Fig. 10.21b indicates, an” increase of the delay
of the selector pulses with respect to the input signal results in an output
that is predominantly negative. Similarly an earlier occurrence of the
selector pulses gives an output that is predominantly positive. Detection
of the area of the output by the difference detectors of Sec. 14.6 gives a
sensitive indication of the relative time of occurrence of the signal and
selector pulses.

It is often desired to select the whole signal itself in addition to the
differential signal for the purposes of automatic volume control, etc.
(see Vol. 20, Sec. 811). The common output of the tubes VI and Vz is
taken by summing the differential outputs in resistance networks.

A wideband version of Fig. 10.21 for selecting O.l-~sec pulses is
indicated in Fig. 10.22. In this case, type 6AC!7 tubes are used with
suppressor control in order to obtain higher transconductance. As the
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circuit indicates, a bias of 130 volts is necessary to ensure nonconduction
of limit tubes in the absence of a selector pulse. The positive input
signal is applied to the parallel-connected control grids of pentodes and
is d-c-restored by V,. Cathode resistors, RI and R,, are employed to
improve the linearity of the time

Em

selector. Especial attention is paid

(a)

(b) (c)

FIG. 10.21.—Adjacent time selectors. The waveforms indicate on the top line the
signals, on the second and third lines the seiector pulses, and on the fourth line the vari-
ations of the differential output at the plates of V, and Vz depending upon the relative
times of occurrence of the input signal and the selector pulses. These waveforms were
obtained with the following component values: VI = VZ = 6AS6, R, = Rz = Ra = 47k,
C,= C2=C9=C4 =0.1, R, = R, = R, = R, = 62k, R, = R, = 15k, Epp = 130,
Er, = –3.5, EO, = –32. The sweep duration was 120 psec. The output waveforms

were attenuated by ~.

to the series and shunt peaking of the plate circuit in order to obtain
maximum bandwidth (N 16 Me/see) and to adjust the response properly
for the capacitance of the difference-detector circuit to which the output
is usually connected (see Sec. 14”6 of this volume and Sec. 8“14 of Vol. 20).

A novel’ time selector for giving current outputs is indicated in

] F. C. Williams d al., “Linear Time Base Generators, Delay Generators and
Time Discriminators,” I E. E. Convention Paper, 1945.
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Fig. 10.23. As a time selector, this circuit has no great advantages over
the previous circuits, but it has very important features for time dis-
crimination (see Vol. 20, Sec. 8.13). Although the configuration might
appear to be similar to that of Fig. 10.20, in this case, Vz and V? are
nonconducting, and the current caused by a positive signal on the grid of
V, is carried by diode V,, which maintains the cathodes of Vz and VS at

ground potential. If a positive signal is coincident with a selector pulse
on V2, the current set up in VI traverses Va and the current transformer

RIO

6AC7

II
R,
510 i’50kv’AL5I15;0

1 I 1 1 1 1
T

------- t 1-
Seiector pulse I --l_ II
input
from

>Ilr

15ZUW ~1 J- c~

blocking 50 0001 R5 -130v
oscilla or ~1 ~

10 k

FIG.1022.-Adjacent time selectorsfor O.l-~sec pulses. Two suppressor-gated pen
todes giving selected outputs rising and falling in roughly 0.05 wec are employed in this
circuit. The particular circuit constants in the output are adjusted to operate into the
stray capacitance of a type 6AL5 differential detector circuit. L, is a delay hne of duration
appro~mately equal to that of the input selector pulse.

TU to produce a current in R,. Similarly conduction of V, coincident
with VI will give a current in the opposite direction. But conduction of
VI while both V, and V? are ~onducting will give a cancellation of the
current in Ta. As in Fig. 10.21, a signal proportional to the amplitude
of the input signal may be obtained through current transformer Tl,
which is placed in the common supply to Ve and Vs.

The circuit above obtained reversal of the output current by means
of the transformer. A circuit which combines an amplifier and cathode
follower in a series-triode switch, is indicated in Fig. 1024. In this case,
the selector pulses are applied to the plates of V, and Vz, and the signal
is connected to the control grids. Furthermore, only one selector pulse
is applied, and the signal, instead of the selector pulse, is split into two
portions.
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I

If it is assumed that a positive selector pulse is applied to the plates
of VI and Vz in the absence of a signal input, equal currents flow in
V, and V,, and, for similar tubes and resistances, the potential of point d
will remain constant. If, for example, a positive signal that coincides
with the selector pulse is present, at first VI conducts and thereby raises
the potential of point d. Three-tenths of a microsecond later, Vn con-
ducts and lowers the potential of point d. The shape of the pulses at d
are therefore related to the overlap of the signal and the selector pu.se.

+350v co”””’

Saixtor
I A L L 1 —

R2 @
100 k

I 1
T

T
Egl=-12v If

C3
R,
82 k,

*nal
W@(a)

+20 v peak
Ra
680 k

Fm. 10.23.—Adj scent time selectors. P% and V, are normally nonconducting, and
thecurrent through Vi is diverted through Vi unless VZ or V~ is conducting. The circuit
constantsare adjusted for British type VR-91 but, with small adjustments of the bias
anducreenvoltages, satisfactory operation may be obtained with types 6AK5 or 6AC7.

If d is connected to a storage condenser, the circuit functions as a time
discriminator (see Sec. 14.7).

In certain cases it is desirable that no output for small signals or for
noise be obtained from the time selector, and, therefore, positive bias is
provided for the cathodes of VI and VU by pulse e, which precedes and
lasts longer than the selector pulse.

10.6. Cathode-ray-tube Display s.—Cathode-ray-tube displays are
extensively used in radar systems for visual time selection. A triangular
waveform is applied to the horizontal plates of the scope, and the pulses
to be selected are applied to the vertical plates or to the control grid. An
observer may then concentrate his attention upon any desired pulse.

i
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Alternatively a photocell may be placed in front of the desired signal,
and electrical signals containing the selected pulse are obtained at the
output. Although this method has not been widely used, it presents an

extremely flexible, but bulky, method of time selection—that is, a

r7k R5
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(c)

~
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FIG. 1024.-Adjacent selectors using
series pentodes. Positive selector pufses
and positive signal inputs applied to the
plates and grids of V, and V, respectively
give at the output d the difference of the
overlap between the selector and signal
input. The latter is split by a delay line
equnf to the duration of the input signal.
A biae pulse which controls the amount
of conduction of VI and VZ in the absence
of signal input is applied to their cathodes
by waveform e which starts before, and
laets longer than, the selector pulse. ” For
operation as a difference detector (see
Chap. 14), point f is returned to a slightly
negative potential and a condenser is con-
nected to d.

variation of the sweep speed or the

use of a mask in front of the photo-

tube will vary the duration of the

sensitive interval. With the photo-

tube an intensity-modulated signal
is much more useful than a deflec-

tion-modulated signal.

Several practical systems have

been made that use the cathode-

ray-tub~photocell system in this

manner. In a particular case, a

type 2AP5 cathode-ray tube waa

operated at 1.7 kv, and approxi-

mately unity gain from the control

grid of the cathode-ray tube to the

output of the photo-multiplier was

obtained, using a total voltage of

1 kv and an output resistor of
100,000 ohms. The sweep speed

was 0.5 in/psec and the input pulses

had a duration of 0.3 ~sec. With

the high value of load resistor, the

output pulses had a duration of

roughly 10 ~sec. @’or further de-

tails of a time demodulator using

this principle, see Sec. 14.9.)

A considerably more rapid re-

sponse is obtained if the output

resistor is reduced and an amplifier

is added. If the negative-capaci-

tance amplifier of App. A were em-

ployed, a reasonable reproduction

of a I-psec pulse may be obtained.

In another method, time selec-

tion may be obtained by the appli-

ca~lon of a small electrode to the face of the cathode-ray tube. The
discussion of cathode-ray-tube storage devices in Chap. 21 indicates that
an electrode attached to the outer glass surface of an ordinary cathode-

ray tube gives signals of approximately 300 mv for l-~sec input signals.



CHAPTER 11

ELECTRICAL AMPLITUDE MODULATION

BY BRITTON CHANCE

11.1. Introduction.-This chapter makes no attempt to survey the
field of amplitude modulation as used in communication but presents a

number of methods especially suited to certain requirements of circuit

design anti electronic instrumentation. Information on processes of

importance in communication, such as the conversion of audio or video

signals to suitable bands for radio transmission, is found in a nuniber of

standard texts. 1
The usual definition of amplitude modulation, a process by which the

amplitude of a waveform is varied in accordance with a signal, includes
modulation in response to both electrical and mechanical signals. The

modulation of electrical waves with electrical signals is the subject of

this chapter, and modulation with mechanical signals is the subject of

Chap. 12.

Demodulation methods giving electrical outputs are presented in

Chap. 14, and those giving mechanical outputs are discussed in consider-

able detail in Vol. 22 of this series, Part II.

An important use of electrical amplitude modulators is in the con-

version of low-frequency signals to modulated carriers, with a-c amplifica-

tion and subsequent demodulation as a more stable substitute for d-c
amplifiers. Other important applications use electrical modulation for

obtaining lower output impedance or transformer-isolated d-c signals

through carrier amplification, transformer coupling, and demodulation.
For the latter two applications, the level of the input signal is so high

that the thermionic-vacuum-tube modulator may be employed without
~c~ties due to drift. But for low-level signals numerous experimental

data indicate that most modulator circuits represent a relatively small

increase in stabilitv over a carefully designed d-c amplifier. In fact,
experimental testshave indicated that the relative drif~ rate of a diode

modulator using type 6AL5 is only about one fourth that of a differential

amplifier using type 6SU7 (see Chap. 9). Although there is, therefore,
no major reason for replacing a stable d-c amplifier by an electrical

amplitude modulator, other requirements of the circuit design may make

1F. E. Terman, Radio Engineers’ Handbook, McGraw-Hill, New York, 1943,
Sec.7; M.I.T. E. E. Staff, Applied Electronics,The Technology Press,1943,Chap. 7.
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this desirable; for example, stabilized supply voltages may not be avail-
able, or an a-c output may be desirable--for example, to operate a two-
phase servomechanism. Also greater flexibility is permitted in the
design of the modulator stage since its voltage gain is not important and
specialized conditions favoring high input resistance are feasible. Once
the modulated signal is obtained, the remaining amplifier stages are of
simple design.

A significant gain of stability is obtained from amplitude modulators
which employ mechanical devices giving capacitance, inductance, or
resistance variation. A well-known example of this class is the mechan-
ical-switch (Browm Converter); its drift is a few tenths of a microvolt
over a long period of time and the carrier level (hum) is about a microvolt.
These devices are of such great importance in circuit design that a con-
siderable portion of the chapter is devoted to their characteristics.

Electrical amplitude modulation is often used for modulation of
rapidly varying waveforms used in PPI or type B cathode-ray-tube dis-
plays (see Vol. 22 of this series) or for the simulation of amplitude-modu-
lated echoes observed in scanning-radar systems. In these circuits the
waveform of the carrier is nonsinusoidal.

In most of the examples of this chapter the carrier waveform is
not reproduced in the output, but a few examples are given of circuits
that preserve a sinusoidal carrier. The latter circuits, which usually
depend upon the curvature of the characteristic of a vacuum tube, are
often of low precision. Those giving accurate operation and still preserv-
ing the carrier waveform may be more precisely described as multiplying
circuits and are therefore discussed in Chap. 19.

The frequency spectrum of the modulated wave is not discussed in
detail since many data are already available in textbooks. 1 Also this
approach is of less value in the modulation of complex waveforms. The
various methods of frequency selection used to remove the modulating
signal or carrier from the output of a modulator are not discussed in this
chapter since complete information on electric filters is also obtainable
in standard texts. Some very useful frequency selectors employing the
twin-T are described in Vol. 18, Chap. 10, of this series.

Applications of amplitude modulation and demodulation for obtaining
large current outputs or transformer-isolated signals ~villnot be discussed
separately because the methods of modulation and demodulation pre-
sented in this and the following chapters may be combined with a suitable
transformer to make a satisfactory system.

11.2. Signal-controlled Amplitude Selectors. Unbalanced Half-wave

Circuits.—The possibility of amplitude modulation by amplitude selection
has already been mentioned in See, 3.7. A typical example is indicated

1Terman, toe.ck
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in Fig. 11.1, where a diode amplitude selector is used to select portions
of a sinusoidal carrier that exceed its cathode potential and thus to
give an amplitude-modulated wave. Alternatively the load impedance
RI can be put in the plate circuit; the modulated output would then
represent portions of the carrier that were less than the cathode noten$ial.
Thus in the first case, the negative excursions of the carrier would be
modulated, whereas in the second case the positive excursions of the
carrier would be modulated.

The circuit of Fig. 11.1 illustrates some important features of modu-
lators employing amplitude selection. First, the amplitude of the
modulated” wive is linearly related
to the amplitude of the modulating
signal, provided that the carrier
voltage is much greater than the
slope discontinuityy of the broken-
line characteristic of the diode.
Linear modulation is therefore ob-
tained with 20- or 30-volt carriers
for thermionic diodes, and some-
what smaller values may be used
with contact rectifiers. The line-
arity of modulation is, however,
of little importance in modulation-
demodulation systems employing
negative feedback. Second, the
range of linear modulation is ap-
proximately equal to the peak-to-
peak value of the carrier, although
this higher range is rarely used
with low-level modulating signals.
Third, the stability is entirely de-
pendent upon the characteristics

Carrier

P

VI

Selected portion
of carrier

RI

$ignal
+

1“——

(a)

FIG. 11.1.—Half-wave diode amplitude
selector. For the particular waveform shown:
R, = 4.3 k, V, = 6AG7 diode-connected,
carrier = 22 kc/see, The carrier is sinusoidal;
the signal is a positive sawtooth waveform.

of the diode as an amplitude selector, and these have been discussed in
detail in Sees. 3.14 and 9.3. For highest stability one would, of course,
apply a signal voltage roughly equal to the carrier, but this is not possible
in low-level applications.

The waveform diagram of Fig. 11.1 clearly indicates the weaknesses
of this modulator circuit, since there is no cancellation of the signal or
carrier. In addition, the circuit is not responsive to bidirectional signals,
as is often required in amplitude discrimination.

Carrier-balanced Half-wave Circuits.—A circuit of the type shown in
Fig. 11.2 permits the use of a push-pull signal and a single-ended carrier
and gives a considerable increase in usefulness.
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The waveform diagram (a) indicates the individual outputs at the
cathodes of VI and Vn. Subtraction of these outputs by means of a
push-pull or differential amplifier gives the balanced output waveform
(b). In the strict sense of the word this output is not push-pull since
the output waveforms are neither symmetrical nor of eq~al amplitudes.
Since both outputs must be connected to a push-pull or differential
amplifier in order to obtain balanced operation, the designation “differ-
ential” will be used consistently throughout this chapter.

U

Single ended
carrier

fil Push~ll signal

For equal tubes and resistors, RI and R,, the carrier gives equal
voltages in these resistors when the signal is zero. The carrier is there-
fore suppressed in the differential output. The resulting circuit is a
carrier-balanced modulator.

Another important property of this modulator is indicated by the
waveform diagrams of Fig. 11“2. As in Fig. 11“1, the output voltage
at the cathodes of VI and V2 contains portions of the carrier which exceed
the reference voltages el and ej. The separate waveforms at points a and
b are clearly indicated in Fig. 11.2a. Subtraction of these waveforms is
shown in Fig. 112b, which clearly indicates that the phase of the output
voltage depends upon the sign of e1 — es. At equality, the phase of the
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output shifts 180°. This is an extremely important characteristic of
amplitude modulators that accept push-pull or differential input signals
and is termed “bidirectional modulation. ” Operation of this typeisj of
course, not restricted to modulators employing amplitude selection but is
also characteristic of other types to redescribed.

Signal-balanced Circuits.—In Fig. 11.3 is indicated a modulator
employing a single-ended signal and a push-pull carrier with the output
taken differentially between the cathodes of V, and Vz. The operation

(b)
Fm. 11.3.—Signal-balanced diode modulator, The signal and carrier are superim-

posed in (a). The separate outputs at the cathodes of V, and V, are shown in (b) and the
differential output in (c). The component values are 1?, = R, = 4.3 k, R, = R, = 500
ohms: VI = V2 = 6AG7 diode-connected. Carrier = 22 kc/see.

of the circuit is depicted by the waveform diagrams. In Fig. 11.3a are
shown the carrier and signal waveform superimposed, and in Fig. 11.3b
are shown the separate outputs from the cathodes of VI and Vz, each tube
operating similarly to the circuit of Fig. 11”1 on alternate half cycles
of the carrier wave. Subtraction of these outputs gives the modulated
wave shown in Fig. 11.3c, which represents modulation in a full-wave
fashion-that is, both negative and positive excursions of the carrier are
modulated by the signal. In contrast to the previous example, the modu-
lated output does not reverse phase since the signal is single-ended. Also
carrier is not balanced out. Bidirectional modulation is obtained with the
full-wave version of this circuit (see Fig. 11.5).
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Signal- and Carrier-balanced C’ircuits.-Figure 114 indicates the third
possible combination of signal, carrier, and output connections. Here a
push-pull carrier and signal are used, but the output is taken in a single-
ended fashion. The effects of neither the signal nor the carrier voltage
appear across the output resistor RF, provided balanced components are
used. But the sidebands of the modulated carrier are obtained. In
addition, the output contains a considerable amount of second harmonic

Rl R2

-f-
=

—
Push.pull signal input

(b) (c)

FIG. 11,4.—Signal and carrier-balanced half-wa>.e modulator. The signal and carrier
are superimposed in (a). The separate outputs at the cathodes of VI and V! are shown in
@), and the sum of the two waves appearing across R, is ind,cated in (c). The waveforms
were obtained with the following component values: 1?, = Rz = R~ = Ri = 500 ohms,
R, = 1 M. Carrier = 22 kc/see, V, = Vi = diode connected 6.4G7.

of the signal and carrier (shown in the waveform diagram) since the

circuit is a full-wave rectifier for either signal or carrier. In most cases

it is relatively simple to remove the double-frequency component.

In waveform diagram, Fig. 11.4a, the push-pull signal voltages applied
to the cathodes of VI and V2 are shown superimposed upon the carrier.
Amplitude selection occurs in V, and Vz on alternate half cycles of the
carrier wave and gives the two outputs at their cathodes shown at
Fig. 11.4b. Addition of these two waveforms across the cathode resistor
R6, indicated in waveform diagram Fig. 11.4c, gives the signal- and carrier-
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balanced output waveform , and the phase of the modulated output
reverses with a reversal of the sign of the difference of the input signals.

Circuits employing push-pull carrier, signal, and output combine the
features of the previous examples and give balanced operation for signal
and carrier and, in addition, full-wave modulation. As indicated in
Fig. 11.5, the outputs from V1 and V4 and from V, and Vs are added
together and then the sums are subtracted to give the differential output.
The phase of the output wave reverses when the sign of the input signals
reverses, and modulation occurs for
both polarities of the carrier. Thus
this modulator has the advantages
of being balanced for both signal
and carrier, and, in addition, gives
bidirectional modulation. The sec-
ond harmonic content of the out-
put of the modulator of Fig. 11.5 is
small.

The circuit of Fig. 11.6 repre-
sents a simplification that is possible
provided the push-pull input does
not reverse: As is evident from
See. 9.3, this circuit represents
amplitude selection between two
bounds, the bounds in this case
being set by the push-pull signal
inputs. The operation of this cir-
cuit is restricted to signal voltages
e~ > el, since modulation ceases as
these two voltages become equal,
as is indicated by the waveform
diagram. The upward deflection
of the base line of the waveform
diagram is due to the unbalance be-
tween the source impedances for
the positive and negative signals.

Push-pull
carrier input

y

P

(a)

l?rG. 115.-Signal and carrier-balanced
full-wave modulator. For the particular
waveforms showm: V,, VS, V~, V, = 6AG7
diode-connected. R,, l?,, E,, R, = 4.3 k,
R~, Its, R,, I& = 56 k. Carrier = 12.2 kc/
sec.

Except for the limitation to the polarity of the signal voltages, this
modulator has all the advantages of the much more complicated circuit
of Fig. 11.5.

Summary.—The preceding circuit arrangements indicate the use of
amplitude selection in certain types of modulation and some balanced
circuits for suppression of the signal and carrier. A number of combina-
tions of connections exist, but the useful ones employ a clifferentiai out-
put to eliminate a single-ended input. In the circuits using four diodes,
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push-pull inputs do not appear in the differential output. Thus outputs
containing only the sidebands of the modulated carrier and harmonics
of the signal and carrier are obtained. These relations may be derived
mathematically for modulators employing curvature. 1 The results of
this analysis do not apply to these modulator circuits that employ
amplitude selection, and for this reason the explanation of their circuit
operation has relied heavily upon the waveform diagrams.

Few detailed data on the performance of these modulator circuits

k+
R2 ~

Single-ended
PWyll carrier input Single ended

input a,
output

=

R3 &

-

(a)

FIG. 116.-Signa1- and carrier-balanced
full-wave modulator for e, > e]. For
waveforms indicated, R, = 39 k, Rz =
R, = 500 ohms, VI = V, = 6AG7 diode-
connected. Carrier= 22 kc/see.

in the conversion of low-level d-c
voltages to modulated carriers are
available. The data on the sta-
bility of amplitude selectors given
in Sec. 3.14 and 9.3 apply to these
circuits, and there is no reason
why excellent stability may not be
obtained.

11.3. Carrier-controlled
Switches.-Amplitude modulation
may be carried out by interrupting
the signal waveform with a series
switch or by short-circuiting it with
a parallel switch at the carrier fre-
quency. In each case high accu-
racy may be achieved if complete
disconnection or complete short-
circuiting is accomplished. Suit-
able vacuum-tube switches for these
purposes have been described in
detail in Sees. 3.6, 9.3, and 10.3.
A typical example of the employ-
ment of a half-wave diode is
indicated in Fig. 11.7 and shows
modulation of a sinusoidal- and tri-

angular-signal waveform diagram. Figure 11.7a indicates the sinusoidal
signal applied to VI and the rectangular carrier applied to VW Alternate
half cycles of the signal wave. are short-circuited by diode V, and give
the interrupted waveform of Fig. 11.7b. In Fig. 11.7c a negative-going
sawtooth waveform is applied to the plate of Vl, and linear modulation
is observed for positive values of the signal. Capacitance feed-through
of diode VI gives a visible differentiation of the carrier waveform at low
signal levels.

1See M.I.T. E. E. Staff, Applied Electronics, The Technology Press, 1943, Chap.
7, p. 689.
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Although this example should not be regarded as a practical modulator
circuit, it indicates some limitations of a circuit of this type. The carrier
amplitude must be in excess of the signal amplitude in order to ensure
nonconduction of VI during positive excursions of the carrier. On
negative excursions of the carrier, the signal is attenuated by the factor
(R’z + RJ/(R, + Rz + Rz), Therefme, R, and % must be sma~i cOm-
pared with R,. Reasonably accurate operation is obtained if the value
of R1 is several hundred thousand ohms and if that of Itz is a few thousand

Signal el
-1

+

Rl
Interrupted

i$
signal

—
&

v
Carrier

-1_

R*

(b) (c)
Fm. 11.7.—Half-wave diode-stitch modulator. Waveforms (a) and (b) indicate

modulation in accordance with a sinusoidal signal, whereas (c) indicates modulation in
accordance wit h a triangular wavef mm. ‘l’he effect of diode capacitance is especially
noticeable in (c). Foz these waveforms, component values are: R! = 50 k, lih ==500 ohms,
VI = V, = 6AG7 diode-connected. Carrier = 22 Icc~9ec.

ohms, but the modulation of rapidly varying waveforms may require
values of 1000 and 100 ohms respectively. The efIect of plate-cathode
capacitance of VI is clearly shown in the waveform of Fig. 11.7c.

The single-diode circuits are of little practical importance since they
operate with signals of only one polarity and, in addition, give half-wave
operation. There are, however, a number of important circuits that
operate with signals of both polarities and give some cancellation of
capacitancecoupling of the carrier.

Half-wave-switch Modulators-Bidirectional Operation.—Figure 11.8
indicates a carefully tested diode modulator circuit, the ‘‘ Diamod.”
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Operation for both polarities of the signal voltage is obtained by a com-
bination of two of the elements shown in Fig. 11.7, and bidirectional
modulation is achieved by the methods shown in the waveforms of
Fig. 11.8.

On a particular half-cycle of the carrier, the output of the transformer
TI gives a negative signal at the cathode of V2 and a positive signal on the
plate of V, and prevents conduction of V 1 and V1. Under these condi-

nR2
2k

(a)

Fm. 11+3.—Half-wave-switch modulator
for positive and negative input signals,
“ The Diamod. ” For the waveform
illustrated, R~ = RO = 2 k, IZJ = 24 k, V],
Vz, V,, V, = 6AG7 diode-connected. Car-
rier = 12 kc/see. A value of R, of 200,00il
ohms or more is desirable to minimize the
effects of differences of Vi and V~.

tions the value of the output rises to
the peak value of the input. On
the opposite half-cycle of the car-
rier, current will flow to ground
through V ~ or V4, depending upon
the polarity of the signal. As be-
fore, the signal is attenuated by the
factor (Rz + ~d)/(~1 + hk_f_ R.).
The carrier voltage does not appear
in the output and bidirectional
modulation is obtained, but the
signal voltage is not cancelled.

A spurious signal equal to one
half the difference of the contact
potentials of VI and V1 appears at
the output. If the heater voltage
of the tube having the higher con-
tact potential is reduced, the poten-
tials may be equalized. It appears
that this equalization has the ad-
ditional benefit of considerably re-
ducing the differential effects of
heater-voltage variation.

Residual unbalance due to dif-
ferent stray or tube capacitances is
equalized by a variation of Cl or Cz.
If the stray capacitances from the

secondary winding of Tl to ground are not troublesome, one of the
diodes, V, or v3, maybe removed and the other inserted between the two
parts of a split secondary winding for T,. Better results are, however,
usually obtained from the arrangement shown in Fig. 11.8.

Figure 11.9 indicates the excellent reproducibility and stability of
this circuit. From the curves it is seen that 90 per umt of the thirteen
tubes tested gave a shift of the zero point of less than 30 mv on changing
tubes, less than 12 mv on varying the heater voltage from 5 to 7 volts,
and less than 3 pvolt/min drift at reduced heater voltage. The error
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due to changing tubes and varying heater voltage is comparable to that
obtainable with the best type of direct-coupled amplifier using type 6SU7.
The drift rate is roughly one quarter that obtainable with such direct-
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F1o. 11.9,—Performance of diode modulator of Fig. 118 using type 6AL5 double

diode. (a) Indicates the millivolts change of the zero point for 13 samples of Hytrrrn type
6AL5, (fr) the effect of heater-voltage variation from 5 to 7 volts, (c) the drift rate at 10 hr
after inserting the tubes (n/ = 5.0 volts).

coupled amplifiers. Even better stability has been obtained with a
germanium-crystal modulator circuit as shown in Fig. 11.19.

A more economical but less stable diode modulator circuit is shown in
Fig. 11,10. In this circuit a particular half-cycle of tho carrier at the
output of TI makes the voltage supplied to the plate of V] and to the
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cathode of VAnegative and positive respectively. Under these conditions
the output voltage will assume the full value of the signal. With the
opposite half-cycle of the carrier waveform, the signal voltage will be
reduced by roughly one third its value with the components indicated.
But the potential of point a will depend upon the accuracy of the resistive
center tap of Tl, the actual values of Rz and Rs, and the shapes of the
waves applied to V 1 and V?.

The large “swamping” resistors, R2 and Ra, minimize the effects
of clifferences in the conductance of diodes VI and VZ These resist antes

(a)

FICA 11.10.—Half-wave-switch modu-
lator. For the particular waveform indi-
cated, RI = 24 k, RI = R! = 4.3 k, VI =
V: = 6AG7 diode-connected. Carrier =
12 kc/see. The higher values indicated
in the circuit diagram are desirable to
reduce dependence on the characteristics
of VI and VX.

are, however, so large compared
with the input resistor RI that the
amplitude of the modulated output
is much smaller than the input
voltage—smaller than is desirable.
The potential of point a during
closure of the switch depends upon
many more factors than in the cir-
cuit of Fig. 11.8. In that circuit
the emission potential of the diodes
themselves was used to close the
switch and, hence, did not depend
upon an external waveform. In
this circuit the switching wave is
used to close the diode switch, and
therefore the balance depends upon
the circuit components and the
shape of the carrier wave.

With proper adjustment of point
b, the residual from a 6.3-volt car-
rier voltage for zero signal input
can be reduced to approximately
50 ~v. Smaller values would be
obtained by capacitancebalancing
such as is indicated in Fig. 11.8.

In this circuit and in the previous one, operation has been-indicated
for a single ended input, and in both cases the point b has been grounded.
But disconnection of the ground gives satisfactory operation for differ-
ential signals. These circuits are therefore extremely useful for ampli-
tude discriminators since the level of the input signals is not critical.

Figure 11.11 gives the circuit of another half-wave diode-switch
modulator which represents some improvement over the previous circuit
for modulating rapidly varying waveforms. The signal is short-circuited
by&& bridge VI t,o V,, which carries several milliamperes because of the
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fixed potentials applied to the plates of VI and V2 and to the cathodes
of V8 and Vi. The junction of the plate and cathode of V2 and Vi is
connected to ground, and the potential of point a is substantially zero.
A push-pull carrier is applied at the points b and c, and negative and
positive excursions respectively cut off the diodes and allow the output
to assume the full value of signal.

The efiect of the diode capacitance is balanced by the two diodes V1
and Vs. This particular circuit
has two additional advantages.
First, a high-impedance switching
voltage may be used, since the
potential of point a in the absence
of switching voltage is accurately
established at ground by diodes Vz
and Vi. Secondly, this circuit has
the advantage of the circuit shown
in Fig. 11.8 for modulating a num-
ber of electrical signals in that the
diodes VZ and Vi need not be
duplicated for additional signal
inputs.

These three half-wave-switch
modulator circuits are representa-
tive examples of a number of com-
binations of diode switch circuits
that give similar effects. That of
Fig. 11.10 is the simplest and re-
quires fewer tubes than the others.
Its operation, however, depends to
a large extent upon the many as-
sociated resistors and differences in
the shape of the switching wave-
forms. The circuit of Fig. 11.8
represents a definite improvement
in stability over the direct-coupled
amplifier and may be used where a
factor of 4 is of critical importance.

(a)
FI~. 11.1I.—Diode-switch modulator for

rapidly varying waveforms. The waveform
was taken with R, = 10k, Rz = i-h = 500
ohms; VI, VZ, Va, V4 = 6AG7 diode-con.
netted. Carrier = 12 kc/aec.

The third circuit, that of Fig. 11.11
is, as has already been stated, specialized for the modulation of ~apidly
varying waveforms.

A significant gain in stability is achieved by employing a mechanical-
switch modulator. Since nearly all the available types of mechanical
switches have single-pole, double-throw contacts, they are suitable, for
full-wave modulation and will, therefore, be discussed in the next section.
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Full-wave-switch Modulators. —There are several -manufacturers of
mechanical switches for precision modulation. The Brown Instrument
Company makes a 60-cp~ “ Converter” on which performance data are
available. This device is illustrated in Fig. 11.12. The commercially
available unit has a resonant frequency of approximately 90 cps and is
designed to operate from 50 to 60 cps at 6.3 volts excitation. Both the
outer contacts are connected to the reed for 7 per cent of the operating
cycle, but the convenient adjusting screws permit alteration of the posi-
tion of the contacts to give non-short-circuiting operation. The life
of the contacts of a particular converter is indicated in the table immedi-
ately below. For this experiment the given potential was applied to a
pair of contacts of the converter through a 1O-K resistor. The times

input

rating read

1

output

Fm. 11.12.—Brown Converter for 60-CPS
operation.

given represent the interval re-

quired for the duty ratio of the

contact to alter appreciably.

Supply potential Hours
6.4 >>2100

17 1500
45 40

In low-impedance circuits the
stability of the Brown Converter
is known to be better than 1 pv
over a period of several weeks.
The amount of carrier voltage
picked up by the signal circuit
depends to some extent upon the
impedances used. For low-im-
pedance circuits, the pickup is
about 1 pv. Considerable reduc-

tion of pickup in high-impedance circuits is obtained by grounding an
adjustable center tap across the exciting voltage for the electromagnet of
the converter, and values of the order of magnitude of 1 vv are obtainable
in circuit impedances of ~ megohm. In addition, it has been found
desirable to modify the converter so that the excitation for the elec-
tromagnet is brought out through the top of the case in shielded leads.
Satisfactory measurements have been made in circuits having a resistance
of 3 or more megohms, although the pickup may set a limitation under
these conditions..

If hum is present in the converter output at null, the constancy of the
duty ratio or “dwell time” of the contacts is of importance in circuits
where narrow-band amplification at the carrier frequency is employed.
No detailed data are available on such variations, but wideband ampli-
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fication and switch detection (Sec. 14.5) within the limits of the dwell
time give independence of duty-ratio variations over reasonable limits,

A second converter designed for frequencies of 400 cps and resonant
at 600 to 700 cps has been made in experimental quantities by the
Minneapolis-Honeywell Company. Itisillustrated in Fig. 11.13. Con-
siderably fewer performance data are available for this modulator, but
with similar contact materials, the properties should be equal to those
of the Brown Instrument Converter.

The Western Electric mercury relay D 168479, although not spe-
cifically designed for low-level operation, has been used satisfactorily
for these purposes. The limita--
tionto the signal level is set by
the carrier pickup.

Other types of mechanical
switches for low-level signals have
employed rotating machinery to
operate the contacts. An experi-
mental model constructed by
British-Thompson-Houston for
Telecommunications Research Es-
tablishment has a bank of more
than ten modulatedemodulate
switches for an application requir-
ing a large number of channels.
A cam-operated contactor of ex-
tremely high performance in low-
resistance circuits has been re-
cently described. 1 The measured
noise ~level with an input resist-
ance of 5 ohms and a bandwidth
of roughly 1 cps is 3 X 10–9 volts

LCoil

Id%l”g

IiNvaM

1- A-c output

FIG. 11.13.—Minneapolis-Honeywell vibra-
tor.

peak ~o ‘peak and may be compared with a theoretical value of
roughly 3 X 10-’0 volts rms. The stability with time is outstanding,
and the drift over a 4-hour period is only 4 X 10–gvolts corresponding to
1 X 10-s ~v/min—a factor of roughly one million better than that obtain-
able with the therm.ionic vacuum tube. Operation at levels as low as
this requires especial precaution to eliminate spurious thermal and mag-
netic effects in the input circuit and in the mechanical switch. In
addition, microphonics, flicker effect, and other noises associated with the
first amplifier tube may set a limit to the obtainable noise level. In the

I M. D. Liston etat; “A Contact Modulated Amplifierto Replace Sensitive Sus-
pension Galvanometers,”Rsv. Sci. Instruments, 17, 194 (1946).
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particular circuit, the effect of tube noises was considerably reduced by a
320-to-1 stepup transformer.

----d=-

‘E
.+

e]-+-, 1

(A)

ttalfwave
switch -

shunt
connection

(f3)

Half wave
switch -

series
cocmection

(c)
Fullwave
switch -

single ended
to differential

output

(D)

Full wave
switch -

differential
to single

ended outfwt

(a) (h)

FIG. 11.14.—Configurations cd switch rnodulatora, A and B represent shunt and series
connections of a half-wave switch and C and D represent connections for full-wave switches
giving respectively fiingle-ended-to-differential operation and differential-to-single-ended
operation. Waveform diagram (a) indicates the operation of circuit configurations A
and B, and the signal is connected to the output for only ; the switching period. Wave-
form diagram (b) indicates the operation of circuit configuration D. One or the other
input signal lead is connected to the output over the entire period of switch operation
except for the brief tranaient indicated by the dot on the horizontal axia. The waveforms
were obtained with El = 11 k and a carrier frequency of 720 cps, using the Mirmeapcdia-
HoneyweLl vibrator.

Figure 1114 gives four typical circuit connections for mechanical-
switch modulators. A and B represent shunt and series connections
similar to those ah-eady indicated by the half-wave thermionic-switch mod-
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ulators of the previous section. Since single-pole, double-throw contacts
are available for all the modulators mentioned above, connections c and
D are preferred, the first for operation with single-ended signals where
differential output is desired and the second where push-pull signals are
available but single-ended output is desired. Since most of the a-c ampli-
fiers for the modulated carrier are single-ended, circuit D is highly desirable
because it accomplishes the conversion from differential to single-ended
operation. The operation of these circuits is explained by the waveform
and the circuit diagrams. The contact resistance of these modulators is
very low, and correspondingly small values of RI may be used.

A typical input circuit for the use of this mechanical switch in thermo-
electric measurements is indicated in Fig. 11.15, where RI and R2 may

represent the resistances of a reference and a measuring thermocouple.
Since these are of low resistance,

T,
advantage may be taken of trans-

B

former coupling to the amplifier, and ‘if~~~~ial
stepup ratios in Tl of several hundred input RI

are desirable. The single-ended out-

F

Single
ended

put is desirable for economical a-c . output
amplification. R2

Two precautions should be ob- .

served with these modulators. First,
the resistance of both signal inputs of FIG. 11.15.—T ypical transformer input

circuit type D should be equal lest
circuitfor a low-impedancesigmil.

variations of the grid current of the amplifier be measured. Second,
when large by-pass condensers are shunted across the contacts, non-
short-circuiting operation should be used or a large loss of signal voltage
will occur. In low-level circuits where the maximum excursions of
the signal are not likely to exceed the grid base of the amplifier tube, there
is no objection to direct coupling to the grid provided later stages are
RC-coupled in order to avoid the effect of slow drifts of the input tube.

Another important laboratory use of this mechanical switch is as
part of a visual null indicator for potentiometric measurements. If, for
example, it is desired to compare the linearity of two potentiometers
with a Klgh degree of accuracy, the mechanical switch is connected as
indicated in Fig. 11.16; the output of the converter is connected to the
high-gain amplifier of an oscilloscope. When a sweep synchronized with
the carrier frequency is used, the null may be detected with considerable
accuracy. It is found convenient to build one of these converters into
a commercially available oscilloscope.

1In this case an alternating wave could be connected directly to the two potenti-
ometers and, providing inductive effects were negligible, the same measurement proce-
dure would be satisfactory without the use of the modulator.
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A very stable recording millivoltmeter is shown in Fig. 11.17. Al-
though this circuit does not represent a completely engineered design, it
has been used for experimental purposes in the laboratory for measuring
the drift of a number of vacuum-tube circuits. The input circuit cor-
responds to that of D, Fig. 11.14, and a calibrated attenuator is provided

fi rzsl
. . . .

‘potentiometer I Synch I

Kmplifier “
input

-o Standard
oscilloscope

coil of
=

“converter”
I

A Carrier

FIG. 11.16.—Use of converter as null indicator.

for gain control. A twin-T selective circuit is inserted between T, and
TZ in order to eliminate unwanted harmonics. The output of Tz is
coupled to a conventional half-wave phase-sensitive demodulator T8 and
Th (see Sec. 14.4) and then to a clifferential amplifier TG and T8 suitable
for driving the movement of an Esterline-Angus recorder (1 ma). The
gain is sufficient to give a full-scale deflection in response to a differential

50 k +250 V
‘AA~

J 1 . ,.{ I 1 1 1 1 1
*

FIG. 11 17.—Millivoltmeter circuit using Brown Converter.

signal of 3 mv, and the stability is such that no measurable shift of the
baseline occurs over long periods of time. The contacts of the converter
are usually readjusted for this service so that nonshor~circuiting opera-
tion is obtained.

More satisfactory o~eration and simpler construction are possible
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if the bandwidth of the carrier amplifier is maintained relatively wide
(1 kc/see) and the bandwidth is controlled after phase detection. No
less signal-to-noise ratio results from this procedure since phase-sensitive
detection resembles frequency conversion from the noise standpoint. A
microvoltmeter for precision meas-
urements of the difference of two
photocurrents has been constructed
and employs 0.5-megohm resistors
at the input to the Brown Con-
verter followed by an wc amplifier
of a gain of 10°. Phase-sensitive
detection is accomplished by an-
other Brown Converter whose con-
tacts are adjusted to operate within
the interval of the original modula-
tion in order to avoid any error due
to small variations in dwell time.
The output voltage, after being
amplified and passed through sev-
eral simple RC-filter sections (see
Sec. 8.11), is connected to an Ester-
line-Angus recorder having a band-
width of roughly 0.5 cps. The hum
level of the carrier at the input was
of the order of several microvolt,
provided the balance of the exciting
voltage was correctly adjusted.
The noise output corresponded
closely to the thermal agitation
noise in the input resistors, and the
drift over a period of 5 hr corre-
sponded to 0.02 pv/min.

Similar, but much less stable,
operation may be obtained over a
much wider range of carrier fre-
quencies by a combination of the
half-wave diode modulator circuits
of the previous section. For ex-
ample, Fig. 11.18 shows two units of

Car

r

signal mpul

(a)
FXQ. 11.lS.—Full-wave diode-switch

modulator. This circuit represents a com-
bination of two units of the circuit of Fig.
11S connected according to D of Fig. 11.14.
In a practical circuit, T,’ maybe eliminated.
For the particular waveform shown,
R,= R,t=24k; R2=R,(=R, =R3r=
3,9 k. All the tubes are 6AG7 diode-con-
ne@ed. The source impedance for the
carrier is 500 ohms. Carrier = 12 kc/see.
It is usually desirable to employ values of
R, and R,’ of 200 k. The carrier voltages
from Z’, and T,’ are phased at 180°.

the circuit 01 Fig. 11.8 combined according to C, Fig. 11.14.
Another full-wave circuit based on two elements of Fig. 11.10 is

shown in Fig. 11.19. This circuit illustrates the application of ger-
manium crystals to modulator circuits. The long time stability of the
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circuit is indicated by the accompanying graph. A drift rate of approxi-
mately 1 pvolt/min is obtained after a relative y short operating period,
and hence represents an improvement of a factor of 2 or 3 over the
average 6AL5 performance shown in Fig. 11.9. In addition, there is no
effect o heate -votage variation. A serious disadvantage of the ger-
manium crystal is the fact that, since the rms noise voltage of the order
of 150 w is observed over a bandwidth of roughly 50Kc/see, the circuit
is rendered unsuited for low-level measurements. Another drawback
is low back resistance of the crystals, which prevented the use of input

1.0-

05 -

0
0 20 40 60 so 1(

B Timein hours

Average drift of germanium crystal

FIG. 11.19.—Fuf1-wave modulator using germanium crystals. The potentiometers
are for obtaining satisfactory balance with zero signal inputs. The performance data
were obtained with experimental samples of germanium crystals having characteristics
sipdar to those commercially available from Western Electric or Sylvania.

resistors much larger than those shown in the circuit diagram. But

some recent samples have a back resistance in excess of 1 megohm at a
voltage of –40. Forward resistances of less than 2000hms are usually
obtainable. Crystals of poorer quality give considerably higher drift
rates (several pvolts per minute) and noise voltages up to 1 mv. These
tests were made with ,selected experimental samples of germanium
crystals obtained from Purdue University, and it is believed that the
performances representative of units currently available from Western
Electric! or Sylvania. Some especially selected crystals obtained from
Bell Telephone Laboratories gave considerably smaller noise voltages.

The effect of temperature upon the back resistance of germanium
crystals may amount to a factor of 3 to 10 over a range of 100”C, and the

1J. H. Staff and H. C. Theurer, “Final Report on Preparation of High Back
Voltage GermaniumRectifiers,” NDRC 14-555, Bell TelephoneLaboratories.
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operation of this modulator circuit should therefore be restricted to
low-impedance input signals.

Similar bridge-modulator circuits have employed thermionic diodes,
and the signal resistance could, of course, be raised to the order of ~ meg-
ohm or greater. However, a variation of heater voltage of 10 per cent
gave an equivalent d-c unbalance of 1.2 mv. The unbalance at the null
point for a carrier voltage of several volts could easily be reduced to an
equivalent of 100 pv direct current.

The full-wave diode circuits are not frequently used in circuit design
because the large number of elements makes them somewhat cumber-
some and they show no great advantage over the half-wave circuits.
The availability of push-pull input affords no practical advantage over the
half-wave circuits having transformer-coupled carrier since the -whole
modulator may “float” between the terminals of a differential input
signal.

Copper-oxide Modulators.—By way of contrast, a distinctly different
use of similar modulator configurations is presented. These depend upon
the copper-oxide rectifier or varistor and are widely used for modulation
and demodulation in telephone communication circuits. Here the objec-
tives of the design are clifferent, and the etlicienc y of signal-power con-
version, the modulator bandwidth, and frequency spectrum are of
importance. The latter is of especial importance in multiple-channel
communication systems where the harmonics of the modulated output
frequencies from several systems may cause mutual interference. These
requirements lead to a different approach to the design and performance
criteria for modulator operation, and many data are available on the
relation between signal and carrier power and the power appearing at
various unwanted harmonics. Thus, in the data that follow, the results
are expressed in terms of decibels below the carrier power. These data
may be converted into voltage, since the effective resistance of the
modulating elements is roughly 200 ohms. Although the use of copper
oxide elements and low-impedance input and output circuits leads to
high-power conversion, the operation of these circuits is extremely
sensitive to both temperature and carrier levels. 1 Much has been done,
however, to control the quality of varistor modulator elements in order
that a consistent, although not high, ratio of signal to carrier power may
be obtained at the output of balanced-modulator circuits.

The modulator configurations used in these circuits closely resemble
the diode switches previously described, and three configurations of
diode bridge, double-balanced, or ring circuits are in common use and are
illustrated in Fig. 11.20. The illustration shows in (a) a bridge circuit

1R. S. Cmuthers, ‘(Copper Oxide Modulators in Carrier Telephone Systems,”
.!i%c.Engr., 58, 253 (1939).
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used as a shunt s~l-itch and in (b) a bridge circuit used as a series switch.
Configuration (c) is clarified by the schematic switch of (d). This
diagram indicates the correspondence of (c) to modulation obtainable

Mutulated
carrier
output

“~=~
&’C2 ne V, (a)

Carrier supply

Carrier supply
Modulated

carrier
output

neC?ne V (c)

Carrier supply

w;Push-pull
input

(d)

output

-40-35-30-25-20-15-10 -5 0

Output of lower sideband C-V
m db below 0.006 watt

(e)

*Fro.11.20.—Copper-oxide bridge modulators. (a) Indicates a shunt switch, (b) a series
switch, and (c) a single-pole double-throw reversing switch as explained by schematic
diagram (d). The components of the signal frequency (V) and carrier frequen.j- (C)
appearing at the input and output are indicated in the appropriate places; n. represents
an odd number, and n, represents an even number. The frequency spectrum of the output
for particular values of harmonics is given in the graph (e).

with a pair of synchronous single-pole, double-throw switches based upon
circuit D of Fig. 11.14. The configuration (c) of this figure gives there-
fore a push-pull output from a push-pull input signal.
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As seen from Fig. 1120, the carrier power in the output is roughly
so db below that at the input. This is a desirable property in these
modulating elements since it determines the minimum necessary signal
power. Typical production units give an output balance of 20 to 30 db
with reference to a l-row carrier input. Experimental circuits have been

balanced to a much better precision—in a particular case, to 110 db. 1

Unit X-2
Approx. 0.006 watts

carrier Input

~~L_d
I 75 80 85 90 95 100 105 110 115 120 125 130

Temperature m degrees F.

FIG. 11.21.—Variation of carrier leak balance with change of temperature.
balance adjustment of 71°F left unchanged as temperature varied.

Originai

This high value of balance in the copper-oxide modulator was obtained
only with the proper values of resistance in series and capacitance in
shunt with one of the bridge arms. If these values are converted to
volts, it is seen that the optimum performance of the balanced copper
oxide bridge compares favorably with that obtainable from the other
circuits—the unbalanced carrier voltage is approximately several micro-
volt, but the following effects make this value impractical to obtain

1R. S. Caruthers,Bell TelephoneLaboratories,personalcommunicationon these
testsof varistors.
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under reasonable operating conditions. The effect of temperature and
carrier voltage upon this high value of balance is extremely larg~a tem-
perature change of 2°1? reduced the balance from 110 to 72 db. Similarly
a slight deviation of carrier power, 2 db, from that giving an optimal bal-
ance (in this case 80 db) reduces the balance to roughIy 60 db. These
data are
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FIG. 11.22.—Variation of carrier leak with variation of carrier input for several circuit
conditions.

Other factors of importance in determining the stability of the balance
are time, harmonics in the carrier waveform, variations in impedance
of the carrier supply, and a slight heating of the varistor units on applica-
tion of the carrier voltage.

Although the stability of the nonlinearity in copper oxide is not so
high as that of the circuit elements discussed previously in the chapter,
greater stability against variations due to the variables mentioned above
may be obtained by inserting resistors in series with the nonlinear circuit
elements as indicated in some of the previous circuit diagrams. In



SEC. 11.4] BALANCED TRIODES 413 ~

applications where the efficiency of the modulator must be represented
in terms of signal power, this will represent no improvement since the
signal power corresponding to carrier unbalance is similarly increased.
For the usual applications of the conversion of direct current to alternat-
ing current for precision measure-
ment, the signal output power is
not usually of any importance.

Figure 11’20e also represents a
typical example of the frequency
spectrum of the output of the cir-
cuit of (c) employing ~in.-diameter
disks in each bridge arm. The fre-
quency components due to the sig-
nal frequencies V and the carrier
frequency C are indicated at the
appropriate place in (a), (b), and
(c); no is any odd number—1, 3, 5,-
etc., and ne is any even number—
0, 2, 4, 6, etc. It is observed that
a decrease of the signal power for
constant carrier input gives a con-
siderable improvement in the ratio
of the output of the lower sideband
to components 2V, C + 3V, and
C + 2V. The rejection of the cir-
cuit to V is, of course, independent
of the signal voltage. This diagram
emphasizes the desirability of oper-
ating these modulators with small
signals if these sidebands are to be
avoided. Sidebands are, however,
rarely of importance in the simple
conversion of direct current to al-
ternating current where a single
channel is employed.

11.4. Balanced Triodes, Tet-
rodes, and Ms,dtigrid Tubes.—The
following section contains several

+Epp

T ruRI R2

Ow#’tial

--- Push.pull ---
signal input

J’j y

R, &,
TI

3
Carrier

,1P
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(a)

FIG. 11.23.—Balanced triode modu-
lator. The hiss provided by R,C, permits
the input signal to be balanced with
respect to ground. The waveforms repre
sent the performance obtained with RI =
R, = 16k ; V, = V, = 6SN7; carrier source
impedance = 500 ohms; carrier frequency
= 15 kc/see. The carrier waveform is

sinusoidal.

examples of balanced modulator circuits in which the signal and carrier
are connected to high-impedance electrodes, and some gain may be
obtained in the modulator. These circuits are not so stabl~ as those of
the previous section which employ diodes or mechanical switches, and
they represent, in general, no improvement in stability over that obtain-
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able with the direc~coupled amplifier. They are, however, of consider-
able use where high stability is not required but where gain and
high-impedance input are des rable.

Balamd-triode Modulator.—The circuit of Fig. 11.23 is a balanced-
triode modulator patterned after the circuit of Fig. 11.2. A push-pull
signal is connected to the grids and a single-ended carrier to the cathode.
A differential output may be taken from the plate circuit. A circuit of
this form is particularly satisfactory where the carrier employed is at the

+1OV

100 50

I

50

T I

A

(a) (b)
FIG. 11.24.—Tetmde modulator circuit for electrometer application. Manufacturer’s

data indicate that stability of } mv and a grid current in the signal electrode of 10-k~amp
are obtainable. The perspective view indicates the small size of the electrometer tubss.
For the particular circuit constants, the signal input should be bshmced with respect to
ground.

power-supply frequency, and a low-impedance drive for the cathodes is
available.

The waveform diagram indicates the bidirectional modulation
obtained with this circuit. The carrier amplitude was made so large
that switching operation was obtained with consequent grid current.
Smaller carrier amplitudes, though giving less grid current, would give
modulation by curvature with attendant nonlinearity.

Tetrode Modulator for Electrometer Application.—A very Klgh input
impedance for the signal is obtained by the connections of Fig. 11.24.
Low-grid-current Victoreen tetrodes (VW-41) (Fig. 11.24b) are used in a
balanced modulator circuit by employing g% for the signal and g~ for
the carrier. These particular tubes have, in addition to a high input
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impedance, a low filament current—between 10 and 15 ma—permitting
accurate electronic stabilization of the filament voItage to minimize drift
and pickup.

The circuit design of Fig. 11.24 is supplied by the tube manufacturers. 1
When a rectangular carrier of 6
volts is applied to the normally cut-
ofi gl of the two tetrodes, approxi-
mately 250 ~a flow in each one from
gl to cathode. This causes switch
operation of the two tetrodes in a
manner similar to that indicated
in the previous figure. Most of the
carrier voltage is canceled from the
differential output, and more com-
plete rejection is obtained by a plate-
circuit-balancing control which
compensates for inequalities in the
tubes and components. Either a
push-pull or single-ended input may
be used, and in the latter case one
of the input leads is grounded.
The output of this modulator may
be connected in a feedback circuit
as shown in Sec. 11.6.

The manufacturers’ data on the
performance of the circuit give a
stability of 4 mv at the input ter-
minals over a period of 24 hr (0.3
pv/min). The grid current of the
single electrode is less than 10–14
amp. A switch is included in the
carrier circuit as a result of the
manufacturers’ tests, which indicate
that the stability of the cathode is
impaired by current flow before the
operating temperature is reached.
This unusually high stability was
not observed in preliminary tests
at Radiation Laboratory.
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$en ed
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(a)
FIG. 11.25.—Carrier-balanced modu-

lator using multigrid tubes and supplied
with a single-ended carrier and a push-pull
simml. The circuit constants used to
obtain the waveform diagram are: R, =
12, =7k, Ra=lOk; C,=4pf; V,=
V.a = 6SA7. The bias for ~, was set at
–5.5 volts, and for g, at –3.8 volts. The
carrier frequency is 15 kc/see. Epn = 2.50
volts.

These tubes (VW-41 ) have excessive microphonics for applications
requiring rapid response: when the tube is gently tapped, fluctuations

1VictoreenInstrumentCo., Cleveland,O. A low-microphonictube is now being
advertised(1948).
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equivalent to values from 0.3 to 1 volt amplitude at the grid lasting
several seconds have been observed.

Balanced-multigrid lfodulator.—Convenient forms of balanced modu-
lators giving high-impedance inputs for both signal and carrier are
indicated in Figs. 11.25 and 11.26. In the type shown in Fig, 11.25, the
application of a push-pull signal gives carrier-balanced operation and a

+Ew
,

Push
pull

signal

(a)

F1o. 1126.-Signal- and carrier-bal-
anced modulator using multimid tubes and
supplied with a push-pull signal and carrier.
The waveform diagram corresponds to
component values, R, = R2 = 13k, RS =
R, = 18 k; carrier and signal are biased at
—5 and —4 volts, respectively. R~ = 15

k; C, = 0.1, V, = 6SA7. E,P = 250 volts;
carrier frequency, 15 kc /sec.

differential output. As the wave-
form diagram shows, the carrier
amplitude is sufficient to cause the
multigrid tubes to act as carrier-
controlled switches. In Fig. 11.26,
signal- and carrier-balanced opera-
tion is obtained, and the output
waveform is seen to resemble closely
that shown in Fig. 11,4.

These circuits also make satis-
factory curvature modulators since
type 6SA7 tubes act as approximate
multipliers (see Sec. 19.3), and the
value of the signal voltage deter-
mines the carrier amplitude. Oper-
ation of this type is indicated in Fig.
11.27, where typical waveforms are
shown for the two circuits. One
advantage of this type of operation
is, of course, that the distortion of
the carrier waveform is minimized
and a simpler filter may be used to
remove unwanted harmonics. A
more satisfactory circuit for ob-
taining small carrier distortion is,
however, given in the next section.

Full-wave Balanced-triode Modu-

lator Giving ~mall Carrier Distortion.

The operation of this circuit is substantially the same as that of Fig. 115
with the important exception that there is continuous conduction of
VI to VA throughout positive and negative excursions of the carrier.
The modulation depends upon the variation of the plate resistance of the
triodes with grid bias. This feature is of considerable advantage as far
as carrier distortion is concerned, although the linearity of modulation

is not so good as that obtainable with amplitude selection. In this
particular case, the amplitude modulator is designed for use as an ele-
ment in the negative-feedback system, and linearity is of considerably
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(a) (b).,
FIG. 11.27.—Output waveforms for balanced curvature modulator. These wave-

forms indicate, in (a) and (b) respectively, the operation of Figs. l125and11.26 for smaller
values of the carrier. Modulation depends upon variation of the transfer characteristic
in response to the signal amphtude.

m
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less importance than carrier distortion and phase shift. The cathode
resistor for the modulator tubes is so large that a single-ended signal may
be satisfactorily inverted; in fact, the input waveform shown in Fig.
11.28a is single-ended and gives the push-pull output waveform of
Fig. 11.28tI, as distinct from the previous modulator circuits which require
a push-pull input and give a differential output.

The output of this modulator contains some second harmonic com-
ponents, and in a particular application it was found necessary to employ
a twin-T selector circuit to reject the second harmonic component and
to give a wave with negligible phase shift (see Vol. 20, Sec. 11.7).

11.6. Variable-capacitance Modulators.—Just as the mechanical-
switch modulator appears to be outstanding for the potential meas-
urement in low- and medium-resistance circuits (to 106 ohms), the
variable-capacitance modulator appears to be ideally suited to the poten-
tial measurement in high-resistance circuits (106 to 10’2 ohms). These
modulators are, however, not of the switch type, since the variation
of the amplitude of the input signal by capacitance variation rarely
approaches 100 per cent. These modulators are nonlinear and are,
therefore, nearly always used in negative-feedback systems.

A particular design has been highly developed for electrometer
applications.] The variable-capacitance modulator is isolated from the
current source by a high value of input resistor (around 101~ohms). The
variable capacitance itself is roughly 40 pwf and has a conversion efficiency
(rms voltage out)/(d-c voltage in) of approximately 0.2. In one type of
construction the input plate of the variable capacitance is fixed and the
other plate is vibrated at 60 cycles by an electromagnetically driven reed.
The input plate of the variable capacitance is, however, shielded from the
electromagnet. For optimum stability the vibrating reed and the input
plate of the condenser are made of hardened steel, are optically polished
on one face, and are gold-plated and gold-evaporated in pairs. The
entire assembly is then sealed and filled with argon at atmospheric
pressure. This treatment is required to obtain the high stability men-
tioned below.

In a particular application, type 954 was used as a first-stage amplifier
because of its low input capacitance,z low grid current, and freedom from
microphonics. The output of this amplifier is connected directly to the
standard a-c amplifier and two-phase servomotor of the Brown Instru-

I H, Palevsky, R. K. Shwank, and R, Grenshik, “Design of Dynamic Condenser
Electrometer, ” Report No. CP3440, Metallurgical Laboratories, University of
Chicago.

2Advantage may be taken of a positive-feedback circuit for nullifying the stray
capacitance of the input circuit and for greatly increasing the effectiveness of the
capacitance variation (see Appendix A).
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ment recorder. The output potentiometer of the servomechanism

balances the input, in order to achieve high linearity and freedom from

gain variation in the amplifier.

The performance of this electrometer is excellent, the input resistance

being in excess of 101s ohms and the background current less than 10–16

amps. The-drift over a period of 24 hrs is less than 100 pv corresponding

to 0.07 pvlmin. With a time constant of roughly 1 see, over a bandwidth
of roughly 1 cps, the short-period fluctuations appear to be somewhat less

than 50 pv. Since the input capacitance of the present instrument is
40 ppf, the time constant is 4 sec. With a modified design, the input

capacitance may be made as low as 10 ppf. The stability of this instru-

ment appears to be much better than that obtainable with thermionic

vacuum tubes, and the associated circuits are simple and compact.
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— amplifier — sensitive D-c ~
modulator

—

and filter demodulator amplifier

I
I

FXIA11.29.—Block diagram of a negative-feedback modulator-demodulator system.

Another variable-capacitance modulator was developed by RCA. In
this unit, operation at the high carrier frequent y (2615 cps) is obtained
by a loudspeaker voice coil which drives a diaphragm. There is capaci-
tance variation between this diaphragm and four pickup electrodes or
probes. Each probe is mounted in a shielded compartment which
contains the series resistor for the signal voltage and the coupling
capacitor for the a-c output. In actual usage, the amplitude of oscillation
of the diaphragm is maintained by a feedback circuit which is controlled
from the output of one of the four probes and which adjusts the exciting
current in the voice coil to maintain a constant amplitude,

A similar modulator employs a tuning fork for the vibrating ele-
ment and therefore also serves as a frequency standard. In this case,
long and ?arrow probes parallel to the tines of the tuning fork are employed
to give a slzabie area and a higher sensitivity.

In contrast with the first example, these variable-capacitance modu.
Iators were used with signal voltages in excess of 100 volts. An a-c output
of ordy 0.5 volt is obtained, but the linearity of modulation is extremely
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high-better than 0.1 per cent. Thus this modulator serves as a pre-
cision multiplier.

11.6. Negative-feedback “Diode Modulator.—It is often desirable to
use modulation-demodulation systems for precise measurements of small
voltages. Although the linearity of the diode-switch modulators of
Sec. 11.3 is excellent, the use of negative feedback over the whole modu-

Bidiractional

c

4

I

F) {D-c output

~
Negative feedback

1 >
-300 v

FIG. 11 .30.—Negative-feedback modulator employing the circuit of Fig. 11 S for
modulation and demodulation. The particular circuit was designed for operation with a
10-kc/sec carrier, Adjustments C. and C~ and Ra and R~ are provided to equalize stray
capacitance and contact-potential differences respectively, C, and (77are chosen to give
the desired response speed. The bias networks for Vs, V,, and V, are suitable for British
type VR-91, but a small adjustment will give satisfactory operation with type 6SJ7, etc.

Iator-demodulator system is used to ensure constancy of gain in spite of
wide variations of the characteristics of the carrier amplifier. The block
diagram of Fig. 11.29 illustrates the use of phase-sensitive demodulation
for this purpose. The output of the modulator is amplified, filtered, and
det;cted. The output of the direct-coupled amplifier following the
detector is fed back and subtracted from the input signal ensuring
constancy of gain and linearity. The demodulator circuits for these
purposes are discussed in detail in Sec. 14.5.
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Figure 11.30 shows a practical circuit employing a pair of diode

switches for modulation and demodulation. The modulator short-
circuits the input voltage at the carrier frequency. The modulated

output is connected to a twc+stage 10-kc/sec amplifier of gain of 105.

The output is connected to a phase-sensitive demodulator (see Sec. 14.5)

which converts the carrier to direct current by synchronously switching

it to ground. A negative-feedback memory circuit (integrator) (see

Sec. 14.6 and 18.7) is used to remove the carrier voltage and give a low-

impedance output suitable for feeding back to the input stage. The

feedback ratio is set by the setting of the gain-control potentiometer

and the ratio of Rb/(Rg + RJ, provided the signal input is of negligible
impedance. Thus a gain of roughly 50 to 100 is obtainable with excellent
stability and linearity. For higher-impedance signals a resistor between
point a and ground would be desirable to fix the feedback ratio. The
stability and the effect of tube and heater voltage change are given in
Fig. 11.9.

Although this particular system was designed for a specialized applica-
tion, wide use of this principle has been made for precision measurements.
The over-all stability is, of course, set by that of the phase-sensitive
modulator, especially VZ and Vi, and complete characteristics of this
modulator were given in Sec. 11.3.

11.7. Modulation with Nonlinear Magnetic Circuits.—Nonlinear
magnetic circuitsl may be used in negative-feedback modulation systems
and give a high stability and linearity in the measurement of potentials
obtained from low-resistance sources. The transformers used have a
ferromagnetic core and are operated near saturation for greater sensitivity
and stability. The hysteresis loop should have a very steep slope as,
for instance, in the case of Mo-permalloy, mu-metal, etc. Whenever a
pure sine wave of angular frequency, u, is applied to the primary of such a
transformer, the potential on the secondary will contain the same fre-
quency and odd harmonics. This is true for any magnitude of the input
potential as long as the hysteresis loop is symmetrical with respect to the
origin. If, however, this symmetry is disturbed by superimposing a
d-c magnetic field and thus displacing the hysteresis loop along the
H-axis, then even harmonics will appear in the output. The amplitude
of these even harmonics will, to a first approximation, be proportional
to the superimposed d-c magnetic field. This d-c magnetic field can be
produced by a direct current passing through a separate coil wound on
this transformer or, in the case of the magnesyn (see Sec. 12.6), by a
rotatable permanent magnet.

In order to separate the even harmonics—for instance, the second
harmonic—from the fundamental and odd harmonics, it is customary

1H. S. Sack e.!al., “ MagneticAmplifier,” NDRC 14-437,CornellUniversity.
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to use two identical transformers and to connect them as indicated in
Fig. 11.31. In this figure it is assumed that all the windings are wound

in the same sense; WP is the primary winding and A’1 and L$’2the d-c input

and second harmonic output windings. Under these conditions the

I J
Carriet input

Fm. 11.31.—Nonlinear transformer for amplitude modulation. The two transformers
form a balanced circuit eliminating the carrier frequency from the secondaries S, and Sz.

fundamental component cancels out across the two output secondaries,
whereas the second harmonic component due to the direct current adds
Up in the two transformers. This is true, of course, only if the two trans-

formers are ideally matched.

Since the rela ion between d-c and a-c amplitude is nonlinear, linearity

and constancy of gain are obtained by the use of negative feedback as

mA sl
Input Input

circuit
B

m

A

8

S2
Amplifier

A-f
osollator

detector
stage

B

A .93
Feedback

and output ‘+ output
circuit

B

FIG. 11.32.—Block diagram of negative-feedback modulator using nonlinear transformer.
As many as five independent windings may be wound on the same pair of cores.

shown in Fig. 11.32. The transformers are provided with another set of

windings ~~ similar to the output windings A’2. The second harmonic

appearing on the output winding is amplified, phase-detected, and gives

a direct current which is fed into the compensation or feedback windings

~3 in such a way that it opposes the effect of the input direct current.
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If the amplification is sufficiently high, the compensation current will
then be proportional to the bias current with very high precision.

Let us denote II the bias current, 1. the compensating current, and A
the over-all amplification of the system. The latter is defined as the
ratio of the output current of the amplifier system to the bias current
if the compensating coils are not connected. If, furthermore, the number

+ 250 Reg.

Input ti’~~ 1~
[

El
?a — f

1--- I I

“ Y’dz-

—

1 I

t

!rIJ
VR Reg. -150

F]a 11,33.—Typical circuit suitable for use with negative-feedback modulator. VI i e a
1OOO-CPSoscillator, V2 and V?, a phase detector, and V~ a pair of cathode foUowers.

of turns on the bias winding is N1, and that on the compensation winding

is Nc, then the following relation holds:

I. = +.

;+T:

If A is very large, lC will be equal to $11. It is evident that such a
c

system does not require a strictly linear relation in the transformer or

a very high stability of the gain of the amplifying system.

Figure 1133 gives a practical circuit design employing amplitude

modulation of this type. Numerous modifications of this circuit may

be made for specialized applications, but for most uses this particular

design is satisfactory and economical. The oscillator circuit consisting of

V, and inductor 1,1 operates at approximately 1000 cps. This particular
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circuit satisfies the requirements of the magnetic circuit since it gives
low second-harmonic output (roughly 0.07 per cent). But the second-

harmonic signal, later needed for phase detection, is readily available
from its cathode circuit. The coil L, is Western Electric No. 645,
modified by the addition of a 250-turn secondary which is of satisfactory
impedance for driving the magnetic circuit to saturation.

The nonlinear transformers were obtained from Bell Telephone
Laboratories and, in a particular case, consisted of 250 turns of NTO.32
Formex wire for the primaries and five windings of 800 turns each of
No. 36 Formex wire for the secondaries. The resistance of the 800-turn
windings is 90 ohms. These were all wound on a core made of 0.002 by
0.25 in. of Mo-Permalloy strip and having inner and outer diameters of
roughly 1 and 1.5 in. The sensitivityy is roughly 35 mv rms/pa with no
load. Each transformer is adjusted for optimum cancellation of the
fundamental. For practical applications magnetic shielding and shock
mounting are desirable.

The output of the windings Sd is connected to circuit LZC4 which is
tuned to 2000 CPSand then to the phase-sensitive detector consisting of
VZ and V~. If a pair of type 6SJ7 is used, a gain of 70 is obtainable
(the gain is represented in terms of the ratio of the d-c output potential
to the input rms potential). A gain of 120 may be obtained with a pair
of type 6.4S6. A 40-volt 2000-cps signal is satisfactory for the suppressor
grids of type 6SJ7, and 10 volts may be employed for type 6AS6. Any
of the other types of phase-sensitive detectors discussed in Sec. 14.4
are applicable here.

The output of the phase detector is connected to the compensating
coils by means of the cathode follower V1.

The open loop gain A of the circuit of Fig. 11.33 is roughly 5000.
This results in excellent input-output linearity, and the over-all gain is
set by N1/N., a current gain of 1. The corresponding voltage gain is
1000. In fact, experimental tests indicate that there are no measurable
deviations from linearity and that the limitation is set by short-period
fluctuations. For A = 5000, the mean deviation between input and
output is 0.026 Wa (2 WV) or 0.0025 per cent of a maximum current of
1.1 ma. Tests extended over a period of a week (at room temperature)
indicate a drift of the order of magnitude of 0.1 va (1 X 10–a ~v/min).
As a potential-measuring device the performance of this circuit is poor
since the short-period fluctuations correspond to a voltage of 30 mv
through an impedance of 1 megohm. This is large compared with that
expected from well-stabilized direct-coupled amplifiers employing high~
quality vacuum tubes—for example, type 6SLT7. On the other hand,
the lon~time stability surpasses that obtainable with direct-coupled
amplifiers. Its extremely good linearity and stability recommend its
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use where signals from the required source resistance are available.
Because of the availability of several independent transformer windings,
the flexibility of this circuit makes it a very important device for the
addition of voltages and currents of considerably different d-c levels.
This circuit has also been used for precision differentiation and integration
(see Vol. 21, Sees. 4.4 and 48).

11.8. Summary.-In view of the foregoing discussion, certain recom-
mendations may be made. Few modulating circuits employing thermi-
onic vacuum tubes give stabilities which are greatly in excess of those
obtainable with carefully designed direct-coupled amplifiers. But the
important advantage of the modulation system is that reasonable stability
may be obtained with very few precautions since not much can go wrong
with a simple diode modulator circuit and its associated a-c amplifier.
Thk is not the case with direct-coupied amplifier circuits Table 11.1
summarizes the characteristics of the modulators which have been dis-
cussed. In most cases the performance data were obtained at Radiation
Laboratory. In other cases the source of the data was given in the circuit
discussion.

Where high stability in voltage measurement in low- to medium-
resistance circuits is required and rapid response is not needed, the
mechanical-switch modulator is unconditionally recommended, and wher-
ever possible this device should be used in computing and measuring
circuits.

For measurements in high-resistance circuits, the variable-capaci-
tance modulator appears to be superior to thermionic electrometer tubes.
In connection with the measurement of small photocurrents, it should be
remembered that the photocell itself is an excellent switch modulator
when supplied with the proper waveform (see Sec. 3.16).

A1though the saturable magnetic transformers have no great advan-
tage of sensitivity, they are very convenient for summing a large number
of input currents with excellent long-time stability. They also permit a
higher carrier frequency and have no moving parts.

Negative feedback in modulation-demodulation systems offers the
important advantage of gain stabilization. In addition, negative feed-
back will correct for nonlinearity in a modulator or a demodulator.
Negative feedback should, therefore, be used wherever practicable.

Balanced operation is directly obtainable in modulation circuits
employing switches and can also be achieved by cancellation schemes in
modulators employing amplitude selection or curvature. In addition to
the advant~ge of eliminating the signal and carrier, balanced operation
gives greater stability since the drift of one tube tends to cancel that of the
other.

In the various applications of modulation to impedance-changing or
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TDrm 11.1.—SUMMARYOF PERFORMANCEOF MODULATIONCIRCUITS

Type of modulator

I

Drift,

pv/min

I
I

High-resistance circuits
Balanced-triode modulator

(6SU7) . . . . . . . . . . . . . . . . .
Balanced-tetrode modulator
Variable-capacitance modula-

tor . . . . . . . . . . . . . . . . . . . . . .

Medium-resistance circuits
Diode-switch modulator.
Germanium-crystal modula-

tor . . . . . . . . . . . . . . . . . .

Mechanical switch (Brown).

3

0.3

7 x 10-2

*to3

o.2t0 1
2 x 10-2

Low-resistance circuits

Saturable magnetic circuits. 1 x 10-3

Mechanical switch (G. M.). 1 x 10-5

Mechanical switch (Brown) 1 x 10-’

Input re-
sistance,

ohms

*101O

=1011

1011

=2 x 106

ml x 104
~5 x 106

90
5

-5

Fluctua

tion, pv

(noise 0

carrier

level)

., ..,..

100

> 50

.150
0,2

2
.00

Band-
width,

Cps

.

0.0

J1OO

104

~ 0.5

~1
-1

carrier
fre-

quent y,
Cps

<10$

< 102

<10’

<108
<102

< 10J
< 102
< 102

level-shifting, nearly any modulator will be found to be satisfactory
and may be chosen in the interests of economy rather than in view of the
requirements mentioned above. In this connection, gain is often desir-
able in the modulator stage, and some of the simple double-triode
modulators will be found to be of advantage.

Some preliminary data are available on an important use of thermi-
onic switch modulators for multiple-channel data transmission, com-

munication, and computation. In an experimental TRE computer, it
was desired to modulate electromechanically a number of different
quantities representing range, velocity, etc. by the same element. It
was also desired to pass voltages representing these quantities through
the same amplifiers. Instead of employing multiple frequencies as in
communication practice where phase shift, pickup, and unwanted modu-
lation frequencies may cause difficulties, a train of amplitude-modulated
pulses was generated by switch circuits. These pulses were later separ-
ated by time selection (see Chap. 10). Modulation and demodulation
techniques accurate to better than ~ per cent are readily available by the
methods presented in this chapter and in Chap. 14. By employing
appropriate time selection in demodulation, errors due to pulse distortion
may be avoided by demodulating after the effects of transients have
disappeared.



CHAPTER 12

ELECTROMECHANICAL MODULATORS

BY F. B. BERGER ANKSE. F. MACATICHOL,JR.

12.1. Introduction.-Mechanical amplitude modulation is the process
of converting a mechanical displacement into a variation of electrical
potential or current. The elements used in the conversion are known as
((electromechanical transducers. ” The conversion is accomplished

Variablecondenser

Sine potentiometer

Photo multiplier

FICA12.l.—Electromechanictd modulators.

through photoelectric, piezo-electric, magneto-strictive, or other proper-

ties of materials, or by change in the electrical capacitance, magnetic

flux, or resistance produced by a change in the mechanical configuration

of the system. Devices for converting very small mechanical motion
into electrical variations such as microphones, phonograph pickups, and
strain gauges are well covered in the existing literature. This chapter
will confine itself to devices in which the input signal is the rotation of a
shaft and the maximum angle of rotation is unlimited or is at least a few

427
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degrees. Unlike most types of microphones, the devices discussed are
capable of sustained output at zero frequency of the input data, high
accuracy, and a wide range of modulation. Devices with the above
characteristics are suitable for use in remote data transmission (Vol. 20,
Chap. 10; Vol. 22, Chap. 5), torque amplification (VO1. 21, Part II), and
in computing devices (Vol. 21, Part I). Four types of conversion device
are considered here:

1. Potentiometers, that is, devices in which a contact is moved over
a resistance element.

2. Transformers with variable coupling between windings.
3. Variable capacitances.
4. Photoelectric devices in which a beam of light is mechanically

modulated and the light variation converted into an electrical
modulation.

The relative merits of these devices are summarized h Table 12.1.
Typical examples are shown in Fig. 12.1.

POTENTIOMETERS

12.2. Fundamental Characteristics.-A potentiometer is a variable-
resistive voltage divider. Practically all precision potentiometers are
constructed by winding wire around a supporting form with the variable
contact sliding along the form at right angles to the wire direction at all
points. Because of this method of construction, the voltage appearing
on the movable arm when a fixed potential is applied across the ends of
the potentiometer winding will not vary continuously as the arm is
moved; but will change by discrete amounts corresponding to the poten-
tial drop across one turn. Some of the undesirable effects resulting
from the step nature of the output voltage of a moving potentiometer
arm are eliminated or reduced by filtering the output voltage. Figure
12.2 shows the effects of filtering the output of a potentiometer as con-
trasted with the effects of filtering and demodulation of the output of a
transducer employing an a-c carrier.

Another and sometimes serious problem which is encountered with
potentiometers is the “noise” or spurious electrical signals arising from
fluctuations in brush-to-wire contact resistance, dust on the contacts, or
other causes that will be discussed later.

Linear Potentiometers.—A potentiometer in which the variation in
resistance between a sliding contact and an end is proportional to the
displacement of the sliding contact is said to be a linear potentiometer.

1Considerable information on construction and available types of potentiometers
will be found in Vol. 17, Chap, 8. Applications of potentiometers are discussed in
Vol. 21, and Vol. 22.
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Potentiometer}

Variable trans-
formers

I

Variable capa-
citances

Photoelectric
devices

.

Torque required

Largest (electrical
contact to rotor
always necessary:

Large in those de-.,.
vices requnmg
slip rings

May be very
small; some type:
requme contact tc
rotor

None; no contact
to rotor required

Lifc

iVear of contact
changes proper-
ties. Not more
than 5 x 106op-
erations permit-
ted even with
best designs
Indefinite in those
devices that do
not require slip
rings (at least as
long as well-de-
signed motor for
all types)

ndefmite in those
types that do not
require contact to
rotor

~o mechanical
wear;, photo cell
and hght source
may change prop-
pertiee after 100
to 1000 hr

Jpeedof operation

3xcessive wear if
motion of vari-
able contact ex-
ceeds 5 in/see in
best instruments

Way be as high as
in similarly de-
signed electric
motor. Depends
only upon carrier
frequency in
types that do not
require electrical
contact with ro-
tor
Depends only up-
on carrier fre-
quency in types
that do not re-
quire electrical
contact with ro-
tor
.imited only by
high-frequency
response of am-
plifier when emis-
sive cells are used
below 1000 cps in
photovoltaic and
photoresistive
types

hort-time etabilit~

Excellent; may
have very low
temperature co-
ediclent

Fairly large tem-
perature coeffi-
cient of resistance
in windings and
of reluctance in
magnetic circuit

May be made very
high if correctly
designed

Photovokaic and
resistance cells
have large tem-
perature coeffi-
cient; amplifiers
subject to drift

I
Output level Carrierfrequency

I

Preferably low. Zero frequent
Output resist- rKmay be use
ante of preci- Maximum fre-
sion types usually quency limited by
limited to 50 k by ~apacitance and
wire size inductance of

windings
Upper limit de- Commercial de-
termined by wire vices 30 cps to
size and inter- 100 kc/see
winding capaci-
tance

Depends u on fre- Generally imprac-
quencyot!carrier; tical below 1 kc;
capacitance range upper frequency
= 5 to looop#f at least several

Me/see

Impedance above
106ohms in emis-
sive photocells;
current amplifica-
tion required; low
voltage, low im-
pedance in hoto-

c?voltaic an pho-
toresistive cells

g
Zero frequency to
limits imposed by
bandwidth of am-
plifierand transit
time in emissive
cell. Voltaic and
resistivecellscut-
off above 1 kc

h



430 ELECTROMECHANICAL MODULATORS [SEC.12,2

This is the most familiar type of potentiometer and the one made in the
greatest variety of forms. Almost all of the composition-type and a
majority of the wire-wound ones are designed for uses in which the
linearity need be only approximate. Sometimes because of restricted
rotation, and more often because of the accuracy required, these potenti-
ometers are unsuited for many applications as modulators. There are,
however, a few linear potentiometers that are designed for precision
applications.

Sinusoidal Potentiometers. —For some applications, particularly as
resolvers, potentiometers in which

I

%
g!
s

Time ————

(a)

the output voltage varies as the sine

\

“k..
\\\\~ A~=secondslturnof wire

-1-------

Unfiltered
waveform

Time ~

(b)
FIG.12.2.—Comparison of filtered and unfiltered waveforms. (a) Illustrates the peak

detected output of an amplitude-modulated sinusoidal carrier. (b) Illustrates the output
OEa Gibbs micropot before and after filtering.

of the angle of rotation of the brush arm are required. Special potenti-

ometers have been designed for such applications and several models
are in production. The cards for such devices are wound similarly to

those for linear potentiometers, the output being sinusoidal because of

the way the brush is constrained to move over the card.

Nonlinear potent~ometers.—.~ nonlinear potentiometer is one for which
theoutput voltage isanonlinear function of brush displacement. Many
cheap nonlinear potentiometers for low-precision applications are avail-
able but, as is the case with linear potentiometers, they are unsuited to
most applications as modulators. Units of very high precision for use
primaiily in computing circuits have been produced. Nonlinear output
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voltage as a function of shaft rotation is achieved in eight ways: specially
shaped mandrel, controlled wire spacing, control of wire size, special
contact arrangement,l cam control to shift the contact with respect to

the shaft, electrical loading of the output, step potentiometers (contacts
plus fixed resistors), and tapped winding with shunts. (Volume 17,
Chap. 8.)

ACCUTUCU.-Bythe accuracy of a potentiometer is meant the accuracy
with which the observed output signal follows the desired or ideal varia-

tion with displacement of the movable arm; for a linear potentiometer
the ideal output signal varies linearly with the shaft rotation; any
departure from this behavior constitutes an error or inaccuracy. The
over-all accuracy depends on a multitude of factors. In the construction
of the potentiometer itself, consideration must be given to the extent
and nature of the brush contacts, nonuniformity in the resistivity and
spacing of the wire and tolerances of mechanical components, to name a
few of the most important factors. Some electrical considerations are

those pertaining to noise, filtering, loading, and driving. An accurate
output demands also that the voltage level of the output be appropriate.
“Zero-setting” or establishing this level is accomplished either mechan-
ically by adjusting the relative position of brush and winding or elec-
trically by adjusting the voltages at one or both ends of the winding.
For a well-built potentiometer, the accuracy often approaches the
resolution.

In most of the applications of linear potentiometers as modulators a
fixed potential is applied across the winding, and the output is a slowly
varying (with shaft rotation) d-c signal. The potentiometer used in this
way is an electromechanical modulating device in which the ‘‘ carrier
wave” is a d-c potential.

12.3. Linear Potentiometers. Applicability.-When a voltage pro-

portional to a shaft rotation is desired, a linear potentiometer is generally

the most satisfactory electromechanical modulating device to use.

An examination of the specifications on available types of potentiom-

eters shows that they can be used if the speed of rotation does not exceed

1 rps and if a life of the order of 106 cycles and a resolution of the order

~“ are adequate (see Table 12.1).

Linear potentiometers can be used in-circuits in such a way as to give

an output voltage that varies other than linearly with the shaft rotation.

Such applications will be discussed under nonlinear potentiometers.

The C.amier —In high-resistance potentiometers such as the Helipot,

1An example is the sine potentiometer, which is being considered here as a separate
type.
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Micropot, or in the RL270 series, phase shifts due to inductance and
capacitance effects in the windings would appear to make operation
unreliable above 1000 cps.1

The reader is referred to Vol. 17, Chap. 8 for a discussion of the
manufacture of potentiometers and a listing of available types. In
VO1.21, Chap. 5wtillbe found adiscussion ofpotentiometers as elements
incomputing circuits. Other pertinent material ~villbe found in Vol. 22,
Chap. 3.

Many linear potentiometers, particularly the Beckman Helipot and
Gibbs Micropot 2, have been used in computers. The use of a carrier of

FrG.12.3.

+300 v regulated

}

1
I 90° motion

RL 225A ~ output
potentiometer (To a high

impedance
source)

Fr~,124.
Fm. 12.3.—The Gibbs Micropot. The Beckmann Helipot is an equivalent device.
FIG. 12 -4. —.\ linear potentiometer designed for data transmission in a radar set. The

following data specify the operating conditions: .Maximum rate 1 cps, linearity of middle
60”. f ~ per cent; linearity of rest of winding, + 3 per cent; life, 0.5 x 10$ cycles; 505
turns of 0.00275-in. nichrome wire; 130 wires/in.; resolution 0.37”; size, 2A in. long X 3~~
in. diameter; brush force 80 f 10; torque 5 in. ; brushes are lubricated.

EIOO to 500 cps with potentiometers having a resistance of the order of

Z0,000 ohms is satisfactory. The lower inductance and distributed capaci-

tance of a lower-resistance potentiometer would permit the use of higher-

frequency carriers. 3

Simple Potentiometer i~fodulator.—.kn example of a potentiometer
especially designed for use in data transmission in a radar system is
shown in Fig. 12”4. The mechanical signal is a shaft rotating back and
forth in a sector of 180° or less. The information obtained from the
potentiometer is a d-c voltage that varies linearly ~vith the angle
of rotation of the potentiometer shaft. The greatest accuracy is

-l An ..<perimental device has been constructed in which a rapid sawtooth waveform

has been applied directly to a precision poteatiorneter. (See VO1. 22.)
2See Vol. 17, Chap. 8 for description.
$A helical potentiometer of 40 ohms resistance made by }Iinneapolis- Honeywell

should be ideal for high frequency use.
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obtained in the central 60° section of the winding. The rheostats are
provided to adjust the sensitivity (volts/degree) and the d-c level of the
out put .

Potentiometer Modulator with Feedback Amplijier.-A second example
of an application of a linear potentiometer to a data-transmission system
requiring a linear output is shown in Fig. 12.5.

The potentiometer, type RL 255, is a General Radio 433A1 5-in. unit
modified to turn continuously through 360° and is supplied with special
contractors and slip rings. In this particular application half a 6SN7 is
used as a cathode follower to afford a low-impedance output and the

+ 300v regulated

I
12W

I +

4
40 k

+ 6SN7

120k ---

0.1
RL typ+ 255 30 k

E

11OV

potentiometer AC

output +1OOV

FIG, 12,5.—A potentiometer modulator with a feedback amplifier. The following
data apply to the potentiometer: type RL 255; rate 1S rpm; linearity 20-per cent; rotation,
continuous: winding, 250 turns/in. of number 41 nichrome wire extending over 322°, total
resistance 10,OOOohms; power, 25 watts; life, 107rotations at 60 rpm.

output is utilized only when it exceeds 60 volts. To compensate for the
nonlinearity of the cathode follower, 2 the potentiometer is driven not
from a fixed-potential source but from the plate of the triode. As
the potentiometer output goes more positive with respect to ground
the grid volts/degree decreases correcting for the increasing cathode-
follower gain. This principle of driving the potentiometer from a source
whose voltage is a function of the output can be extended, of course, to
introduce a desired departure from linearity. The data are smoothed
and the little noise present is reduced by use of the RC-filter section on
the potentiometer output. This particular potentiometer is designed
to operate without lubrication on the sliding electrical contacts since the
electrical noise is thereby reduced. Both the resolution and the linear-
ity of the potentiometer are about 0.10.

I The Muter Co. makes an almost identical potentiometer.
ZDiscussed in Vol. 22, Chap. 4.
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The linear potentiometer is very well suited to what is known as
“multiple-scale modulation.”’ Figure 12.6 illustrates such a modulator.
The total input resistance is 4R. An output voltage anywhere from
zero up to eh can be obtained by proper positions of the potentiometer
shaft and the switch A’wl If the fixed resistors are precise, then the
system has the advantage of a resolution as great as would be obtained
with a potentiometer with a winding extending over four times the angle
of the present one. In general, a multiple-scale system has definite
advantages as far as accuracy is concerned; it does, however, require some

eino

0,__— ———

0

HIV3R2RR0

–--––-–– SWIA*

FIG. 12.6.—A multiple-scale potenti-
ometer modulator.

type of synchronizing element to tell
which cycle of the high-speed scale is
being used. In Vol. 20, Chap. 6,
such a system is discussed.

Several types of ingenious mecha-
nisms for coordinating the “fine”
and “coarse” scales of the two-scale
system have been made with the
result that a single control will give
a continuous potential variation over
the entire range. Such mechanisms
operate, in general, by employing for
the fine scale a potentiometer that
covers very nearly 3600—perhaps
35~. As the potentiometer nears
the 35~0 point, a switch is arranged
which moves the taps of the coarse
scale to the next pair of contacts.
The potentiometer continues to move
through 360°, starts over again, and

gives substantially continuous motion exc~pt for the +0 gap.
Numerous examples of multiple-scale systems are available in labora-

tory potentiometers and bridges. In these, however, there is no coordina-
tion of the two scales.

12.4. Sinusoidal Potentiometers.-The primary function of these
potentiometersz is to provide from one to four d-c potentials which vary
sinusoidally with the angle of rotation of the shaft of the potentiometer.
When there are four outputs, they have the same amplitude and are
phased at 90° intervals with each other. Most of these potentiometers
function continuously through more than 360 degrees of rotation in either

1Multiple-scale modulation is discussed in Chap. 13, and in Vol. 20, Chaps. 3
and 6.

2The reader is referred to Vol. 17, Chap. 8 for a more detailed discussion of the
construction of these units.
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direction. Although sinusoidal potentiometers were originally designed
for use as sine-cosine resolvers in radar systems having plan-position
indicators, they have found other applications, particularly in computers.
A “midget” potentiometer that hada card l~in. wide was developed,
and a “giant” unit using a 6-in. card was developed for high accuracy and
high resolution applications. One of the most widely used of the sinu-
soidal potentiometers, RL 14 (Fig. 12”7), will be described in some detail.

The sinusoidal variation of the output voltage of the potentiometer is
obtained by moving an essentially point-contact brush in a“circle upon a

FIG.12.7.—SinusoidalPotentiometertype RL-14. The performanceis indicatedby
thefollowingdata: angularresolution&i“; life 5 X 106revolutionsat weeds up to 120
rpm; weight 1 lb, 6 OZ; diameter 4; in. ; length 4~ in.; winding resistance 32,000 ohms;
applied voltage 300 volts or less; 305 turns/in. of 0.0025-in. diameter nichrome wire;
formex mstdation; brush force 30; resolution 0.3 per cent of peak voltage.

family of straight parallel wires which lie approximately in a single plane
and which have a constant potential gradient. Four brush contacts
rotate in the same circle and are always 90° separated from each other.

Among the more important features of design of the potentiometer
are: the cambered wire-wound resistance card; the material, size and
shape, and method of mounting of the four brushes that contact the
wire-wound card; the almost point contact obtained with a relatively
wide brush; and the absence of lubrication. Also since the card is
rotated against the brushes rather than vice versa, fewer slip rings are
required.

The resolution expressed in terms of rotation angle varies from 0.17°,
when the brush is moving at right angles to the turns of wire, to4°, when
the brush is moving parallel to the wire. The resolution that is generally
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of interest, however, is the angular resolution of the rotation of the vector
whose components constitute the outputs, that is, the angle of the small
but finite step with which the vector rotates. This angle varies from
0.17°, when two of the brushes are moving normally to the wires, to
0.24°, when all four are at 45° with respect to the wires. (See Vol. 20,
Chap. 5.)

Onecircuit inwhich this poteIltiometer \\asusedi ssho\\,ninFig. 128.

SinusoidalPotentiometer filter Output load
~----- -.—.--——.-—-——- —— -- -j ~----- —lr–-––~
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FIG.12.S.—Sine potentiometer with filtered output.

A simple single-section RC-filter is included in series with each output

lead as shown. The filter, of course, introduces a delay between the

shaft rotation and the rotating-output vector. For the values of R and
C shown in Fig. 12.8 (60 k and 0.1 pf) at 10 rpm the lag is 0.36°.

12.5. Nonfinear Potentiometers. Nonlinear Output Signals Obtained

by Use of Inherently Linear Potentiometers.—In the discussion of Fig. 125
in the section on linear potentiometers, a means was indicated in which,
by driving a physically linear potentiometer from a source whose voltage
is a function of the output signal, this output signal can be made to
depart from linearity in a prescribed fashion. Another approach to
obtaining a nonlinear output is illustrated in Fig. 12.9 where two linear
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potentiometers are ganged, the output of one being the input to the other.
If R2 >>R, or if an isolating linear amplifier is inserted bet ween the output
of the first potentiometer and the input of the second, then the output
is proportional to the square of the common shaft displacement.

In Fig. 12”10 is shown a method of obtaining a resistance variation
proportional to the square of the rotation of the shaft of a single linear
potentiometer. Let the rotation o be measured from the center of the

‘pp~-~~o
FIG.12.9.—A meansof obtainingan FIG. 121O.-A method of

output voltage proportional to the square obtaining a resistance variation
of a shaft rotation with a dual linear proportional to the square of the
potentiometer. rotation of the shaft of a single

linear potentiometer.

winding of resistance R. The resistance between points A and B will be
given by

1
J-++l

R.. = RACB
(1)

where R4CB, the resistance above the sliding contact, is equal to

and RADB,the resistance below the brush, is R(I + 0/6,J/2; and where 00
is the maximum angle, which corresponds to R/2. Expressed as a
function of d then

‘AB ‘H’-(+)21
(2)

An application of this “ quadratic potentiometer” to approximating
the secant function is shown in Fig. 12.11. A simple calculation shows
that

E out ?-I

(N

6 2r2
z=

— sec —
rl + rz A ~1 + r2

(3)

The approximation is in error by only #z of the fourth power of the
argument. If the maximum angle A is 1 radian ( ~ 57°) and if r, = TZ,the
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circuit in Fig. 12.11 gives an approximation to the secant of the shaft
rotation good to 1 per cent or better in the range + 40°.

Figure 12.12 shows another useful circuit using a linear potentiometer,
this one giving an output voltage proportional to the reciprocal of the
shaft displacement as measured from the proper zero. 1

Fm. 12.1i ,—-An application of linear
potentiometer to approximate the secant
function.

{

i?2 Rz
‘Ei. R2+k(i

F]@. 12.12.—Use of a linear
potentiometer to obtain a voltage
inversely proportional to the shaft
displacement. Rz corresponds to an
augle of (l?*/k) 0.

Another circuit, shown in Fig. 12.13, is an example of a loaded output.

It can be shown that if ~, ~ equals ~, the output approximates
o

-tE

h
______-

7
Angle 00 e
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I

RO Angle 11

-— --- -- @esistarrre
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RO

L---- .-.
=

output

-E
FIG.12.13.—Use of linear potentiometer

to obtain an output approximating the
tangent function.

tangent Oto within 05/45 + . . . .

If 00 = 1 radian, for example, this

condition is satisfied for i-~ = R.
By the methods illustrated and

by combinations of these tech-
niques, a great variety of nonlinear
outputs can be derived by employing
inherently linear potentiometers.

Nonlinearly Wound Potentiome-
ters.-Potentiometers are available
in which the resistance between the
sliding contact and one end of the
winding is a nonlinear function of
the displacement of the sliding con-
tact. 2 They are made in various

ways enumerated in Sec. 12.2. One example of the application of such
a potentiometer will now be discu~ed.

I The proper zero is (R*/k)Oless than o = O.
aSse Vol. 17, ChaP. 8.
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In one type of CRT display, it is desirable that the electron beam be
displaced linearly with a potentiometer shaft rotation. A direct drive
of the CRT deflection coil is employed in the present case, which is
illustrated in Fig. 12.14. Theload, represented byh?. ,’’turnsthrough”
an angle @of +75°. It can be shown that if the current through RL is to
be proportional to 0, the potentiometer must be wound so that

(4)

If R/RL is chosen to be large, for example = 1, the width of a card that
would satisfy Eq. (4) would change by a factor of 7 over a 90° range.
Not only is such a tapered card difficult to wind, but it is also more
difficult to approximate with several linear sections (stepped card) than
if R/RL were smaller. From these
considerations and from consideration 424V

:

of power drain and power dissipation,
the value of ~ for R/Rz was cliosen
as being optimum. A composition

o

I
, ~:~:

resistance element is not suitable for

N

R~ ‘
the present use because manufacturing – – - –-– -L-L

tolerances are too broad, humidity
, Load

and temperature would affect it , 1
I

unduly, and it would wear too rapidly. I
Total

The potentiometer as manufactured resistance 4R

is wound with a single size and type of =
Fm. 1214.-A nonlinear potentiometer.

wire with uniform spacing on a toroidal
frame (see Fig. 12”15) which is stepped to give a number of linear resist-
ance sections. These different linear sections afford a sufficiently close
approximation to the required resistance taper. The production unit
has four linear sections in each 90° segment. The potentiometer resist-
ance R was chosen to be 100 ohms. The load, which should be 200 ohms,
is not too critical; the current in RL departing by an amount equivalent to
1.2° at O 45° if R. is 220 ohms. The brush contacts three or four wires
at one time.

Low-torque Potentiometers.—A special low-torque potentiometer is
shown in Fig. 12”16. The small diameter of the winding and slip ring at
the points of contact, the small brush area and pressure, and the very small
bearings reduce the torque sufficiently to permit the potentiometer to be
used as a data take off from a sensitive aircraft instrument. (Giannini
Microtorque Potentiometer.)

12.6. Synchros.--Synchros are rotary-variable transformers which
generally have two or three windings on the stator and one, two, or three
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Shaft of potentiometer

\
Pot’entiometer

type R L-B

Resistance winding tapered
~correct for load of 2000hms

so that output voltage IS
linear with respect to angle

r-’

of rotation of shaft
of potentiometer

mechanically connected
to shaft of scanner

FIG.1215.-Nonlinear potentiometer RL-B: resistance R, 100 ohms, linearity 1.8°;
70 wires/in.: 520 wires total, resolution 0.7°; wire 0.012 in. nichrome; torque 5in.; life 10E
cycles; applied potential 24 volts.

FIG. 1216.-The Giannini Microtorque Potentiometer, a 360° type
low torque.

requiring extremely
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windings on the rotor. When synchros are used as electromechanical
modulators, the rotor winding is generally the primary of the transformer
and the stator windings the secondary.

Auailabk Types.—” Synchro” is a generic term applying to a muki-

tude of similar devices manufactured by several companies, many of

FIG.12.17.—Miniature precision synchros 2-phase stator 2-phase rotor. (a) Bendix
AY 120D accuracy * 0.25”. (b) Special highly accurate resolver (Bendix) accuracy
*0.1”.

which have trade names for their products: for example, the General
Electric ‘‘ Selsyn,” the Kollsman Instrument ‘‘ Teletorque,” and the

Pioneer-Bendix “ Autosyn.” Chapter 10 in Vol. 17 of this series dis-

cusses the available types in detail. Synchros considered as elements in
data-transmission systems are dis-
cussed in Vol. 20, Chap. 10 and h I e=llcostlsinut

I \\
Vol. 22, Chap. 5. Typical small o ?Cosolx

synchro resolvers are shown in f ‘,, ,

Fig. 12.17.

‘$ ~Z

~sin t?

If a sinusoidal waveform of fixed ‘=E ‘in ‘t
amplitude, is applied to the rotor e=Esin Osin at
winding of a synchro, the wave- J----- ~ ~
form observed on the stator or Rotor Stator

output terminals (open circuit) primary secondary

will, ideally, be a sinusoid of the FIG. 121S.-A 2-phase synchro used as an
electromechanical modulator.

same frequent y as the input wave-

form, but with an amplitude which varies as the sine of the displacement

angle between rotor and stator (see Fig. 12.18). lf the stator has a

second winding 90° displaced from the first winding, a second sinusoidal-

waveform output whose amplitude varies as the cosine of the shaft

displacement. may be obtained. The modulation envelopes of two output

waveforms may be said to cliff er in phase by 90° with respect to the posi-
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tionof the shaft. Itistobe pointed out that theelectrical phase of the
two outputs and of the input or carrier are all the same; I they differ on]y
in amplitude. For some rotor positions, of course, one or both output
amplitudes will be negative, and this is equivalent to a 180° shift in
electrical phase.

Physical Characteristics. —The life of most synchros is limited only by
wear of the bearings and slip rings. Most of the available types will stand
the standard Navy shock and vibration tests, 2 they will operate satis-
f actorily from – 65° to +95”C, and, when the windings are properly
impregnated, they will withstand moisture. Synchros vary considerably
in size and weight. The Bendix Autosyn AY-1OO, for example, weighs
5 oz., whereas Navy synchro 7DG weighs 18 lb.

Angular Accuracy .-There are several factors to be considered in
specifying the accuracy of a synchro. As has been mentioned, the output
amplitude should be, ideally, a constant times the sine of the angle of
rotation of the rotor shaft. The actual de~arture from such an ideal out-
put gives a measure of the inaccuracy of-the device. The accuracy so
measured depends not only on the synchro itself but also on the impedance
loading the stator windings, the output impedance of the source, and
upon the amplitude of the input. Since synchros have both leakage
inductance and stray capacitance, which in general depend on shaft
position, the frequency chosen for the carrier or the Fourier components
of a complex-waveform carrier will have a determining effect on the
accuracy. The inaccuracy is sometimes stated as an angular error;
namely, the difference between an actual shaft displacement and the
displacement that would ideally give the observed output. In all
statements concerning angular accuracy some normalization procedure
is, of course, implied. The angular errors observed in practical applica-
tions frequently show a tendency to vary periodically with shaft rotation.
For example, the error is a maximum at 60° intervals for most 3-phase
synchros. The absolute accuracy obtainable varies widely, being con-
fined to less than 0.1° in the case of the Bendix AY-400 Autosyn and
being as large as 7° for an Army Mark XVII synchro. If the device is
improperly used, much larger errors will sometime result. The nature
and magnitude of the angular error, inasmuch as they are determined by
the synchro itself, are dependent cm numerous design factors. Some of
the most important of these factors are: the number of poles on the stator
and rotor; whether or not the slots are diagonal; the uniformity of the
stator to rotor air gap; the method in which the coils are wound and the
degree to which they are matched; and the degree of magnetic isotropy

1There is a smaU quadrature component caused by leakage inductance and stray
capacitance (see Vol. 22, Chap. 5).

t See Vol. 17, Chap. 10.
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of the iron. When the rotor is turned to null output there are residual
components left that cannot be completely eliminated. These are induced
by electrostatic coupling, and consist of harmonics and a fundamental
component in quadrature with the exciting signal. The harmonics may
be removed by filtering and the quadrature component disappears in the
process of phase detection. The angular accuracy of a synchro modulator
used in practical systems depends upon two factors: (1) the intrinsic
accuracy of the synchro itself expressed in degrees, and (2) the number of
degrees of rotation corresponding to full scale. In single,scale systems
the full scale is, of course, 360°. Multiple-scale systems employing two
synchros geared together so that they operate at different speeds may
be used in which the fine scale may cover any reasonable number of
degrees desired. For example, two-speed systems at 36 to 1 are employed
as standard Army-Navy data-transmission systems. In this way, a
36-fold increase of accuracy is achieved. A’ot only does the use of two
synchros permit the great increase of accuracy, but it often enables a
decrease in the tolerance of the synchro and the use of a cheaper or more
readily available design. A drawback of the multiple-scale system is, of
course, the need for synchronization to indicate which sector of the slow-
speed shaft is being represented by the high-speed shaft.

Generator Effect. -ii synchro is not essentially different from an a-c
generator. In view of this, it is readily seen that if the primary current

has a d-c component, there will be a component of the output voltage

that is proportional in magnitude and frequency to the speed of rotation

superimposed on the desired modulated output.
Wavejorm Distortion.—The above paragraphs discuss errors that are

characteristic of synchros used as rotating devices. The performance of
synchros considered as transformers must also be borne in mind, that is,
the output waveform differs in several respects other than amplitude from
the input waveform, frequently in ways that are independent of rotor-

stator displacement. Because of the leakage inductance between rotor

and stator and because of distributed capacitances, an induced sinusoid
will, in general, be shifted in phase with respect to the primary sinusoid.

This is a consequence of importance in some applications. Complex

waveforms, such as a triangular wave, will be distorted on passing through
a synchro in a way dependent on the frequency-response characteristics
of the device and on the amplitude of the waveform. Waveform dis-
tortion is, of course, dependent upon output loading and driver character-
istics as well as upon the synchro itself.

Applicability .—Because of their essential sinusoidal nature, synchros
as modulating or as data-transmission devices are particularly adapted
to the role of sine-cosine resolvers, that is, to obtaining outputs propor-
tional to the sine and cosine of the shaft displacement. Synchros can
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be used andhave been used asmodulators where the required electrical
signal is some function other than the sine or cosine of the mechanical
displacement. One approach is to use a nonlinear mechanical link
preceding the synchro, for example, a suitable cam arrangement on the
synchro shaft. The other approach is to synthesize the required electrical
signal by using additional available electrical signals such as the sines
and cosines of angles that are multiples of the primary rotation angle.
In this way outputs that vary approximately as the tangent of the angle,
etc. can be obtained. 1 Another method for obtaining other than a
sinusoidal output and which is possible for certain applications is to
distribute the rotor and stator windings in such a way that the synchro
output is the desired function of shaft rotation.

Frequently when a synchro is used as a resolver, the output informa-
tion is desired in the form of two orthogonal components. When the

FIG.12.19.—Conversion of 3-phase
output to 2-phase output.

synchro secondary has a 2-phase winding,
the intelligence is in this form (see Fig.
12.18). Many of the available synchros
have 3-phase windings, however, and
although 3-phase information can fre-
quently be utilized, 2-phase output signals
are often required. Figure 12.19 shows
one method in which the desired outputs
can be obtained. The center tap (C in
Fig. 12.19) is not brought out on any of
the standard synchros. If the tap P is
made adjustable, the cosine output can be
rotated a few degrees while retaining prac-
tically constant amplitude. This proce-

dure is of value as an alternative to a mechanical zero-set adjustment if
only one component is needed. Another way of accomplishing this
phase transformation is by the use of “Scott connected” transformers. 2

The most convenient way to classify synchros for further discussion is
on the basis of the nature of the carrier waveform. The following three
sections will discuss the use of synchros with sinusoidal carriers, their
use as complex voltage-waveform modulators, and their use as complex-
current-waveform modulators.

12.7. Use With Sinusoidal Carriers.-Sinusoidal waveforms are
usually used when wave shape is not a characteristic of primary impor-

1See Vol. 22, Chap. 5.
zA transformerwith a center-tappedprimaryis connectedbetweentwo windings.

A second transformeris connected between the center tap and the third winding.
The sineand cosinecomponentsaretakenfrom the secondariesof the transformers.
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tance since sinusoids are easily generated andarethe waveforms passed
with minimum distortion by synchros.

Applicability .—Synchros have been employed in applications using a
carrier frequency as 10-was 30 cps and as high as 20 kc/see; most applica-
tions, however, employ carrier frequencies of 60, 400, or 1000 cPs. The
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Waveform at A Waveform at B and C Waveform at D
Fm. 2.20.—A simple datwtransmiasion system designed to operate in one quadrant only.

angular velocities occurring in various applications range from zero
(hand set) up to more than 3600/see, and angular accelerations as high as
16,000°/sec per sec have been normal in some systems.

Driving and Demodulating.—Synchros have been driven with their
primaries as plate load, cathode load, or as part of the tank circuit of the
oscillator. The examples will illustrate several different, circuits that
have been used. Practically every type of detector discussed in Chap. 14
has been employed in conjunction with synchro modulators.

Synchros with sinusoidal carriers are very widely used as sine-cosine
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resolvers. In such applications, it is also common practice to rotate
the coordinate system by interposing a differential synchro.

Synchro Modulator Employing a Peak Detecior.—A simple data-trans-
mission system designed to operate in one quadrant only (0° to 30°
actually used) isshowninFig. 1220. Thesynchro stator winding forms
part of the 20-kc oscillator tanlc circuit. The leads to and from the
synchro were 50 ft long in the system from which this example is taken.
Both the Autosyn (at maximum coupling) and the U.T. C. O-6 are
roughly 1-to-1 transformers. The 50 pyf condenser across the trans-
former secondary tunes the transformer to approximately 20 kc to pro-

+300v Selsyn

51 k G.E. Mark I!Z Mod. 2
5G synchro

250 k
Size 1 ct.

100 k
IOh ~.--_7---7

Amplitude 20 ma I ,
1

I
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more let’s

v “1a 240k
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*W 2W

E=+- +iTOT

Phase sensitive detector

FIG. 12.21.—A synchro modulator and aphaae-senaitive detector.

duce a better waveform and somewhat more amplitude than is obtained
without the condenser; the amplitude is observed to be only very slightly
dependent on frequency. over a useful operating range.

At an angular velocity of the rotor of 150°/sec the time constant of the
detectorl gives a maximum peak-to-peak ripple in the demodulator out-
put of + volt.

A Synchro Modulator and a Phase-sensitive Detector.—Figure 12”21
shows a somewhat more complicated example from a radar set in which a
synchroz turns continuously at 4 rpm. The synchro primary forms part
of the tank circuit of the 1500-cPs driving oscillator.

1Chap. 14 and Vol. 22, Chap. 5.
zThe 5G in Fig. 12.21 is a Navy synchro designedfor 00-cycleoperationat 115
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The secondary output is not utilized directly, but is fed into a second
svnchro’ which serves as a sector selector, that is, it serves to select a
sector out of the complete 360° which is represented by the output
data. The phase (with respect to the mechanical data) of the output
is the sum of the angles of the two synchros. For any fixed shaft
position, this synchro may be regarded as a transformer. A fraction of
the output of the second synchro is put onto the grid of the cathode
follower Vz. This fraction is chosen by the “scale expand” potentiom-
etertogive thedesired ~'oltsoutput perdegree of rotation. .The reference
d-c level of the output is determined by the setting of the “bias” poten-
tiometer. The switch detector composed.of V3 and associated compo-
nents is a type described in Chap. 14, Sec. 14.4. The 5G synchro, which
is geared to the radar scanner, turns continuously in one direction, and
the output information is utilized only during a time corresponding to 500
each side of the zero at which the output voltage is increasing.

During the remainder of the cycle the video signals are not sent to
the cathode-ray tube on which the information is displayed. The input
power to the 5G synchro is sufficient to drive as many as eight selector
synchros and outputs.

12.8. Complex-voltage-waveform Modulation-The Problem.—It is
frequently desirable to control the amplitude of a complex waveform in
accordance with a mechanical signal as, for example, in a fixed-coil PPI.
This can be done by supplying a d-c control signal obtained from a
potentiometer, for example, to an appropriate waveform generator (Fig.
12,22) or to an electronic modulator following the waveform generator.
For many applications, it is preferable to generate the desired com-
plex waveform initially and then pass it through an electromechanical
modulator; the output is then the required waveform of an amplitude
determined by the mechanical signal (Fig. 12.23),

In radar applications, the complex waveform is nearly always a time
base and generally a linear time base. In those applications in which the
time base is modulated by means of a synchro, it is generally from about
20 psec up to 2500 psec in duration. If the windings of the synchro have
extremely low inductance, it is feasible to pass even faster sawtooth
waveforms. Longer-duration waveforms can be transmitted if the time

constant of the input circuit (effective L/R) is made very long. It is not

feasible with present techniques, however, to make any one synchro

volts input and 90 volts output. The primary can dissipate 6 watts, weight 5 lb;
average angular error, 0.2°; peak angular error, 0.6°.

1This synchro is a GE Mark IV Model 2 size 1CT instrument designed for 60 eps

operation. With 90 volts on the primary (stator) the maximum rotor voltage will be

55 volts. This Selsyn is rated at 1.5-watt dissipation, it weighs 1.5 lb and has average

and maximum errors of 0,2° and 0.6” respectively.
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suitable at both extremes. A block diagram of such a system as that
under discussion is shown in Fig. 12,24. The time-base generator is of
no particular concern for the present discussion. The synchro driver is

A’”p
EPP

v

Switch
tube

-L-n-J-LJ--
Ehk

Time base
generator

FIG. 12.22.—Generation of an amplitude-modulated sawtooth waveform with apoten-
tiometer modulating a d-c carrier. The modulated carrier ,n turn controls the sawtooth
waveform amplitude.
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FIG. 12.23.—Generation of an amplitude-modulated sawtooth waveform by passing a
constant-amplitude sawtooth waveform through a synchro.

generally distinct from the time-base generator, but sometimes the
functions of both the generator and the driver are performed by one
circuit. Its function, in any case, is either to impress the proper voltage
waveform across the synchro primary or to force the proper current
waveform through it. Insomeapplications thesynchro output maybe
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utilized directly; more often amplifiers are used. In a majority of the
applications the synchro is used as a resolver, that is, components propor-
tional to the sine and to the cosine of the shaft rotation are both utilized.

Delay.—In passing “sweep” or time-base waveforms through syn-
chros and associated circuit elements, some delay in the start of the output
waveform is observed. This delay is due largely to the fact that the
synchros, transformers, and deflection coils are not purely inductive
elements, but they have resistance losses, distributed capacitance, and
leakage inductance. In some applications employing fast-sweep wave-
forms, for example, a sawtooth waveform of 50-psec duration the com-
monly encountered delay of 3 or 4 psec is excessive. 1 In such cases it is
customary to prestart the sweep waveform generator with respect to the
basic timing signal to compensate for the delay, that is, to start the saw-
tooth waveform generator some 3 or 4 psec earlier than would otherwise
be done.

Voltage-waveform Drivers.—The remainder of this section will be
devoted to applications in which the voltage waveform is of primary
interest. The following section
(129) will discuss those applica-
tions in which the current wave-
form is the foremost consideration.
Radar has made considerable use
of both current and voltage-wave-
form synchro modulators. Vol-
ume 22, Chaps. 5 and 10 discuss
such applications in considerable

Syrichro~--------1

L------.4

FIG. 12.24.—Use of synchros to modulate
triangular waveforms.

detail. Methods of obtaining the
desired-waveforms are discussed in Chaps. 2 and 8.

If the desired synchro output is a voltage waveform similar to the
output of the time-base generator, it is necessary that the voltage wave-
form across the synchro primary have this same shape. The simplest
form of driver circuit for accomplishing this is illustrated in Fig. 12.25a.
It is essentially a cathode follower with the (primarily) inductive load
of the synchro as the cathode impedance. The cathode waveform is
approximately the grid waveform but attenuated somewhat. If the
synchro-secondary load impedance is high, the induced or output voltage
will be of nearly the same waveform as that across the primary, but of an
amplitude proportional to the sine of the synchro shaft rotation. Figure
12.25b shows a similar method of drive in which preceding the synchro
is a transformer used as an impedance matcher. Figure 12.25c shows a
simple plate-drive circuit with voltage feedback. The voltage gain from

1The term “delay ‘‘ is somewhatmisleadingas used here. Due to the reactance
of thesynchrosystemthe sawtoothstartsout with zeroslope. The delay is the time
requiredfor the slopeto becomenearlyconstant.
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input to plate is R2/Rl. A transformer could be usedin this circuit to
drive thesynchro analogously tothecircuit shownin 1225b. lToltage-
feedback amplifiers are discussed in Chap. 2, in Vol. 22, Chap. 10, and in
Vol. 18, Chap. 6.

Figure 1226 shows the circuit for a plan-position indicator used in
radar. It makes use of a linear-time-base voltage waveform which is
modulated by a synchro. The functions of most of the circuit elements
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are indicated on the diagram. Thp circuit is :m cklmration of that shown
in Fig. 12.25u together with auxilim~ timing cirruits and circuits for
establishing the le\-el of the current in the deflection coil.

12.9. Complex-current-waveform Modulation.-It is often necessary
to force a certain current wa~-eform to flt>l: in a gi~en 10:~d. (See Ch~P. 8.)

One very commonly encountered req~lircrnrnt of this type is that presented
by the deflection coil for a magnetic-deflection cathode-ray tube. The
waveform, like the volt age waveform previously discussed, is used as a
time base. If such a current waveform need be controlled in amplitude
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by a mechanical signal, a current-feedback driving amplifier can be used

with an appropriately controlled voltage waveform. An alternative to

this procedure is to drive the deflection coil or other load directly from the
synchro output, in which case the synchro acts as a power transformer
and not, as above, simply as a voltage transformer. Figure ‘12.27a shows

E 3-Phase synchro
PP

i

4W

~.

3. Phase
def~ocion

--t

Input

vt–-
“ \!~

i

ti~ T

t-

=

EPP

k

@-

..--.. Eg2.-—

-i

R

=
(b)

FIO. 12.27.—(cz) Simple direct synchro drtie for magnetic cathode-ray tube deflection coil.
(b) Direct synchro drive mth current-feedback amplifier and transformer.

a very simple driver of this type. Figure 12,27b illustrates a somewhat
more complicated system using a three-stage current-feedback amplifier
and transformer coupling. In a circuit of this type the load presented to
the driver tube is not simply the synchro or transformer primary but it is
this primary shunted by the transformed impedances of the rotor and the
load. The problem of direct synchro drive is much the same as that of
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deflection-coil drive. The latter, together with coil-design information

that is pertinent to the present problem, is discussed in Chap. 2 of Vol. 22.

D-c Level.—When amplifiers are used to drive the load following a
synchro modulator, the proper d-c reference for the driving waveform is
established by clamps or restorers (see Chaps. 3 and 14); in the present
case, however, there are no amplifiers through which the waveform passes,
and other methods of establishing the reference level must be employed.
This problem is considered in Chap. 8, and Vol. 22, Chap. 10.

An Example.—An example from a radar set in which the deflection
coil controlling the CRT beam is driven directly from a synchro is shown

J
in Fig. 12.28.

The method is an elaboration
of the one illustrated in Fig.

i
12.29b in which a second current-

;.;l i!- feedback amplifier (Vll to VIGin-
clusive) generates a rectangular
current waveform of area equal
to that of the triangular sweep
waveform. The rectangular and
the triangular waveforms are
mixed in the transformer. The
synchro resolver is a Diehl
FJE-44-1 which was designed for
this application in which sweep

, ,&

waveforms between 60- and 2400-
psec duration are modulated. VI

c
and Vz comprise the sawtooth---- - -

i
voltage-waveform generator, and

t- V3 through VS constitute the cur-

Fm. 12,29.—Triangular current wave- rent-feedback synchro-driver am-

forms illustrating ways of establishing a plifier. The balancing waveform
reference level.

amplitude is made proportional to

the triangular-waveform area by switching the grid of VII with V1Oalter-
nately to ground and to the output of the sawtooth-averaging filter RtC1.
Further discussion of this same example will be found in Vol. 22, Chaps.
5 and 13, and Vol. 17, Chap. 10.

Modulator Requiring Very Low Torque. —Ordinary synchro devices
are not suitable in applications in which very small torque is available
since slip rings must be used to malte electrical connection to the rotor
and these introduce considerable friction. The Magnesyn is a device
in which the rotor is a bar magnet, and consequently the jewel bearings
provide the only friction. The stator consists of a laminated ring made
of easily saturable magnetic material, on which is wound a toroidal coil,
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tapped at the 120° points. The permanent magnet is pivoted con-
centrically with the core and rotates inside the coil as shown schematically
in Fig. 12.30. The coil is excited by an alternating current producing a
magnetization that completely saturates the core. The permanent
magnet produces a magnetic bias which causes even harmonic compon-
ents to appear across the windings. (The core functions exactly as in
the magnetic amplifier of Chap. 11.) The relative magnitude of these
components in each 120° sector is proportional to the sine of the direction
of the bar magnet with respect to the center of the sector. The output
from each tap contains both the fundamental and the even harmonic
components. The fundamental is removed by adding an equal and

Ealaoangtransformer

1 I
Magnesyn

A

r

120 °components
26v

40&riJ:
of shaft
position

!
I

*

FIG. 12.30.—Magnesyn and energizing cirmit.

opposite component to each output from a transformer. The outputs
of the transformer windings in series with the Magnesyn windings con-
tain only the harmonic components. Thus, the Magnesyn not only
modulates the signal but also doubles the frequency of the carrier. The
smallest synchros (Bendix Autosyn) require a torque of 0.04 in.-oz
whereas the Magnesyn requires only about ~ as much.

Other devices that require very small torque are Microsyns and
Telegons. For details see Vol. 21, Part II.

12.10. Variable Condensers.—A variable condenser, used generally
as part of a voltage-divider circuit, serves as a modulator that changes a
mechanical signaI into an electrical signal. The simplest and most
common case is illustrated in Fig. 12,3 la. If. an alternating-voltage signal
el, for example, a sinusoid, is applied across Cl and CZ in series and the
output et taken across C2, then

e2 c1..— .
el c1 + C@

(11)
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The desired output as a function of the shaft rotation o of the variable
condenser is expressed by

()e2=[-4 + k.f(e)] ~~ , (12)

where A and k are constants. Equation (11) shows that this output

el-1q-c,

(a) F’e2
C*

e

Fm. 12.31.—(a) Condenser-voltage divider.
(b) Phase-shifting condenser.

will be obtained if

A – kf(d)
c, = c1 A + ~f(o). (13)

The way in which C depends
on 8 is determined by the shape
and size of the condenser rotor
and stator plates. In designing a
condenser for a precision applica-
tion, edge effects must be taken
into consideration, and particular
care must be given to the me-
chanical design. Chapter 9 of
Vol. 17 discusses the design pro-
blems in detail.

Applicabilit~.—The variable
condenser as an electromechanical
modulator has certain advantages
and certain limitations compared
with other electromechanical de-
vices. For applications involving
high shaft speeds condensers are
decidedly better than potentiom-
eters and are better than most
synchros since friction can be
made smaller. The condensers,

which in most precision applica-

tions have been designed specifi-

callyy for the job in question, are built to stand high accelerations. They
withstand shock, vibration, humidity and long use very well. Unlike
synchros, condensers can readily be designed to give almost any desired
variation of output as a function of shaft rotation.

A variable condenser, if it is to be kept a reasonable size and is to
be a good mechanical design, cannot have a maximum capacitance
greater than a few hundred micromicrofarads. Because of the small
capacity of the device, considerable care must be exercised in the wiring,
and the use of short leads to and from the condenser is almost imperative.
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Stray and lead capacitances may cause undesirable variations in output
with angle and will result in attenuation of the output signal.

12.11. Use with Sinusoidal Carrier.-It is possible with condensers,
as with synchros, to use any a-c waveform as the input or carrier to be
amplitude-modulated. For example, to obtain a variable-speed linear
time base, a variable condenser may be used as the control device in
either of two ways. A constant-amplitude sinusoidal carrier may be
used as the input and the demodulated output may be used to control the
time-base generator. In the al-
ternative method, a sawtooth or
other time-base waveform may be
attenuated directly by the con-
denser divider. Either the first
method or a combination of the
two methods is generally used be-
cause any practicable condenser
divider presents a very high imped-

UOscillator ‘1

F1e. 12.32.—Block diagram of a con-
denser-divider data transmission system
including oscillator, modulator, and detector.

ante to the lower frequencies that are present in most time-base waveforms.
Figure 12.32 shows a block diagram of a data-transmission system

employing a sinusoidal carrier wave and a variable-condenser divider.
If the condenser is driven directly by the oscillator (e.g., Fig. 12.36)
the frequency shifts somewhat as Cz is varied, but if the circuit has a
fairly high Q the amplitude will remain constant. The slight frequency
shift is of no consequence in most applications.

“~+:elO~$,
—-------

;) %
FIG. 12.33.-Push-pull condenser-voltage dividers.

Push-pull Network .—Two push-pull condenser networks are shown in
Fig. 12.33 in which the total capacitance, and hence the frequency, does
not change. The capacitances are designed to follow the relationships

B + kf (0)
c, = c1 ~~~ (14)

~, = ~1 B – kf(o)
2

A + kj(e)’
(15)
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where A and B are constants. The outputs for Fig. 12.33a are

()ez = [A – kf(d)] * (16)

()e3=[A + kj(~)] *B .

For Fig. 12.33b A and Bin Eq. (16) are interchanged. The totaI capaci-
tance,

c.=*, +#&; =c,-g&j (17)

is seen to be constant. The analysis shows that Eq. (17) holds for both
networks of Fig. 12-33a and b. The network of Fig. 12.33b is generalIy

preferred in practice because cable and other stray capacitances from the

50
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o 73.5 147.0 220.5
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FIQ. 12.34.—Capacitance network for nonlinear function.

outputs to ground are generally much larger than stray capacitance
between input and output. Strays across the outputs of Fig. 12.33b
may reconsidered apart of C,. Work with apush-pull network of this
type led to the conclusion that in practice it is not capable of the accuracy
obtainable with a single divider, primarily because of the great difficulty
of accurate alignment.

Arzoiher Network.—The condenser network shown in Fig. 1234 has
been found useful in producing output voltages that are certain nonlinear
functions of condenser shaft rotation. For this network

eouc c,—=
eb C+cl+ci!

(18)
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from which e.., asa function of Omaybe determined when Casafunc-
tion of 0 is specified. A condenser,l for which C = A +M, has been
used in this way to produce a desired nonlinear output. In one such
radar application Cl = 122pPf, Cz = 194ppfj and Cvaries linearly with
8fromnearly Oto llOpyf. Other condenser networks with still different
characteristics can, of course, be used. A condenser for which f(0) in
Eqs. (14) and (15) is sine o has been designed but was not put into
production. 2

+300V
! T T 1*

l’,!EiEliit577,:$~+> Angle vol----
tage outm6L5

---
---

0.001
:?A,k ~70

T 7
~1

.-.
4T

I
10%

2500 V -“%$=i%lI -J5VI

au lurnsoT -14
. on 2“formtab

ped 12 turnsup

~lG. 12.36 .—SCR 598 angle-sweep generator.

Example. —Two condensers have been designed that yield an output

forwhich j(8) inEq. (12) is linear in O, that is,

ez = .4 + kf?. (19)

One is the Bendix OAR 971-30-1; the other is the Rauland CV-11.
They are constructed (see Fig. 12.35) of 17 fixed stator plates and one
adjustable stator plate which are 0.160 in. f0,001 in. apart, and of 17
rotor plates, each plate being 0.04 in. thick. The capacitance varies
from 50t0200pbf”in theusable320° of rotation.

it Circuit. —In Fig. 12.36 a circuit (SCR-598)3 isshown which makes
use of acondenser divider such that-Eq. (19) is satisfied. The condenser
divider forms part of the tank circuit of a l-3fc/sec Hartley oscillator
(V,). Thepeak-to-peak output of575volts doesnot change appreciably
as the heater supply varies from 4 to 8 volts. The tank circuit and all

1Bendix condenser No. 74747-1.

2See Vol. 17, Chap. 9.
3Fire Control Radar MPG-1. H. A. Strauss et al., ~lectmmzrs, 92 (December

1945).



SEC. 12.12] COMPLEX-WA VEFORM MODULATION 461

radiating components are shielded in copper, and the entire oscillator is
mounted only a few inches from the variable condenser and is connected
to it by a shielded cable. The trimmer condenser C, is adjusted so that
Cl plus C2 is equal to C, for 0 = OO. The proper adjustment is ascer-
tained by comparing the observed output vs. angle curve with the calcu-
lated curve. The 6SL7, V,, serves as a peak detector (see Chap, 14).

Tube Vi is a cathode follower which affords the low output impedance
necessarv in this case to drive several feet of cable. Both the detector
and the cathode follower are mounted very close to the slip rings of the
variable condenser to minimize the stray capacity. When the Rauland
condenser is used, the output is from O to 55 volts for a variation in shaft
rotation from – 160° to + 160°. The calculated peak-to-peak carrier
ripple in the output is less than 0.05 volt, and the calculated phase shift
for 10 rps is about 4°. Replacing R] by a 0.25-mh choke reduces the
phase shift to 0.02°.

12.12. Complex-waveform Modulation.-If a time-base waveform is
to be attenuated by a condenser divider, frequencies as low as the PRF
of the time base must be passed. With available condensers with PRF’s
of a few hundred pps thk means that the divider has an impedance of
approximately one megohm for the low-frequency components. At
this level, leakage resistance becomes troublesome. Consequently,
variable condensers are not used for most such applications, synchros
being most often employed. Laboratory models that perform satisfact-
orily, however, have been constructed. Another laboratory system was
tried which used a synchro and a sinusoidal condenser in parallel as a
modulator for a linear time base. The system operates satisfactorily,
but it appears that switching to a lower-inductance synchro when fast
sawtooth waveforms are used is a better procedure.

Use of High-ji-equency Carriers. —Modulated-time-base systems that
employ high-frequency carriers have been built in the laboratory and have
performed satisfactorily. Two such systems will be briefly described.
Figure 12.37a shows the block diagram and Fig. 12.37b the circuit of one
such system using Cardwell sinusoidal condensers. Section C, is the
cosine condenser, and C2 is the sine condenser. Its rotor is 90” out of
phase with that of Cl. The condenser C,, together with C3 and Cd,
constitutes a push-pull voltage-divider network similar to that shown
h Fig. 12.33. For the Cardwell condenser Cl = A + k sin e and
C{ = A – k sin 8. Making use of Eq. (11) it is seen that the difference
in the outputs

2kCl sin 6
es

- “ = “ (C, + A)’ – kt sin’ d“
(20)

If C, is about 10 times as large as k (as in Figs. 12.35a and b), the
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sinz Otermintroduces adeparture from true sinusoidal push-pull output

of less than 1 per cent. Condensers C? and C’i are made adjustable

so that balanced output can be obtained. The input waveform is

a modulated sinusoid of about 2-Me/see frequency. The envelope

of the waveform is a sawtooth waveform, and the modulation is accom-

plished by applying a triangular wave to the screen of the

(aj
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c, t
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Sswtooth 0.1 -..
input ---

75Mlf ‘--

2 mh

IIfb
IM-JIJIf
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0.3 M 0.4 M
cl 0.0005

@--
Ci —

2TJ0”4Mt-P2}

Push-pull
sawtooth
output

\- +EPP

Cardwellsinusoidal
condenser

(b)
Fm. 12.37.—(Q)Block diagram of a variable-condenser time-base waveform modulator

employing a carrier of high frequency. (b) Circuit diagram.

oscillator. 1 An automatic-amplitude-c ontrol circuit has been used suc-
cessfully with this oscillator, the control voltage being applied to the
suppressor grid. The detectors are bypassed cathode followers which
are described in Chap. 14. The outputs are push-pull sawtooth wave
forms varying in amplitude as the sine and cosine of the condenser-shaft

1A linear electrical modulator is required. See Chap. 11 for a discussionof
appropriatecircuits.
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displacement. The circuit shown (Fig. 12”37b) was operated satis-
factorily with shaft rotations as high as 30 rps. Additional intelligence
can be transmitted by frequency modulation of the carrier.

A System Using Frequency Modulation. —Figure 12”38 is the block
diagram of another system for amplitude-modulating a time base that
employs a carrier—in this case, a carrier that is amplitude-modulated by
a sawtooth waveform as in the above example is also frequency-modulated
by the variable condenser. A frequency-sensitive detector gives push-
pull sawtooth waveforms of amplitude proportional to the frequency
deviation; hence, the frequency
varies linearly with Cl, which is

Push-@Isawtooth
waveformwith

proportional to sine O. Since the Sswtoofhwav@orm

output is proportional to the input
amplitude also, the wave envelope
is preserved. If such a circuit is -
used with ‘no amplitude modula- Sinusoidalcondenser
tion of the carrier, the system variesf from

2.9 to 3.1 Mc/aec
reduces to one in which the car- FIG.12.38.—Fm-am time-base modulator.
rier is frequency-modulated only.

Both the examples are best suited for use as resolvers since, in the form
described, the outputs vary as sine and cosine of the input.

12.13. Variacs.-Variacs are variable autotransformers in which a
single layer of wire is wound on a toroidal iron core. A slider makes
contact with a single turn as in a potentiometer. Since variacs are
reactive devices, they may be used to transform power without loss. In
potentiometers most of the input power must be dissipated in the wind-

ings. Most variacs are designed as line-voltage compensators and are

not precision devices. The British Admiralty Mark I potentiometer,

however, is a device designed for use in a computer. It is 6 in. in diam-

eter and operates at 50 cps with a linearity of f 0.1 per cent. Variacs
are discussed in detail in Vol. 17, Chap. 10.

12.14. Photomechanical Modulators. —Photoelectric devices off er

particular advantages when extremely low torque is available or for
operation at very high speeds. In operation, a shutter is actuated by

the mechanical data to modulate the amount of light falling on a photo-

cell. The light is supplied from a- constant-intensity source. The

shutter may be made from very light-weight material and can be cut to

provide nearly any mathematical function. Very sharply diacontinuoua

functions may be produced by photoelectric devices. Angle marks for

PPI displays are produced by a slotted disk rotated between a light source

and a photocell as shown in Fig. 12.39.

The 6AC7 is normally conducting so that the cathode rises to about

+50 volts and thereby provides bias for the phototube. The plate is at
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``bottom ''tithmost of thespace cUrrent flowing to the screen. Illumi-
nation of the phototube causes the grid to go negative and thus cuts off
the 6AC7 and causes an abrupt rise in plate voltage. The 0.05-pf
cathode-bypass condenser steepens the edge of the marker pulse by pre-

Mazda #82

:

Slotted disk

—.

+25CV

50 k
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FIG.1239.-Photomechanical azimuth-mark generator.

venting degeneration at high frequencies. (See Vol. 22, Chaps. 6 and 15,
Radiation Laboratory Series.)

In the above circuit abrupt pulses that are limited in amplitude are
produced. When it is desired to obtain an output accurately propor-
tional to the area of illumination, accurately linear amplifiers must be

B$iij!jyd!l
Cam Slit

Fm. 12.40.-Circuit for producing a potential accurately proportional to the area of an
aperture.

used. Refer to Fig. 12.40. Errors may arise from changes in the output
of the light source or from drift in the amplifier. The light source may
be stabilized by operation from a regulated power supply, or better, an
auxiliary photocell may be used to measure the light intensity and correct
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the output of the light source. Alternatively the auxiliary photocell
may be used to vary the gain of the amplifier in accordance with changes
in light intensity. With alight source of fixed intensity the gain of the
amplifier should be stabilized by means of inverse feedback. Since d-c
amplifiers are subject to drift, a-c amplifiers may be used when greatest
stability is desired. Toprovide thea-c carrier, the light source maybe
modulated, the potential supply to the photocell may be an a-c carrier,
or a mechanical vibrator-modulator may be used to modulate the output
of a photocell operated on DC.

Photomechanical devices are frequently used as null indicators in
torque-amplifying systems. A beam of light is made to subtend equal
areas on two adjacent photocells by amplifying the. difference between
their outputs and applying it to a servomechanism that moves the beam. 1

1Fcr details cf typical devices see: Strong, J., Procedures in Ezpen”mental Physzks,
Prentice-Hall, New York, Chap. 10; Chance, B., Electronics Ev”neering Manual,
McGraw-Hill, New Ycrk.



CHAPTER 13

TIME MODULATION

BY D. SAYRE

13.1. Introductory Remarks.-Wavef orms define time intervals—
that is, a value can be assigned to the time that elapses between the
occurrence of an identifiable portion of a waveform and the occurrence of

(a)

(b)

(c)

(d)

(e)

(f)

(9)

,.,+
:;

—Vv’b
,/\...

FIG. 13.1.—Typical time-modulated
waveforms: (a) rectangle, trailing edge
variable with respect to the leading edge;
(b) triangle, trailing edge variable with
respect to the start; (c) pulse, variable with
respect to a reference pulse; (d) triangle
whose start is variable with respect to a
reference pulse; (e) continuous sine w8ve,
capable of being phase-shifted with respect
to a reference sine wave; U) pulsed sine
wave, capable of being phase-shifted with
respect to the initiating pulse; (g) arbitrary
waveform, output of an ideal variable delay
device, variable with respect to the input.

another identifiable portion of the
same or a clifferent waveform.
This chapter is concerned with the
important class of circuits that can
alter, or modulate, this time inter-
val in accordance with a signal. If
the time interval is T and the
value of the signal is z, then a
time-modulation (t-m) circuit es-
tablishes the relationship T = F(z).
The function F is called the trans-
fer function of the t-m circuit.

GENERAL PROPERTIES OF T-M
WAVEFORMS

13.2. Examples of T-m Wave-
forms.-Figure 13.1 gives several
typical examples of t-m waveforms.
They may occur either periodically
or sporadically; their recurrence
frequency may be anything up to
several hundred kilocycles per
second. In several cases there are
two waveforms involved at clifferent
points of the circuit—a reference
pulse to mark the beginning of the
time interval and the movable
waveform itself.

Waveforms with rise and fall times less than 0.01 to 0.05 psec are
difficult to obtain. For this reason the time intervals involved in TM
at present are not likely to be much less than 1 psec. Under such circum-

466
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stances the recurrence frequency cannot exceed the few hundred kilo-
cycles per second mentioned above.

More common, at least in radar applications, are time intervals from
1 ~sec to 1000 psec—that is, times that correspond to target ranges from
about 100 yd to 100 miles. Recurrence frequencies seldom exceed
2500 cps, and then, of course, only when the time interval is less than
400 psec.

Finally, time intervals from 0.001 see to 1 sec or even to 100 sec are
perfectly possible, with very low recurrence frequencies.

The recurrence frequency is of importance in setting an upper limit
to the frequency at which the time interval may be usefully modulated.
Generally speaking, the modulating frequency should be less than one
half the recurrence frequency. This is equivalent to the situation in
AM, where the carrier frequency must be high compared with the signal
frequency.

Often it is desired to transform one t-m waveform into a similarly
t-m waveform of different shape. For instance, waveform (a) can be
converted into (c) by differentiation, (c) can be used to trigger a triangle
generator to obtain (d), etc.

13.3. Fundamental T-m Methods.-Figure 13.2 illustrates, in highly
compressed form, the three most useful methods for TM. Considera-
tions concerning the accuracy of these methods will be given in Sec. 13.7.

In Method (a), called TM with a voltage-sawtooth waveform, the
time interval is the time necessary for the sawtooth waveform to rise
from its initial voltage to the comparison voltage. The comparison

voltage is the signal, since varying it changes the time interval.

Method @) is really time modulation by phase modulation. The

pulse generators are arranged to fire on some definite portion of the sine
waves, probably the point of greatest slope, since that can be most

accurately defined. The phase-shifting device is usually either a synchro

or a special phase-shifting condenser; these devices require a shaft-

rotation input as a signal.

Method (c) is usually carried out either with sonic waves in a liquid

or solid medium, or with an artificial electrical line. Variation in the

time interval is obtained by moving the pickoff element along the medium

of propagation; some mechanical means for altering the path length is

thus the signal.

These are the principal methods that have been used. They will be

described in detail in later portions of this chapter. Also Vol. 20, Chaps.

5 and 6 of the Radiation Laboratory Series presents a number of practical

t-m circuits of all the basic types, together with a discussion of the

problems of incorporating these circuits into more complicated systems.
There are a few other methods that might sometimes be useful, such
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as frequency modulation of a sine-wave oscillator to vary the interval
between successive zeros of the wave, but these are mostly of insufficient
importance to merit discussion. One curious method involving storage
tubes permits a type of operation upon arbitrary waveforms which can
be performed, for all practical purposes, in no other manner; this matter
is accordingly discussed in the final section of this chapter.

Two simple t-m circuits can be combined to form a multiple-scale
circuit. In such an arrangement one circuit provides a sort of coarse

Comparison voltage

Trigger — Sawtooth
generator(reference

pulse) (10

-L--Pulse

1+

generator
1

* Reference
pulse

‘GL
~ Time-modulated

i

, Sine-wave output

Signal
(b) Time-modulated

.a&ut--yl .&d
Mechanically controlled output

pickoff

(c)
FIG.13.2.—Threebasic methods for TM: (a) TM with a voltage sawtooth; (b) TM by phase

modulation of a sine wave; (c) TM by propagation velocity.

scale and is used to establish the time interval approximately, the other
one being the fine scale and determining the time interval more exactly.
For example, the phase modulation circuit of Fig. 13.2b together with a
coarse circuit to select just one of the train of t-m pulses would comprise a
double-scale t-m circuit. The usefulness of such a system is that TM
over long time intervals (corresponding to the length of the coarse scale)
can be carried out with the same absolute accuracy as TM over a much
shorter time interval (that of the fine scale), resulting in very smafl
fractional errors. If desired, three or even more scales can be used.
The subject of multiple-scale systems is treated in detail in Vol. 20,
Chaps. 3 and 6 of the Series.
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All t-m devices may be classified as externally or internally synchro-
nized, according to whether they acceptor establish the initial instant of the
time interval. The externally synchronized circuit accepts a trigger or

other initiating waveform and after a certain length of time is free to
accept another. This sort of circuit is useful for use with randomly

occurring events that cannot be initiated at will. An internally syn-

chronized circuit sets its own initial instant, simultaneously delivering a

pulse that can be used tosynchronize other circuits.

%&ii: (4 c“ntr~signal

1
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Signal to be
transmitted

Time modulator Transmitter ----1
I

Recovered Thne
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Fm. 133.-Several applications of TM: (a) to measure unknown time intervals; (6) to
transmit intelligence; (c) to obtaina voltage proportional to the square of asigntd.

13.4. Applications.-It has already been stated that TM permits the
establishment of a time interval T as a definite function of x, the value
of the control signal. By the techniques of TM, therefore, a new prup-
erty of waveforms is brought. under the control of the designer. Several
important applications result, among them being—

1. Measurement of unknown time intervals-for instance, the meas-
urement of radar range. One method, shown in block form in
Fig. 13-3a, consists of the f ollowing: synchronizing in a t-m wave-
form; adjusting it, by means of a time discriminato~ and a servo
loop, until its time interval is equal to the unknown time interval;
and finally reading off the value of the control signal thus obtained,
from which can be determined the value of the time interval if the
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function F(Z) is known. (This and other methods of time-interval
measurement are discussed in Chap. 14).

2. Transmission of intelligence-that is, the reproduction, at a dis-
tance, of a signal. One possible method is to use the signal as the
control signal for a t-m device; transmit the t-m waveform at a
recurrence frequency high in comparison with the highest fre-
quency component in the signal; and finally recover the original
signal by means of a time-demodulation device (see Chap. 14).
Figure 133b represents this schematically. The well-known pulse-
width modulation is ah example of this method.

3. Control of displays. The usefulness of a cathode-ray-tube dis-

play can often be greatly enhanced by the use of t-m circuits in
conjunction with the sweep-generating circuits (see Vol. 22 of
this series). For instance, if the waveform shown in Fig. 13.M is
applied to the horizontal deflecting plates of a cathode-ray tube, a
“ delayed A-sweep” or “R-sweep” is obtained.

4. Computing. Time-modulation circuits are often important com-
ponents in complex co-reputing networks. A simple example may
illustrate this. Suppose it is desired to obtain a d-c voltage pro-
portional to the square of a signal, for instance, to convert slant
range (from an aircraft to a ground target) to ground range. One
method, illustrated in Fig. 13.3c, is to use the signal to time-modu-
late a sawtooth waveform as in Fig. 13”lb and then integrate. The
peak output of the integrator will be the desired voltage, since the
area under the sawtooth waveform increases as the square of
the duration of the sawtooth waveform.

5. Simulation of more complex time-varying waveforms. Many test
and training equipments use t-m circuits to simulate more complex
waveforms which vary with time—for example, the waveform of
Fig. 13. lC might be used to simulate the radar echo of a moving
target.

13.5. Transfer Functions-Linear and Nonlinear.-Thus far it has
been tacitly assumed that F(z) is linear, but this need not be so. Expo-
nential, hyperbolic, parabolic, and other kinds of special transfer functions
can be obtained with the voltage sawtooth method simply by generating
the proper shape of sawtooth waveform (see Chap. 8), the exponential
being obtained with particular simplicity and accuracy. Alternatively,
special potentiometers, gears, cams, etc. can be used to derive any desired
transfer function from any of the three basic t-m methods.

Linear TM offers many obvious advantages and is, ;n fact, the most
generz lly used. In the measurement of time intervals it supplies the
answer in what is usually the most useful form. It is used in the trans-
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mission of intelligence when distortion must be kept small. An example
has been given of its usefulness in automatic computation.

lNonlinear TM is especially useful for automatic computation. An
example will make this clear. It is possible to construct a t-m circuit
with a hyperbolic transfer function—that is, with T* = X2 + hz, where

h is an adjustable parameter. Such a circuit is obviously useful in the

solution of the slant-range ground-range problem with an airborne radar.

13.6. Control Signals.-Regarding the control signal the following

remarks are pertinent.

1

2.

3.

4.

5.

6.

Some t-m circuits require a mechanical signal, usually either a
linear or angular displacement; others require an electrical signal,
which may be a circuit parameter such as resistance, capacitance,
or inductance, but which is most commonly a voltage.
If a given control signal is of the wrong kind to be used with a
certain t-m circuit, it can usually be converted to the proper kind
by some sort of electromechanical device. A potentiometer volt-
age divider, for instance, converts a shaft rotation to a voltage.
A great many such interconversion are known; the properties of
some of the more important of these are given in Chap. 12.
The electromechanical device can be used to alter the transfer
function of the t-m circuit in some desired way. Thus an expo-
nential potentiometer with an exponential sawtooth waveform
gives T as a linear function of the input shaft rotation, or a sine
potentiometer may be used with a linear sawtooth waveform to
give T as a sine function of shaft rotation. Similarly, special cams
or gears can be used with any of the methods to give any desired
transfer function.
Errors may be introduced by these electromechanical devices
either because the y are not perfect 1y linear, exponential, sinu-
soidal, etc., or because their inertia prevents them from following
rapid changes in the input signal. Errors of the former type can
sometimes be made unimportant by placing the device within a
servo loop (like that of Fig. 13.3a), because the gain around the
loop is effective as negative feedback.
Mechanical signals have the advantage of being subject to direct
manual control, of providing force or torque for a visible scale or
counter, and of having good long-time stability. This last prop-
erty makes them especially useful for conveying very slowly vary-
ing quantities, but obvious mechanical limitations usually impose
rather severe restrictions on the upper end of their useful frequency
spectrum.
Voltage signals can easily be transmitted over considerable dis-
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tances and have virtually no upper-frequency limit, but the diffi-
culty of designing direct-coupled networks with adequate stability
tends to make electrical signals inferior to mechanical at very low
frequencies, unless the signal is modulated on a carrier.

7. For good accuracy and stability, the signal should vary over as
large a range as other considerations will permit. It may be
desired to multiply or divide the signal by some appropriate con-
stant. This can be done for mechanical signals with gears.
Electrical signals can be divided by impedance dividers, but
multiplication (amplification) is not accurate unless feedback is
employed.

8. Signals should preferably be delivered at an impedance low com-
pared with the input impedance of the t-m circuit. Cathode
followers are useful low-distortion impedance transformers for
electrical signals; for a mechanical signal a servomechanism capable
of delivering sufficient power might be used.

13.7. Errors—General Accuracy C onsiderations.-The purpose of a
t-m circuit is to set up a desired relationship T = F(z). Any deviation
from this desired characteristic is an error. These errors will be
of two sorts: (a) original errors, which will exist even immediately after
calibration and which arise from some fundamental inability of the circuit
to generate exactly the required waveform (this inability may be due to
the nonlinearity of some important component, or to an approximation—
for example, the approximation that a cathode follower has unity gain);
and (b) drift errors, which are removed by each calibration but which
thereafter begin to appear again, arising from the inevitable instability
of_the circuit elements. Drift errors are accentuated by large changes in
temperature and humidity, mechanical shock, etc., but will be observed
even when these factors are eliminated, since the mere existence of a
vacuum tube or a composition resistor alters its properties. One of the
most important tasks of the designer is to find circuits that will depend
for their accuracy only upon components that can be made with nearly
ideal characteristics, and upon as few of those as possible.

Freedom from original errors is called “fidelity”; freedom from drift
errors is called “ stabilit y.” Definitions of the terms “limiting error,”
“probable error,” and “linearity” which are useful in describing the
performance of t-m circuits are given in Vol. 20, Chap. 5 of this series.

The bulk of this section will be devoted to an examination of the basic
t-m circuits in order to point out, in each case, which are the critical
components—that is, upon which components the responsibility of
determining the time interval rests—and to acquaint the reader with the
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approximate accuracies that may be expected from each class of com-
ponent.’ The basic facts can, however, be stated in advance.

1.

2.

3.

The vagaries of certain elements, such as amplifiers, can be greatly
reduced by feedback.
By calibrating against a high-precision circuit, drift errors can be
temporarily removed.
There is no substitute, however, for certain standard elements
that present constant electrical or sonic characteristics. Thus,
the circuit must be so arranged that the time interval is a function
of only the high-quality components.

Propagation-velocity Method.—If the path length is d and the velocity
of propagation is v, then T = d/w. Accuracy thus depends upon the
exactness with which the position of the pickoff element can be indicated
and the constancy of the propagation velocity.

The precision with which a linear or angular position can be mechan-
ically transmitted and indicated is not one of the factors that limit the
accuracy of any t-m system. For example, the limiting error, for one
direction of rotation, in the indication of the position of the tool in a
precision lathe is less than 5 parts in 100,OOOfor a 10-in. range. Since
other errors are comparatively large regardless of the t-m method
employed, the ultimate accuracy of mechanical components is not
ordinarily utilized.

The question of velocity changes with temperature in supersonic
delay lines is discussed in Vol. 17, Chap. 7 of this series. The delay time
in mercury is 17.52 psec/in. at 20”C, with a temperaturecoefficient of
+0.0052 ~sec/in. per degree centigrade at that temperature, or about
+300 parts per million per degree. Water at room temperature shows
a temperature coefficient of sign opposite to that of mercury (and most
other liquids investigated) but at 72.5°C its coefficient is zero, the velocity
of propagation being a maximum there. By using an oven to keep the

temperature within 1° of 72.5°C, a tank can be built which is stable to
better than 1 part in 20,000. The temperature at which the velocity

coefficient is zero can be made lower than 72. 5°C by mixing ethylene

glycol into the water.

Electrical delay lines have not been so carefully studied from the point

of view of their stability. Changes in temperature cause changes in both

the -L’s and C’s of lumped-constant lines and, in distributed-constant lines,

cause alteration of the geometry of the structure and the dielectric

constant of the core, which bring about changes in the inductance and

capacitance per unit length. Distributed lines show a wide variation of

1More detailed information on components will be found in Vol. 17 of this series.
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temperature coefficients, the smallest being a change in delay time per
unit length of +0.02 per cent/°C (General Electric YE4B type line).

Changes with time in propagation velocity of electrical or sonic media
cause drift errors, not original errors.

Voltage Sawtooth Method.—The time interval depends upon the
shape of the sawtooth waveform, the initial level Ei at which it starts,
and the level Es at which the amplitude comparison, or pickoff, is made.
Thus, for a linear sawtooth waveform of slope K, T = (Es – E,) /K.
Accuracy is therefore dependent upon a sawtooth generating circuit (K),
a switching circuit (E~), and an amplitude comparator (E,).

Switching circuits, which are discussed in Chaps. 3 and 9, are elec-
tronic switches that lock the quiescent level of the sawtooth to some
well-defined voltage, and that can be opened when it is desired to permit
the sawtooth to start. The accuracy with which clamping may be
accomplished is limited by the stability of the vacuum tubes available.

Chapter 3 contains a good deal of information on this subject.
Diodes, and triodes during grid conduction, both of which may be used
as switching elements, exhibit a voltage across the switch which is small
and constant to within a few tenths of a volt. This is probably a reason-
able figure for switching accuracies with simple circuits. More compli-
cated arrangements (described in Chap. 9), in which two tubes are used
in such a way that the effects of aging and heater-voltage change will
tend to cancel, are constant to considerably better than 0.1 volt. Change
of tubes, however, may cause O.l-volt changes in the initial voltage of the
sawtooth.

Recently much attention has been turned toward the possibility
of using germanium crystals instead of thermionic diodes for switching
and amplitude comparison. The hope has been that the crystals would
show better stability than diodes. To date, however, this is only partly
true, temperature changes being particularly serious. Also, it has not
yet been possible to make crystals that have a high back resistance at
voltages greater than 50 volts. A comparator circuit has been invented
(see Sec. 9.5) which obviates this difficulty, but as yet there is no
really satisfactory switching circuit.

Amplitude comparison circuits are discussed in detail in Chap. 9.
The limitations are again imposed by the instability of available non-
linear elements, and the accuracy of comparison may be considered to be
about the same as that of switching.

It may be noticed that errors in switching and comparison are drift
errors, and not original errors. This is true at any rate for linear saw-
tooth waveforms; for a nonlinear sawtooth waveform, however, there
may be an original error, since the comparator must work with an input
waveform whose slope changes with the time interval.
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The shape of the sawtooth waveform is determined, in all the circuits
described in this book, primarily by a network of R’s and C’s. It is
true that the properties of the tubes employed play some role, and both
original and drift errors are found which could be removed if amplifiers
with ideal characteristics were available. These matters are discussed
in Chaps. 7 and 8. But, in most of the circuits employed, there is
enough feedback to make these errors less serious than drift errors arising
from instability of the fundamental timing resistors and condensers.

The carbon resistors and paper condensers which are common in radio
receivers are ordinarily specified to within only 5 per cent, 10 per cent, or
20 per cent, depending upon the degree of selection that is practiced.
The variation of these components with a 50”C temperature change
amounts to many per cent of the nominal values. These units may,
however, be made so that they are reliable in the sense that they do not
fail completely.

Somewhat more predictable are the values of mica-dielectric con-
densers and wire-wound resistances. The original value may be specified
as closely as 1 per cent, and the temperature coefficients may result in
only a few tenths of a per cent increment with a rise of 50”C. Moreover,
there is the possibility of matching temperature coefficients so that the
product of a resistance and a capacitance is constant even though each
varies with temperature. The coefficients themselves are not sufficiently
controllable so that the product may be fixed to closer than one part in
one thousand of the initial value with a 50”C temperature change.
Certain types of resistors are wound with very thin wire, and special
precautions against failure are necessary.

The best resistance and capacitance stability which has been obtained
utilizes control of the ambient conditions to which the units are subjected.
Hermetically sealed units are protected from humidity and any reagents
in air. Temperature control in the interior of a small container or a
complete chassis is entirely feasible. The constancy of an RC-product
may be made considerably better than 1 part in 1000 by such methods.
The original values of the components may be exactly set by certain
industrial control processes. The improved quality is expensive and will
presumably not be common.

Two other factors that affect the acturacy of a sawtooth t-m circuit
are the d-c power supply and the potentiometer which is used when it is
desired to control the time interval with a mechanical signal.

The sybject of stabilized d-c power supplies is treated in great detail
in Vol. 21, Chaps. 13 and 14 of this series. For a 250-volt supply,
stabilization to about 50 mv is about the best that can be done. In
general, however, such stability is quite unnecessary, provided the control
voltage is suitably derived from the same supply that serves the t-m
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circuits, for any change in the slope of the sawtooth waveform is accom-
panied by a compensating change in the control voltage. For this reason
it is usually unwise to regulate the negative supply unless the positive
supply is also regulated, and when both are regulated a single standard
should be used.

Among potentiometers, one of the most accurate linear types is the
RL 270 series, designed by the Radiation Laboratory. They are available
in sizes from 20 to 50,000 ohms, with departures from linearity of resist-
ance vs. shaft rotation as small as 1 to 10 parts per 10,000. The Gibbs
Micropot and the Beckman Helipot are linear to better than 1 part per
1000, and permit 10 complete shaft rotations to cover the full range.
Special nonlinear potentiometers are also available, with errors from
1 to 10 parts per thousand. A full discussion of potentiometer design,
with names of manufacturers and specifications of their products, is given
in Vol. 17, Chap. 8 of this series.

Phase-modulation Method.—If the frequency of the sine wave is j
cycles per second and the phase shift is @ radians, then T = @/%r.f.
Usually @is some function of an input shaft rotation. Thus, the accuracy
is dependent upon a sine-wave oscillator and a phase-shifting device.

The frequency of sine-wave oscillators, discussed in Chap. 4, can
be held constant to a few parts per million by the use of crystals, or at
lower frequencies to about 0.1 per cent by the use ‘of RC-oscillators with
properly stabilized timing components. Since the per cent error in 2’
is equal to the per cent error in f, the oscillator is not likely to become
the limiting factor in accuracy.

The best phase-shift devices are special inductances (synchros) or
condensers, which are described in Sees. 13”15 and 13”16 and in Chap. 12,
and in Vol. 17, Chaps. 9 and 10 of the Series. The phase shift of both
these devices can be made linear with respect to shaft rotation to about
~“, the synchros at present being slightly the more accurate. out of
360°, i“ amounts to 1 part in 720, but the errors due to the phase shifter
are not cumulative, since each full turn of the shaft increases T by 1/f,
regardless of nonlinearities during the turn. Thus, the absolute error
due to the phase shifter is a cyclic error and is no greater for large T than
for small. Any original error resides in the phase shifter, and the sine-
wave oscillator, provided it puts -out truly sinusoidal waves, can con-
tribute only to the drift error.

If a t-m pulse is to be formed from the phase-modulated sine wave, as
in Fig. 13”2b, a comparator circuit is involved. It is the function of the
compara~w to form a pulse when the sinewave attains some definite
value, usually zero (since that is the point where the sine wave has the
greatest slope). Circuits especially designed for this purpose, whose
drift errors can be kept lower than 0.1 volt, are given in Chap. 9.
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VOLTAGE SAWTOOTH METHOD

13.8. Introduction.-The unique advantage of this method is that
it is voltage-controlled; there are no moving parts and very fast signals
can therefore be accepted. Simplicity, low cost, and convenience are
other advantages that have caused this method to be widely used even
when shaft-rotation control is permissible. Accuracy of 0.1 per cent or
slightly better is possible even with single-scale circuits; this is adequate
for most purposes, though not as good as is possible with the other
t-m methods. A disadvantage is that time must be wasted in permitting
the circuit to recover after each cycle. As previously stated, the method
is especially convenient for obtaining nonlinear transfer functions.

The time intervals obtainable with this type of circuit range from
about 1 psec to many seconds. For time intervals shorter than a few
microseconds, special small tubes and low-capacitance circuits are
necessary. Very slow sweeps can be made by driving the center tap
of a potentiometer with a constant-speed motor.

It maybe noticed that another way of obtaining TM with a sawtooth-
waveform method is to vary the slope of the sawtooth waveform, leaving
the pickoff voltage constant. The fact that the pickoff will occur at
slightly different levels for sawtooth waveforms with different slopes
prevents this method from having great accuracy; nevertheless, it has
often been used, especially with multivibrators, when an adjustable time
interval is required.

It is a curious fact that the t-m circuits that employ the most tubes
are the easiest to analyze. The operation of a large number of com-
ponents is not difficult to understand if each unit is performing a single
function. If, however, the same tube is used for generating the sawtooth
waveform, performing the amplitude comparison, and generating a step
function for the t-m output—as is the case in a multivibrator or other
internally gated circuit—the transition periods between the several modes
of operation are exceedingly difficult to represent analytically. Non-
linearities in the tube characteristics and the various stray capacities
usually become the decisive factors. The system becomes easier to
represent by simple circuits and is often more accurate if a component is
inoperative during all except a single stage of the circuit action. Thus a
diode may conduct briefly at the time of pickoff and be tolerably well
represented by an open circuit at other times. For this reason the
internally gated circuits of Sec. 13”12 are more difficult to understand
than the less compact circuits which will be treated earlier.

13.9. Representative Circuit. Switching and Comparison Methods.
A representative sawtooth t-m circuit is shown in Fig. 13”4, and sketches
of its waveforms are shown in Fig. 13.5. The circuit is a simplification
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of the circuit of Vol. 20, Sec. 5.7 of this series. A nearly linear positive
going sawtooth waveform is generated by the compensated bootstrap
circuit (see Chap. 7) consisting of Vg, Vs, VA, and their associated
components. The simple triode switch VI is opened and initiates the
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Fm. 13.4.—Simplified circuit diagram of a typical linear sawtooth t-m circuit.
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Fm. 13.5.-T1ming diagram of the t-m circuit of F,g. 13.4.
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sawtooth waveform when a negative gate is applied to its grid. The saw-
tooth waveform begins at about 1 volt above ground; its slope is about
Ew,/RX7, where C = (CIC,)/(C’, + C,); its useful amplitude depends
upon the design but may typically be 200 volts. The diode amplitude
selector, or pickoff diode, Vs is so arranged that on its cathode appears
only that portion of the sawtooth waveform above Jl, volts. The diode
VJ, together with the amplifiers Va and V7, forms an amplitude com-
parator, the output of which is a pulse marking the instant at which the

attained the voltage E,.

-L=

n
Gating

waveform
- ~kk

A

Fzc. 136.-Double diode self-stabilizing switch.

Data presented in Vol. 20, Sec. 5.7 of this series indicate that the

most serious single cause of error, amounting to about 0.5 per cent, is tube
change or the gradual drift of tube characteristics. It maybe supposed
that these errors are mainly zero errors and n~t slope errors—that is, that
they are due to inexact switching and comparison rather than to any
changes in the shape of the sawtooth waveform. There are several
methods for minimizing or reducing zero errors.

There are better types of switch than the gated triode; one which
shows very good freedom from drift is the self-stabilizing double-diode
circuit shotin in Fig. 13.6. Here the voltage to which the sawtooth
waveform is clamped depends not upon the absolute characteristics of
V]=and Vm but upon the balance between them. Provided they drift
together, the clamping voltage is unchanged, By using diodes in a
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single envelope, the drift can be reduced to about 20 millivolts per week.
The clamping voltage is altered by only about 40 mv by a 10 per cent
change in heater voltage. Changing tubes, however, can still cause a
change of 0.1 volt or even more. A disadvantage is that the input
gating waveform must be as large as the desired amplitude of the saw-
tooth waveform.

Extremely bad definition of the initial level of the sawtooth would be
obtained if the sawtooth were taken from the cathode of Vt instead of the
grid, for in that case no amount of care in stabilizing the initial level of
the grid would prevent the cathode level from changing with time,
heater voltage, and tube change. The only condition under which use
of the cathode waveform is justifiable is when, for any reason, the control
voltage E, must be fed into the cathode of Vs through a cathode follower.

In this case it might be hoped that E, and the initial level of the sawtooth
would drift together.

-/L

P

Similarly there are more stable

b
comparators than the single diode.

V5
Es A A double-diode circuit (see Fig.

13.7), analogous to the switching
a circuit just described, has the same

property of subtracting the drift
of Vti from that of ~5b. The
resistor across VSCplays the same
role as that played by the com-

E8 mon cathode resistor in the pre-
FIG. 13.7.–-Double diode self-stabilizing ceding circuit; it is returned to E,

amplitude selector.
and not to some lower voltage in

order to avoid drawing any current from the source of E,. This and
other comparators are described in Chap. 9.

The fact that V6 is partly, and V7 completely, nonconducting in the
quiescent state means that there will be some slight delay between the
moment when V5 begins to conduct and the moment when the output
pulse is formed. Variation in operating conditions may cause some
change in this delay and therefore some zero error. In general it is much
better design if at least the first amplifier in the comparator is normally
on, so that full gain will be realized right from the start.

Another way to cancel out the drift in the single comparator diode
is to switch with a similar single diode (as in Fig. 13+3a). The effect
of-an increase in cathode emission in both these diodes would be to lower
the level of the sawtooth waveform slightly and also to lower the effective
control voltage by a similar amount. A small slope error is introduced
by this method, however, since the initial current through R increasea
slightly with increased cathode emission. This method requires a zer~
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impedance gating waveform, but an approximation to this is provided
by the cathode-follower arrangement of Fig. 13”8b. The resistor RI
should be made as small as the cathode follower will permit.

Another method for zero-error cancellation is possible when the
system can be internally synchronized. In this case the sawtooth is
initiated by some local recurrence-frequency generator and is picked off
not once but twice, the first pickoff providing the synchronizing pulse
that is delivered to the external equipment, and the second pickoff form-
ing the pulse that is time-modulated with respect to the first. Usually
the first pickoff is at a constant voltage and the second pickoff voltage is
the one that is varied. In this way the time interval depends
upon the diference between the two pickoff voltages; the initial

only
level

Zero impedance

1

gate input -Egg

r (a) = (b)
Fm. 13.8.—Zem error cancellation with single diodes: (a) ideal case with mm-impedance

gating waveform; (b) approximation with a cathode follower.

of the sawtookh waveform becomes unimportant, and the drifts in the two

pickoffs subtract. The difficulty arises from the loading that the first

pickoff imposes upon the sawtooth waveform. This difficulty can be met

by using high-impedance comparators (see Chap. 9) or by using a saw-

tooth waveform from a low-impedance point of the circuit. l?or such an

application therefore the sawtooth waveform from the cathode of V3
might be used.

Probably the most satisfactory method of all is the following one,
which completely eliminates any zero error and which can be applied to a
large number of time-measurement problems, though its application tc
the transmission of intelligence or automatic computation is not easy,
since the reference and t-m pulses never exist both in the same cycle. A
linear sawtooth waveform, whose initial level is not important, is picked
off by a single diode (or other simple comparator) sometime~ at a voltage
E,, and sometimes at a higher voltage E,,. The signal voltage may be
switched from E,l to E., at 60 cps by a vibrating switch like the Brown
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converter; there is no need to have the switching rate bear any special
relation to the recurrence frequency of the sawtooth waveform. Now
E,, corresponds to the time interval Tl, and E., corresponds to Te; the
zero error is cancelled out so that Tz – TI = K(E8, — E,,) and depends
only upon the stability of the slope constant K. Usually E., wilf be
held constant and control is obtained through E.,. The diagram of
Fig. 13.9 illustrates one way in which this circuit can be used to measure
unknown time intervals. The circuit is internally synchronized and
the unknown time delay device is triggered by the output pulses from the
sawtooth waveform. The output pulses and the output from the
unknown delay device are displayed on the cathode-ray tube, and E.,
is adjusted until coincidence is obtained between the pulse from the

Vibrating
switch ~ IJsl

&

) E
,~z

I

Recurrence
frequency Sawtooth

oscillator t-m circuit

DLiE- *

Unknown
delay

~2

FKG. 139.-The use of a vibrating switch
in the measurement of time intervals without
zero error.

unknown delay corresponding to
E,, and the pulse from the saw-
tooth corresponding to E.,.

In order to make the unavoid-
able errors in switching and pick-
off as unimportant as possible, the
sawtooth waveform should be
large. If the difference between
initial and pickoff voltages can
change by as much as 0.2 volt, the
change in T can nevertheless be
held to only 0.1 per cent by mak-
ing the sawtooth waveform 200
volts in amplitude. Some pre-
liminary work has been done on
sawtooth waveforms with ampli-
tudes of several kilovolts. The

generation of the sweep can be accomplished, but the principal need is for
clamping and pickoff diodes that can withstand the large inverse voltages
to which they will be subjected.

Earlier in this section it was assumed that most of the errors arising
from tube change in the circuit of Fig. 13.4 are zero errors and not slope
errors. Naturally this is not exactly true. A change in the initial
voltage alters the initial current through R and hence the slope with which
the sawtooth starts out. More important is the effect of changing V~,
since very small changes in the gain of the bootstrap cathode follower can
cause noticeable changes in the shape of the sawtooth. Some work has
been done on the use of high-g~ pentodes for this stage (see Chap. 7), but
in general the bootstrap sweep is abandoned in favor of the Miller sweep
when precision greater than 0.1 per cent is required.

For other details on the performance of this type of circuit see Vol. 20,
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Sec. 5“7 of this series. Other errors, which have not been discussed

here, are due to temperature changes, recurrence-frequency changes, and

nonlinearity of the potentiometer which maybe used to derive the control

voltage.

13.10. Problems with Miller Negative-going Sweeps.—Miller nega-

tive-going sweeps can be generated with greater linearity and at lower

cost than can bootstrap positive-going sweeps. Yet their use in t-m

circuits is in some respects more difficult, when the greatest precision is

desired, because of the switching and comparison problem.

It was stated in the preceding section that in the case of a positive-

going sweep a single-diode switch

give good freedom from drift and

heater voltage sensitivity because

the effects of the two tubes sub-

tract. The analogous Miller cir-

cuit is shown in Fig. 13.10. In

the Miller tube VI the plate is

normally cut off by negative bias

on the suppressor and is turned

on for the duration of the sawtooth

waveform by the gating rectangle.

Tube V~ is the diode which sets

the initial level of the sawtooth;
V3 is the pickoff diode. Now if

the cathode emission in both V2

and 173 increases, the level of the

sawtooth drops slightly, and pick-

off occurs at a slightly higher volt-
age, These effects add and do

not cancel, and T therefore de-

and single-diode comparator would

(

+ b ‘/v

& ‘ ‘v

E.

~
------ Q---

+
Picked off
sawtooth

--l+
n.:::;!.

FIG. 13.1O.—A t-m circuit using a Miller
negative-going sawtooth.

creases with increasing heater voltage. The change is a zero change.

A further source of difficulty is the Miller tube VI itself. If its

cathode emission increases, the quiescent level of the grid drops slightly,

and when the gate is applied, the negative step on the grid, although the

same size as formerly, carries the grid to a slightly lower voltage, increas-

ing the current through R and hence through (7. The slope of the saw-
tooth will therefore increase with heater voltage-that is, there will be a
decrease in the slope of T vs. the control voltage.

Fig. 13,11 shows two ways of overcoming this slope change. In a

the level of the grid is kept constant by the compensating diode Vd, very

much as in the self-stabilizing switch and pickoff of the preceding section.
In b the level of the grid is permitted to change, but the voltage to which
the timing resistor R is returned is made to change in the same way by the
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diode V4. The voltage across R is thus made independent of heater
voltage, and the slope of the sawtooth remains constant. It may be
remarked that all these methods of self-stabilizrttion depend upon the
fact that a change in heater voltage merely alters the effective potential
of the cathode of the tube, and by the same amount, whether the tube is
a diode, triode, or pentode.

It still remains to discuss the methods for reducing the zero errors.
As in the case of the bootstrap sweep, an effective method is to pick off
twice with matched pickoff elements from the same sawtooth, and an
even more accurate method is to use a single pickoff element, switching
the control voltage rapidly between two values. Other than these two

F
~
-E,k (a)

+EPP2

F

+E PP,

A ~

R
c

v,
,=,.-.

FIG. 13.1 1.—Methods of stabilizing the slope of the sawtooth against changes in heater
voltage. In (a) the level of the grid of V, is kept constant; in (b) the voltage at the point
A changes in the same way as the grid voltage changes.

methods, the only suitable way to reduce the zero errors is to use self-
stabilizing switches and pickoffs like those of Figs. 13.6 and 13.7.

The problem of accurate zeroing is especially troublesome when the
Miller sawtooth generator includes a cathode follower to permit rapid
recovery. In this case the sawtooth waveform from the cathode of the
cathode follower is more linear and at a lower impedance than that
from the grid; its level, however, cannot be set accurately. This is no
disadvantage when the double pickoff or vibrating-switch methods can
be used, but in other cases it is a difficult problem. The best solution,
shown in Fig. 13”12, is to insert another condenser Cl, large compared
with C, in the feedback loop, so that the point between C and Cl describes
an accurate sawtooth but at a completely indeterminate level. The
desired level can then be inserted by a single diode, as in the figure, or by
a self-stabilizing switch.

The methods described thus far are of no use in reducing the effects
of tube change of V,. Changes in the size of the negative step at the
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grid are to be expected and with them both zero and slope changes. The
only way to reduce these errors is to eliminate the step. Several meth-
ods for accomplishing this are known; they are discussed in Chap. 7.

13.11. Slow and Nonlinear Sweeps—Regenerative Pickoffs.-When
very slow or highly nonlinear sweeps are used, the problem of reducing

n

+

F1~. 13.1 2.—Illustrating how accurate zeroing of the sawtooth may be obtained when
cathode follower coupling is used for rapid recovery.

the lag between the instant of voltage equality (of the sweep and E.)
and the pulse formation becomes important. Failure to solve this
problem means drift errors in the case of the linear sweeps and both
original errors and drift errors with the highly nonlinear sweeps. A sim-
ple diode comparator plus several stages of amplification is one answer;

FIG. 13.13.—Self-stabilization in a IWultiar pickoff. In (a) the grid and cathode of Vs
act as a diode to stabilize V~. In (b) tbe control signal E’. can be introduced through Vs.
which also serves to stabilize VaI,.

a simpler answer is the use of regenerative pickoffs. These circuits are
treated in detail in Sees. 9.12 to 9.15.

Briefly, any regenerative device can be made to act as a regenerative
comparator, but the stability, depending as it does upon the cutoff
characteristics of a triode or pentode, is not very good. One circuit,
however, the Multiar pickoff, is controlled by a diode and accordingly
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shows much better stability. Several variations in the circuit arrange-
ment exist, giving different degrees of stability. If the diode can be
conductively coupled to the grid of the triode, as in Fig. 13.13a, the
circuit is self-stabilizing and shows very good freedom from drift. If it
is desired to place the control voltage on the plate of the diode, then
capacity coupling must be used which will remove the self-stabilizing
feature. It can be regained, of course, by using two diodes, as in Fig.
13.13b.

The Multiar with a stabilized Miller sweep generator probably repre-
sents the most economical method for obtaining the greatest accuracy
possible at present. In Vol. 20, Sec. 5.3 of this series a circuit of this
type is described as giving linearity of 0.05 per cent, with a 5 per cent
change in line voltage causing less than 0.04 per cent change in zero
and 0.1 per cent change in slope.

13.12. Internally Gated Circuits.—The circuits of the preceding sec-
tions have all required, as the gating waveform, a rectangle at least as
long as the maximum time interval desired. Since there is usually only
a pulse available, these circuits must be preceded by a monostable multi-
vibrator or similar circuit. When a t-m circuit is operated in this way,
it is said to be externally gated. There are two other possibilities, how-
ever, which will now be treated very briefly.

If the t-m output pulse from the sawtooth waveform is fed back to the
gating multivibrator in such a way as to shut it off immediately, the
circuit yields not only a t-m pulse, but also a t-m rectangle and a t-m
triangle like those of Figs. 13.la and b. Furthermore, all three outputs

are time-modulated in exactly the same way, a property that is often

very convenient. For this purpose an ordinary bistable multivibrator

should be used, with both the initial triggers and the t-m terminating

triggers being injected. A monostable multivibrator has the di~dvan-

tage that the exponential waveform on the grid makes the circuit harder

to terminate when T k short than when T is long.
The other possibility is that of producing the gating rectangle from

the sawtooth waveform itself, thus making a separate gate generator
unnecessary. Essentially, the sawtooth waveform is differentiated to
obtain a rectangle and the rectangle is fed back to the gating electrode
of the sawtooth generator. In this way a positive-feedback loop is
obtained which makes the circuit respond to a trigger alone without any
need for an externally generated gate. In fact, the circuit has become
a monostable relaxation oscillator with a linear timing waveform. A
circuit operating in this fashion is said to be internally gated. ‘l’he
important fact about these circuits is that they contain, in very compact
form, all the elements for a complete sawtooth t-m circuit: gating mech-
anism, sawtooth-waveform generator, and regenerative pickoff mech-
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anism. Circuits can be mentioned which perform all these operations
in a single envelope. Hence thk class of circuits is extremely economical,
and, in accordance with the statements made in Sec. 13.8, very difficult
to analyze precisely. The present section will deal with the most
important of these circuits.

Internally Gated Bootstrap Cimuih.—chapter 7 describes how boot-
strap sweep generators can be made internally gated, and an example of
such a circuit is shown in Fig. 13.14. A small resistor RI is inserted in
series with Cl and Cz and differentiates the sawtooth waveform. The
rectangle appearing across the resistor is amplified and inverted in a

L )?.

A
w --8

C3

FIG. 13.14.—InternaUy gated bootstrap sweep, terminated bj loading with the diode VS
and the condenser CS

single-triode section and placed on the grid of VI, the clamping triode.
The circuit is now internally gated and can be triggered with a negative
trigger on the grid of V,. The pickoff mechanism is provided by Vt,
the bootstrap cathode follower. The grid of VS, rising linearly with the
sawtooth waveform, sooner or later begins to draw grid current. When
it does, the load on the sawtooth waveform suddenly increases, the slope
of the sawtooth waveform decreases, the amplitude of the gating rec-
tangle decreases, and very shortly afterward the entire circuit snaps
back to its ipitial quiescent condition.

The moment of grid-current flow in V3 is very poorly defined-further-

more, it cannot be controlled easily and linearly. Therefore, the sweep

is never permitted to terminate itself in this way, a pickoff diode or other

comparator being used. TWO methods are, in fact, in use. One is to use
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a comparator in the ordinary way, in which case economy is the only
advantage in making the sawtooth-waveform generator internally gated.
Theother method uses adiodeto apply a sudden load to the sawtooth
waveform when it reaches E., thus simulating the grid-current action of
VS but with much better accuracy. This is the method illustrated in
Fig. 13.14. A t-m rectangle and t-m triangle are the outputs.

Internally Gated Miller Circuits.—By far the most important internally
gated circuits are those employing a Miller sweep generator. Several
types are in frequent use and have such names as ‘‘ phantastron, ”
‘( sanatron, ” ‘( sanaphant, ” etc. They were all invented and mainly
developed in England. At their best they undoubtedly offer the highest
ratio of performance to cost now available. The briefness of the treat-
ment here is no reflection on their importance; it simply results from the
fact that these circuits have already been treated in Chap. 5 of this
volume and several engineered examples will be discussed in detail in
Vol. 20, Chap. 5 of the Series.

A high-precision sanatron is described in Vol. 20, Sec. 5.6 of this
series. There it is stated that the linearity of T vs. E, k 0.05 per cent
and that the addition of a suitable inductance in the plate circuit of the
Miller tube could improve this to 0.0006 per cent. The largest error
caused by change of any one tube is 0.2 per cent.

Screen-coupled sanatrons permit the use of heavy-current beam-
power tubes which can provide a very large integrating current and
hence very fast sweeps. Linear t-m circuits with a maximum T of 1 or
2 psec can be built in this way.

The screen-coupled phantastron probably offers the best ratio of
performance to cost now possible. The following data apply to the
circuit shown in Fig. 5.46 of this volume: linearity, 0.05 per cent; tube
change, 0.3 per cent; T decreases 0.2 per cent for 10 per cent increase in
heater voltage; T increases 0.2 per cent for 10 per cent increase in the
positive and negative lines.

Cathode-coupled phantastrons have given accuracies somewhat better
than 1 per cent. in the field.

In circuits of this sort, in which the sweep is always terminated at the
same voltag~namely the voltage at which the plate bottoms—the
control over T must be obtained-by varying the initial level of the sweep.
This can be done with a simple diode switch as in Fig. 13”15a. Two
faults are apparent in thk arrangement, however, and Fig. 13.15b illus-
t~ates the simplest methods for minimizing them.

One of the difficulties is that current will be drawn from the source
of E. so that unless that source has zero internal impedance the effective
value of E. will be too high. The plate resistor RI can be made very
large, but this seriously increases the recovery time of the timing con-
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denser C. Various solutions have been used. One way is to introduce
E, through a cathode follower; this provides a low-impedance control
signal, but it introduces a new source of nonlinearity and drift errors.
The rather ingenious method shown in Fig. 13.15b makes use of a simple
compensating element. The resistor RZ k made equal to RI and the

Es
>

f
V2

+300 v I I

* -100”--1---
(a) (b)

FIG. 13.15.—(a) Simple method of introducing E’,. (b) Improved circuit, including
a correcting resistor R* to reduce the current drawn from the source of E, and a compen-
sating diode VS to reduce the effects of heater voltage change.

voltage to which it is returned is chosen so that for E. near the middle of
its range the drops across RI and Rz are equal. Then at thk point no
current is drawn from the potentiometer or other source of E,, and the
error in E,, as plotted in Fig. 13.16, is considerably reduced.

The other-fault in the circuit of Fig. 13.15a is that no provision is
made against a slope error with heater voltage change. Two methods
were shown in Fig. 13.11 for accom- 1

+-

plishlng this: in the method of Fig. +
13”1la the bottoming voltage is un- /

Uncorrected

changed with heater voltage change, u- ~Partially

whereas in that of Fig. 13.1 lb the ~
corrected

bottoming voltage decreases with ~ 0
100 200 ‘~

increased heater voltage. The latter
method is used her~ because the – 1
decrease in bottoming voltage exactly

FIG.13.16.—Thereductionin loading
error obtained with the correcting re.

compensates for the decrease in the sisterRz in Fig. 13.15b.

initial level of the sawtooth caused by the increased cathode emission
of V2; if the method of Fig. 13.1 la were used, a self-stabilized switch
would have to be used in place of T’z.

Multivibrators. —Section 5.14 discussed methods of varying the dura-
tion of a multivibrator square wave-that is, of carrying out TM with a
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multivibrator. The only one of those methods that has been extensively
used is voltage control of the cathode-coupled monostable multivibrator.
The method is inexpensive but not very accurate. Linearity can be as
good as 0.1 or 0.2 per cent, but tube change can alter T by 10 per cent,
and a 10 per cent change in line voltage can alter T by 2 per cent.

PHASE-MODULATION METHOD

13.13. Introduction.-The circuits to be described in this part of the
chapter are designed to produce phase-shifted sine waves, either continu-
ous sine waves as in Fig. 13”le or pulsed sine waves as in Fig. 131f.

Variable phase-shifting devices for sine waves fall into two groups:
limited phase-shifting types, which are restricted to varying the phase
shift over a range of only a finite number of degrees (usually 180°); and
continuous phase-shifting types, which are not so limited. The simple
networks consisting of a variable resistor with a condenser or inductance
are examples of the first class of circuits—these are discussed in Chap. 4
and will not be further described here. A synchro, in which the phase-
shifting depends upon the mechanical rotation of a pickoff element in a
rotating field, is an example of the second class of circuits, which will
form the subject of the next few pages. The importance of continuous
phase-modulators in TM stems from the fact that the phase shift can be
made very nearly linear with respect to shaft rotation, whereas with the
limited phase-shifting types this is distinctly not so.

As a method of TM, continuous phase-modulators offer the advantage
of determining T with an absolute accuracy which is virtually as good
for T large as for T small, though with an ambiguity equal to the period
of the sine wave being used. The phase-modulation method of TM is,
therefore, most often used in high-precision double-scale systems, in
which a less precise t-m circuit (usually a sawtooth and comparator)
selects the correct cycle of the phase-modulated sine wave and thereby
removes the ambiguity. In this way unknown time intervals, under
proper circumstances, can be measured \tiith an accuracy of better than
10 parts per million. This accuracy is possible because, although the
phase-shifting element may contribute a cyclic error of 0.1 or 0.2 per
cent of the period of the sine wave, this error, being cyclic, is not cumu-
lative. The only cumulative error is the frequency error of the oscillator
that supplies the sine waves. The error in properly designed crystal-
controlled oscillators can be kept well be] ow 10 parts per million.

The presence of the cyclic error is, however, a serious drawback for
some purposes. Circuits of this sort are commonly used in radar when
very good absolute range accuracy is required even out to large ranges.
When rapidly moving targets are tracked with such circuits, however, the
cyclic error in the phase-shifter makes the rate data uneven, and great
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pains must be taken to filter out the unwanted fluctuations, often with a
serious loss in ability to follow target accelerations. Both the sawtooth
and propagation velocity methods are free from this defect. The phase-
modulation method is also restricted to rather low modulating frequencies
since the control is by means of a shaft with sufficient inertia to filter out
all high frequencies.

The problem of deriving t-m pulses, if they are desired, from the phase-
modulated sine waves is essentially a problem in amplitude comparison
with special emphasis on the stability of comparison to keep the point of
the sine wave at which the pulse is formed as constant as possible. The
basic methods are given in.Chap. 9. Practical examples of these methods
will be found throughout Chaps. 5, 6, 7, 9, and 11 of Vol. 20 of this series.

An important property of these phase-modulators, to which some
attention should be given, is their
behavior with pulsed sine waves.

A sin d

The point here is that the discon-
tinuity in the envelope of the sine A k
wave can produce in the phase-
shifted output a very undesirable ‘A C05U1

*

8—- A CO.Sfit
additive ~transient. Most of the
phase-modulators to be described
below require polyphase sine-wave EOti
inputs; the problem of designing L
pulsed polyphase sources without ‘A sintot

transients for phase-modulators is FIG.13.17.—Schematicdiagramof thephase-
shiftingpotentiometer.

discussed in Chap. 4, and in this
chapter it will be assumed that the input sine waves come from
such sources. In cases where the transients may arise in the phase-
modulator itself, methods for reducing them will be given in this chapter,

13.14. Phase-modulating Potentiometer.-An economical, though
not very accurate, method is provided by the phase-shifting potentio-
meter shown in Fig. 13~17. If the potentiometer is linear, the output in

thefi’stquadrantis:A[’sin~’+6-‘)cosd ‘husth
angle of the output is defined in the first quadrant by

tan -# = 2fl/(T – 20).

It is therefore seen that the phase shift is not truly linear with respect to
the shaft rotation of the potentiometer. Actually, if o is plotted against
0, a curve like that of Fig. 13.18 will be obtained. The greatest error
will be found when o differs from 0°, 90°, 180”, or 270” by 21.5°, (not
22.5°) and at these points the error amounts to about 4°, or about 1.1
per cent of the full 360°. The amplitude of the output, in the first
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/ -10 20

()
quadrant, is A ~ 1 + ; ; – 1 If the output amplitude is plotted

against 6, a curve like that of Fig, 13.19 will result.
From the preceding material two main disadvantages appear: the

linearity is good to only +1.1 per cent, and the output amplitude is far
from constant. “ Both if these faults
can be reduced by increasing the

A.

————_________ number of inputs (to 8, for example)
and using an 8-phase source of sine

.————————— waves. Also the nonlinearity in
the phase shift can be removed com-
pletely by deliberately inserting the
correct nonlinearity into the poten-

/ tiometer winding. Another dis--——
advantage is the limitation on life

;
inherent in all sliding-contact de-

90 180 270 360 vices. The method has, however,
0 indegrees the great advantage of economy

FIG. 13.1S.—The departure from linear-
ity in the variation of phase shift @ with because the necessary driving cir-

shaft rotation Oin the potentiometer phase cuit is very simple, because it intro-
shifter of Fig. 13.17.

duces little attenuation, and because

it can be used with pulsed sine waves, provided that a suitable source of
pulsed polyphase inputs exists. Figure 13.20 shows a typical practical
circuit of this type. The 150 pyf condensers and 3.3 k resistors are the
phase-splitting network to provide the 4-phase inputs.

13.15. Phase-shifting Condensers. —Considerably better accuracy
than with the phase-shifting po-
tentiometer can be obtained with
the phase-shifting condensers to
be described here, which can set
up a rotating electrostatic field
and pick off a phase-shifted signal
from it with an error as small as
*+”. Two types of condenser
have been developed, differing in
the number of inputs.

The 4-phase condenser, which
may be represented schematically
in either of the ways shown in Fig.

Output amplitude

k

~ --- --- --- —----

‘/m

1’;– –;- -:- -;--

I I I I I
I I I
1 I +

0 9’0 180 2;0 360
0 m degrees

FIG. 13. 19.—The departure from constant
amplitude with shaft rotation O in the
potentiometer phase shifter of Fig. 13.17.

13.21, consists of four variable condensers, each one of which has one
plate in common with the others and one plate free to accept one phase
of the 4-phase sine wave input. Let the input to C, be A sin d, that to
Cz be –A cos d, that to CS be –A sin d, and that to C4 be A cos d.
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+270v

0.01
(I 1(

6AC7 150 ; = 30 k
Wf,

,

560 k 3.3k
0.01

EOut

——
FIG. 13-20.—Practical circuit using a phase-shifting potentiometer.

-’4%
.-q

-:,:tq,out‘,?t\c
—

FIG. 13.21.—Equivalent schematic representations for a 4-phase phase-shifting condenser.

Also suppose that the capacities areso arranged that they aresinefunc-

tionsof some shaft rotation O as follows:

C,= D+ Gcos O
C,= D+ Gsin O
C,= D–GCOSO
C4=D– Gsin O,

where D and G are positive constants (D > G). Then it can be shown

that
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Ec.m,=
2AG

sin (d – 0). (1)
4D + ~~

Thus the phase-shifting condenser gives constant output amplitude
and perfect linearity of phase shift.

The 3-phase condenser is shown in Fig. 13.22. If Cl = D + G cos 0,
Cz = D + G cos (8 + 1200), and Ct = D + G cos (tJ+ 2400), and if the
inputs are respectively A sin@ A sin (d + 120°), and A sin (d + 2400),
it can be shown that

‘0”’= @~b)sin(”’ - ‘)”

(2)

Constant output amplitude and perfect linearity of phase shift are again
obtained. Notice that with either type of condenser, even when Z is

A sinat

i

T‘s’”(”’+2409>‘k’”(”’+’”o’
kz EOti

F1~. 13.22.—Schematic representation of a
3-phase phase-shifting condenser.

infinite, the output is attenuated
from the input by a factor 2D/G,
a quantity that can never be smaller
than 2, since D > G.

Phase-shifting condensers have
been constructed mainly in three
ways. (For details of construction,
see Vol. 17, Chap. 9, this series.)
The Cardwell KS-8533 resembles
very closely the ordinary variable
air condenser, except that there are
two sets of movable plates and four
sets of stationary ones, and these

plates are shaped and placed in such a way as to give the proper sinusoidal

variation in capacity with shaft rotation. Its main disadvantages are its

bulk, the lack of shielding for the output, and the large values of the

capacities, which make it difficult to drive. No 3-phase condenser of

this type is available.

A much more compact method of construction is embodied in the

Western Electric D-150734 4-phase condenser and the similar 3-phaae

condenser manufactured by the P. J. Nilsen Company, Oak Park,

Illinois. Here the input plates are the sectors of a circle and the output

plate is another circle, parallel to the first and displaced from it by a small

distance. Between the two circles is a slab of dielectric (micalex),

mounted on a shaft which lies along the axis of the circles and shaped in

such a way that the capacities from the sectors of the upper circle to

the lower circle are the desired functions of 0, the angular position of the
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shaft. The proper shape for the micalex rotor is given by the polar
equation P2 = A + B COSO, but for reasons which will be given later,

the 4-phase condenser can use an off-center circular rotor without serious
loss in accuracy.

A third method of construction, used in both 3-phase and 4-phase
condensers now under development, uses a metal instead of a micalex
rotor, which itself serves as the output plate. This arrangement results
in an increase of the ratio of G to D and a consequent reduction in the
attenuation.

Finally, a fourth method that shows promise is to use two concentric
metal cylinders, the outer one of which is cut along lines parallel with the
axis to form the three or four input plates, while the inner one, which
can be rotated about its own axis, and which will serve as the output plate,
is a truncated cylinder to provide the sinusoidal variation of capacit ante.

The error in phase shift cannot be held to *“ unless considerable care
is taken to provide inputs to the condenser accurately equal in amplitude
and exactly 90° or 120° apart in phase. The 4-phase condenser thus
requires six independent adjustments; the 3-phase condenser requires
four.

One very simple method for performing the adjustment depends upon
the fact 1 that, provided the condenser itself is perfectly made, the cor-
rect settings of amplitudes and phases will be those for which the ampli-
tude of the output is independent of 0. The method is to display E.., on
an oscilloscope and adjust the inputs until the envelope of E..t shows no
amplitude modulation when the rotor of the condenser is spun. This
method is apparently suitable for use with either 3- or 4-phase condensers.

Somewhat better accuracy can be obtained by another method which
can be applied only with 3-phase condensers. If the micalex rotor is
removed from the condenser, and if the amplitudes of the three inputs
have been made exactly equal with the aid of a voltmeter or oscilloscope,
then the correct phase adjustments for the inputs will clearly be those
for which there is zero output from the condenser. The possibility of
using this method is the chief advantage of the 3-phase over the 4-phase
condenser.

Of interest to the reader may be a careful theoretical studyz of the
errors in the 4-phase condenser. The errors studied arise from the follow-
ing causes: inequality of the input amplitudes; failure to have the inputs
exactly 90° apart in phase; presence of harmonics in the input signais;
transients produced in the polyphase source and in the condenser itself
when the sine waves are pulsed; and departures from a true sinusoidal

1The author has never seen this statement proved.
z See G. R. Gamertsfelder, “Errors in the Condenser Type Continuous Phase

Shifter,” RL Report No. 633, Dec. 6, 1944.
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variation of the capacities with 8. In connection with this source of
error, it is shown that if the capacity is expressed in terms of 0, 20, 38,
etc. by a Fourier series, then no errors will arise from the terms in 26,
40, 60, etc. This is not true with the 3-phase condenser; hence, an oiT-
center circular rotor can be used inthe4-phase condenser in place of the
special rotor which must be used in the 3-phase condenser.

In Eqs. (1) and (2) it is seen that the amplitude of the output E.., is

attenuated from the amplitude A of the input by a factor of (4D+lh)

for the 4-phase condenser and 2(3D+i:z) forthes_phasec~enser
2G

In general, Z will be made up of the output-capacity C’ of the phase-
shifting condenser, the input capacity C of the next stage, and the input
resistance R of the next stage, all in parallel, Hence,

z=
1

[
# +ju(c + c’)

1’

(4D+C+C’+~
and the attenuation factors can be written as

yoR )
2G

(6D+2C+2C’+~
and

IUR )
3G

, respectively. If C were O and R were

m, then in the case of the D-150734 4-phase condenser, the attenuation
factor would be 12.5 since D = 1.5 ppf, C’ = 12.7 ppf, and G = 0.75 ~~f.
Actually, of course, both C and R have finite values, so that the attenua-
tion is greater. The presence of the term l/juR is ‘especially bad at the
lower frequencies, as is clearly illustrated in Fig. 13.23, in which the
attenuation in the D-150734 4-phase condenser is plotted as a function
of frequency for R = 107 ohms, C = 1 p~f, and for R = 106 ohms,
C = 11 WLf. The very rapid increase of attenuation at low frequencies

should be noted. Fortunately there is no need to extend the useful

range of frequencies below 10 to 15 kc/see, since the synchro phase-

shifters are satisfactory below those frequencies.
Practical examples of the use of phase-shifting condensers will be

found in several chapters of Vol. 20, especially Chaps. 6 and 11. Figure
11.21 in that volume is of special interest, since it demonstrates recent
techniques for the production of pulsed sine wave for the condenser
inputs. Reference should also be made to Chap. 4 of this volume.
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13.16. Synchro Phase-modulators.-Precision synchros probably
offer the highest accuracy possible, the errors in certain of these instru-
ments being only about 10 minutes of arc (for details see Vol. 17, Chap.
10). Theyalso makepossible the
accurate phase-shifting of sine
waves in the frequency range be-
low 15 to 20 kc, where the phase-
shifting condenser is unsuitable.

Synchros may be used for
phase-modulating in either of two
ways. One method depends upon
the establishment of a rotating
field and is quite analogous to the
potentiometer and condenser
methods. As is shown in Fig.
13.24, two inputs of equal ampli-
tude but 90° out of phase are placed
on the stators to produce the

100 l(ioo lo,boo NiO,ooo
Frsquensy (cycks/sac)

FIG. 13.23.—Attenuation vs. frequency
in the D-150734 4-phase condenser, plotted
for two input impedances to the following
stage.

rotating field, which is picked off with the rotor. The voltage induced in

the rotor is Ml $ + M~ ~, where Ml = M cos 6, Mz = M sin O, il = 10

sin d, and i2 = 1. cos d. Thus the output from the rotor is MJ.

Continuous: il= 10 sin sdt

‘l-’l=-

(@rivative of this is: -)

FIG, 13.24.—Rotating field method for phase-shifting with a synchro. Notice the
form of the input current waveforms necessary for transientless operation under pulsed
Condltiozm.

cos (at + 0), and it is seen to be constant in amplitude and linearly
phase-shifted,

The problem of operating a synchro with pulsed sine waves is solved
by using pulsed current waveforms of the forms shown in the figure.
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The voltages induced in the rotor are the derivatives of these currents
and will, as it is shown in the figure, have no transient. Reference
should be made to Sec. 4“18 for a practical circuit that can be used to

i=lo sin cot

FIG. 13,25.—Resolution method for phase-
shifting with a synchro.

supply the stators with these cur-
rents. The rotor should be made to
work into a high impedance, espe-
cially under pulsed conditions, be-
cause the current in the rotor will
produce a transient if it is not small.

The other method is illustrated in
Fig. 1325. Here a single sine wave
1. sin d k fed into the rotor, and
across the stators appear two waves,
El = Mu1O cos tit cos o and
E, = Mo1. cos d sin .9. The RC-
network, where RuC = 1, simulta-
neously shifts the phases of these

two waves +45° and – 45° respectively and adds them, yielding as output

E– ~ sin (d + O + 450).
0“’ - &

Thus this circuit is also seen to provide constant output amplitude and

Wien bridge oscillator

+250v

0.0033 =.
100 k

47 k

0.0033

47k; ;

Phase shilted
sine waves

Fm. 13.26.—Practical synchro phase-shifting circuit (resolution method) for continuous
1 kc sine waves.

linear phase shift. Figure 13.26 shows a practical circuit of this sort for

1000 cycle sine waves, using a Bendix AY 120D synchro.
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This latter method, which may be called the resolution method to
distinguish it from the rotating-field method, is very much the simpler
and more reliable of the two, since it requires only one input current of
arbitrary amplitude, whereas the rotating-field method will give errone-
ous phase-shifting unless both inputs are of equal amplitude and exactly
90°0ut of phase. A disadvantage, however, of theresolution method is
its behavior with pulsed sine waves. The difficulty lies not in the syn-
chro, since El and Ez can be made transientless by using the proper cur-
rent waveform for the input, but in the RC-network, which, as is shown in
Sec. 4.16, produces an additive transient with a time-constant RC = I/u.
The transient is, therefore, rather short-lived, decaying to less than e–a
of its initial value after one cycle of the sine wave, but for some purposes

it may still prove troublesome. 1
Lining up the circuit involves, for the rotating field method, the

adjustment of one amplitude and one phase; for the resolution method,
an adjustment of either R or C to make RwC = 1. In either case, the
rotor-spinning technique described in the preceding section is accurate
enough to make errors smaller than ~ ~“ with high-quality synchros.

Because their internal impedance rises with frequency, synchros

become less useful at high frequencies very much as condensers become
less useful at low frequencies. Below about 1$20 kc/see, iron-core
synchros are perfectly satisfactory; air-core synchros can be used at much
higher frequencies.

STORAGE-TUBE METHOD

13.17. Storage Tubes.—In a storage tube (see Chap. 21) a signal can
be stored at any instant on that point of the tube face where the electron
beam is then directed, and it can be picked up again at any later time by
bringing the electron beam back to that same point. Thus, it is clear
that the storage tube, unlike the electrical or acoustical delay line, has
no time base inherently associated with it, and that any such time base

must be applied externally by the deflection plates. This has the dis-

advantage of complexity but the advantage of permitting greater

flexibility.

Time modulation with a storage tube thus depends upon varying the

time interval between successive sweeps; and, as implied above, this in
1It has been pointed out that the transient can be removed by negative feedback.

If the point between R and C is placed on the grid of a high-gain tube, the plate of
which is fed back to the grid, then the grid will be a virtual ground (see Chap. 2) and
at the plat> wih appear a transientless phase-modulated wave. The impedance
placed between the plate and grid of the tube should probably be a parallel R, C,,
where Rl@l = 1, since such an impedance will leave the phase of the output wave
the same (though inverted) as without feedback. It is probably necessaryto drive
the rotor with a current waveform like that on stator 2 of Fig. 13.24.
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turn reduces to varying the time interval between twice impressing the
same waveforms on the deflecting plates or coils of the tube. Figure

13.27 illustrates this procedure for
Deflatingvo~ge a storage tube with a linear sweep.

The upper waveform is the volt-
~~ored ~k~al age applied to the defl ection plates,

. .
h Picked-upsignal the middle waveform is the one

FIG. 13.27.—L7se of a storage tube to perform that k to be stored, and the bet-
T .M upon an arbitrary waveform. torn waveform is the one that is

picked up from the tube fac~that is, the t-m output. More complex
deflecting waveforms might, of course, be used t o make more efficient use
of the tube-face area.

Time modulation of a unique sort can be carried out bv varying not
the interval between sweeps but
the sweep speed. Figure 1328

‘~$~~~g~ A _/’l._
illustrates the waveforms that will

Picked-up
be picked up when different sweep ‘{gna’ _f——— A A
speeds are used. This method is FIG. 13.2S.—The type of TM obtained
the only one available for TM of with a storage tube w-hen the sweep speed is

this sort, except in the case of ‘ari~”
certain special waveforms, such as rectangles. It may, of course, be com-
bined with variations of the time interval between sweeps to give very
complex forms of TM,



CHAPTER 14

AMPLITUDE AND TIME DEMODULATION

~Y &IT~ON @.kNC13

14.1. Introduction.-Demodulation of radio waves for communica-
tion purposes is discussed in a number of standard texts. 1 The emphasis
of this chapter is upon methods for the demodulation of pulse trains of
extremely low duty ratio (about 0.1 per cent), A number of specialized
detector circuits give extremely rapid response to the value of the input
pulse and maintain this output constant over a much longer interval
than the usual type of detector of equally rapid response. These detector
circuits are extremely efiicient for demodulating pulse trains representing
d~tance and angular information in radar systems. Also their rapid
response makes these circuits extremely useful in the demodulation of
amplitude-modulated waves in which the signal frequency is comparable
to the carrier frequency.

The methods for the demodulation of signal information impressed
upon a pulse carrier by means of time modulation are also presented in
thk chzpter. Some of the methods are very similar to those used in
amplitude demodulation in that the time-modulated cmriers are first
converted into amplitude-modulated carriers. In other cases a detector
responsive to the area of the input Eignal is employed. The discussion
of methods for converting time-modulated pulse trains into waveforms
of variable amplitllde or area is given in Sec. 14”7. The most. useful
methods of time demodulation depend upon negative-feedback systems
employing time modulation, time discriminators, and control. An intro-
ductory discussion is given in this chapter, and the full discussion of
practical syste,ms is presented in Chaps. 8 and 9, Vol. 20, of this series.

In amplitude demodulation, peak detection is emphasized, whereas
in time demodulation, area detection is commonly used. Since ordinary
detector circuits are readily converted from peak to amplitude detectors
by the mere addition of a resistance, the basic circuits w~ll be discussed
without regard to their specialization for amplitude and time demodula-
tion, although desirable properties for either purpose will be pointed out
in the course of the discussion.

The demodulation of amplitude-modulated waves, obtained from
I F. E. Ternum, Radio E%zgineers’ Handbook, hIcGraw-HiU, IVew York, 1943,

SW. 7.
501
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bidirectional modulators, requires phase-sensitive detectors or phase
discriminators. These circuits are similar to those used for time dis-
crimination but usually are supplied with sinusoidal switching waveforms
and may have a narrow bandwidth. The phase-sensitive detection of
amplitude-modulated sinusoids obtained from the electromechanical
amplitude modulators of Chap. 12 is also treated.

In those systems where output is required as a shaft rotation, a
negative-feedback demodulator employing a servomechanism may be
used. A complete discussion of electronic servomechanisms is given in
Vol. 21, Part II, of the Series.

Often the cathode-ray-tube display is used as a part of a negative-
feedback demodulator including a manually operated tracking system.
Such use of these displays is fully presented in Vol. 20, Chap. 7, and in
vol. 22.

14.2. Types of Amplitude Demodulation.-Depending upon the
intent, an amplitude demodulator may be made to indicate a number of

Fm. 14.1.—Illustration of various types of demodulation. Peak detection is illustrated
in (a) and is obtained, for example, by a vacuum-tube voltmeter. Detection obtained
from a short-time-constant peak detector is shown in (b). The output that would be
obtained from an average detector is shown in (c), and (d) represents the output of a long-
time-constant average detector, while (e) represents phase-sensitive demodulation by the
switch circuits of Sees. 14.4 and 14.5.

completely different values for a given modulated carrier. An example
of this is shown in Fig. 14.1 which indicates an amplitude-modulated
carrier obtained from a bidirectional modulator.

If, for example, a peak vacuum-tube voltmeter having a time constant
of several seconds is employed, an output corresponding to the peaks
of the amplitude-modulated wave is obtained as indicated by curve a.
But if the time constant of the peak detector is shorter, the envelope
of the amplitude-modulated wave is obtained as indicated by curve b;
this is called “short-time-constant peak detection. ” If an average
detector is used, its output represents the mean value of the positive
excursions of the modulated carrier as shown in curve c. The output
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of this detector smoothed over a time long compared with the amplitude
modulation gives output d, which is representative of the peak value
of the mean or unmodulated carrier.

The bulk of the important information has been missed by these
demodulators because they are not phase-sensitive and do not respond
to the change of sign of the modulating signal which occurs when the
amplitude of the modulated carrier passes through zero. The output
of a phase-sensitive demodulator gives curve e, which, instead of going
to zero and rising again, passes through zero and reverses sign in accord-
ance with the modulated signal.

Peak vacuum-tube voltmeters, audio detectors, and AGC detectors
for communication have been treated extensively elsewhere. 1 No
attempt will be made to emphasize properties of detector circuits special-
ized for those purposes.

14.3. hpliiude Selectors. Half-wave Diode Peak Detector-Uni-
directional Operation.—The series diode peak detector (shown in Fig. 14-2)
consists of diode” VI and output circuit R ~C1. The following remarks also

FJ~. 14,2.—A half-wave peak detector for unidirectional operation employing a diode
amplitude selector and a resistance-capacitance output circuit. The waveform diagram
Shows that the conduction interval AT of the amplitude selector is short compared with
the carrier repetition interval T. The fractional carrier content of the output voltage in
the absence of modulation is approximately T/RIC, provided (RO•FRd) C, << AT.

apply to the shunt diode detector. Under ideal conditions, diode VI is
operating essentially as .an amplitude selector (see Sec. 9.3). For exam-
ple, if the diode impedance is small compared with that of the output
circuit R ICI, the output potential will rapidly assume the peak value
of the input voltage. Providing the product RIC, is long compared
with the carrier period, the output will be maintained at the peak value
of the last cycle of the modulated carrier. Because of this property, the
detector Qutpl~! circuits are often termed “memory circuits.” The oper-
ation of diode VI on the next positive cycle of the modulated carrier
depends upon the relative potentials of the modulated carrier and the

I F. E. Terraan, Radio Engineers’ Handbook, McGraw-HiU, New York, 1943,
Ssc. 7.



504 AMPLITUDE AND TIME DEMODULATION [SEC. 14.3

voltage on the output circuit RIC1. The diode is therefore operating

essentially as an amplitude selector; it selectsportions of the modulated
carrier that exceed the output potential and increases the output
potential until it equals the peak value of the modulated carrier. Thus,
the discussion of Chaps. 3 and 9 concerned with the broken-line character-
istic of thermionic vacuum tubes and contact rectifiers applies here.
Linear and stable operation is obtained only when the peak value of the
modulated carrier exceeds 10 or 20 volts and is preferably of about 100 or

200 volts. An important distinction from the discussion of Chap. 9 is,

however, that the forward resistance of the amplitude selector should be
a minimum, and therefore low-resistance thermionic diodes such as type
6AL5 or germanium crystals are recommended in order that large values
of Cl may be charged rapidly. The latter, however, are not suitable for
large output voltages because of the decrease of their back resistance.

The unidirectional characteristic of the simple diode detector necessi-

tates discharging the output circuit at a rate exceeding the maximum rate

of decrease of the modulated signal in order that none of the modulating

information be lost, and thereby determines the choice of RIC1 (Fig. 14.2).

If 2’ is the carrier repetition interval and is small compared with RICI, the

dkcharge may be considered linear; its rate is A/R, Cl, where A is the
modulated carrier amplitude.

A more exact formula has been derived for a sinusoidal modulating
signal: 1

(1)

where u is the angular frequent y of the modulating signal, R ICI the time

constant of the detector circuit, and m the degree of modulation.
The effect of an unfortunate choice of output time constants is indi-

cated in Fig. 14.3a. A more appropriate choice of time constant is

indicated in Fig. 14.3b, but considerable distortion is still apparent.
The use of a short-time-constant peak detector leads to a large ampli-

tude of the carrier in the output which, for a number of applications, is

undesirable. For an unmodulated sinusoidal carrier, the fractional

carrier content is simply expressed by the formula T/mRICl where T is

the carrier-repetition interval. It is assumed that the conduction time

of the detector is negligible compared with T and, for diodes of reasonably
low resistance, this is a valid assumption.

The operation of the short-time-constant peak detectors may be

unsatisfa !.tory in the presence of noise and interference. If, for exam-
ple, it is desired to demodulate the rectangular waveform of Fig. 14.4a

by means of a short-time-constant detector, the three superimposed

I F. E. Terman, Radio ,Tngz’neering,2d ed., McGraw-Hill, New York, 1937.
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interfering pulses will have undesired prominence in the output. More

satisfactory operatianis indicated in Fig. 14.4 b wheresufficient resistance

is added to make the charge and discharge time constants roughly equal.

Although there is considerable delay in the response to the rectangular

pulse in the output, the effect of interference is considerably reduced.

(a) (b)

FIG. 14.3.—Effeot of time constant upon detector response. Fig. 14.3a indicates the
response of a diode detector and a resistance-capacitance output circuit to a pulse train
modulated with a rapidly varying signal. The longtime constant resultsin anearlycom-
plete loss of the signal information. Fig. 14.3b represents detection with a shorter time
constant and improved fidelity. The ratio of the two time constantsis3 to 1. The WaVO-

forms are displayed on a sweep of duration of 12,usec,

Thus the possibility of a large interfering signal charging the output

voltage to such a high value that much of the subsequent modulation

would be lost is avoided. 1

The efficiency and simplicity of the simple peak detector under cer-

tain conditions must not be underestimated. lf the input waveform is

similar to the transient response of the detector, the carrier content is
much less than that indicated previously for a steady signal, and response
time is very small as indicated in Fig. 14.5. The first portion of the

1A discussion of the relative merits of various types of detectors in the presence of
interference is given in RL Report No. 833 hy R. S. Phillips.
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envelope of the modulated wave is a transient with exponential decay,
and the detector output shown in Fig. 14.5bhas zero carrier content. On
the other hand, there is appreciable carrier content in the response of this
detector to the subsequent linear rise of the modulated wave and con-

siderable delay and distortion in its response to the rapid fall of the
output.

The average current through the resistance-capacitance-coupling ne~
work may cause an error in precision detectors as indicated in Fig. 14.6.
The potential of point A may be reduced by the product RL. and

%.,

h
(A)

EOU,
R,

C2

iw
Rz

%
c, +

P

‘iI

R2 E
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i2
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T

C2

> 1 1 -

(a) (b)
Fm. 14.6.—Precision peak detector with high input impedance. The error due to the

average current through 1?, in (a) adds a voltage R,i.m This error is avoided by returning
R2 to point A as indicated in (b) which maintains the average potential of A at zero.

this voltage will add to the input voltage and give an error in the measure-
ment of the peak value of the input. Usually this difficulty is avoided
by the use of a transformer-coupled input to the dete;tor. But the use
of a special circuit connection, shown in Fig. 14.6, will avoid this difficulty
in resistance-capacitance-coupled circuits. The resistor of the output
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time constant is connected to point A instead of to ground, as it usually
is. The net current in R, is then zero and the error is avoided.

A practical circuit for the detection of a slowly varying push-pull

amplitude-modulated carrier is indicated in Fig. 14”7. Cathode follow-

ers VI and V2 are employed to avoid loading of the modulated carrier,

and the push-pull input is applied to the full-wave peak detector. The

steady voltage due to the quiescent current of the cathode follower is
removed by condenser Cl, which is much larger than (7Z; therefore, the
peak voltage of the input signal appears across the latter. -The charge of

+EPP

Push - pUll
inout

FIG. 147.-A push-pull detector emplo~ing the basic circuit of Fig. 14.6. For a carrier
frequency of 500 CPSthe following component values are used:

R, = R, = lM, R, = 3M, R, = O.l M “
cl = c, = 0.1 pf, c, = 0.01 pf
&.P = +300 v, EM = —100 V

Cl is shared with Cs, and C, gives additional filtering at the output. The
potential of point a is maintained at zero by the method indicated in the
previous figure.

If the output is connected to a high-impedance circuit, for example, a
cathode follower, the performance of this circuit is excellent, being linear
over a range of 5 to 100 volts to an accuracy of *O. 1 per cent. Operation
of the diodes V3 and VA at reduced cathode temperature is desirable to
minimize the drift.

The Cathode-follower Detector.—A considerable increase in the charging
current obtainable with a high-impedance signal is achieved through the
use of a cathode follower instead of a diode, as shown in Fig. 14.8. A
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typical cathode-follower circuit can charge a 200-~~f condenser in 1 or
2 ysec, even though the impedance of the modulated carrier is relatively
high.

As the circuit diagram indicates, the cathode potential of VI is
returned to a negative voltage. This connection applies equally well to
the diode detectors described previously and gives a constant rate of
decay of the output voltage independent of the amplitude of the input
signal. Therefore, less difficulty is encountered because of high rates of
decay at low signal amplitudes. Wliere accurate detection is required,
the nonlinearity of this detector for small signal voltages may offset

+

~

l.-~ ~---..—..—.——.
(a)

FIG. 14.8.—The cathode-follower de-
tector: For the particular waveform
shown, R, = 120 k, Ci = ,007 #f. The
carrier frequency is 7.6 kc/see.

the advantages obtained by imped-
ance changing. It is but slightly
more complicated to insert a diode
between a linear cathode follower
and the memory circuit to achieve
more linear and stable detection as
already shown in Fig. 14.7.

A Constant-output Detector with
Recycling.—Although the use of a
long-time-constant resistance-capac-
itance output circuit gives a constant
output voltage approximately equal
to the peak value of the input wave-
form, the response of the circuit to
decreases of input amplitude is often
inadequate and much information
may be lost (see Fig. 14.3). A much
more satisfactory solution to the
problem completely replaces the
exponential decay of the detector
output by an abrupt and intentional
reduction of the output voltage to

zero just before the next cycle of the carrier waveform is received. This
circuit and those depending upon the bidirectional switches described
in Sec. 14.5 are the most efficient types for pulse demodulation. They
have a number of advantages which may be summarized as follows:

1.

2.
3.

The detector output does not decay exponentially, but instead
remains constant and thus permits a large increase in signal volt-
age; for pulse circuits this may approach the reciprocal of the duty
ratio.
The carrier frequencies may be nearly eliminated from the output.
The output voltage is independent of the repetition frequency.
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The generalized circuit, shown in Fig. 14.9, indicates cathode-follower
detector VI charging Cz up to peak value of the input signal. Since
there is no intentional resistance shunted across C2, it should maintain
the peak value of the input signal with a time constant determined by
the leakage of the capacitor and heater-cathode leakage of V,. Just
previous to the next recurrence of the pulse carrier, a positive recycling
pulse (often called the “dunking” pulse) is applied to the control grid
of V2 in such a way that the potential of Ca is reduced almost to zero.
Immediately thereafter the next cycle of the input wave charges VI to
the new value of the modulating signal.

This circuit has several limitations in demodulating microsecond
pukes. The impedance of VI at zero bias is such that a condenser no

Modulated
carrier
input

c, output

1I

~
R,

=
FIG. 14,9.—The basic circuit of recycling detector.

larger ‘than 500 p~f can be charged in 1 psec. With usual values of
heater-cathode leakage, there may be as much as 5 per cent decay of the
output voltage at pulse-recurrence frequencies of 500 CPS. In addition,
the hum due to the heater-cathode leakage of VI may amount to 50 mv.

A considerable improvement upon this circuit and an example of a
general principle in pulse-amplitude demodulation is illustrated by Fig.
14.10. Tube VI is a cathode-follower detector with short-time-constant
network RK7z which may be easily charged to the peak value of the input
signal in 0.3 ~sec. The time constant of this circuit is sufficient to sus-
tain the peak value of the input wave for several microseconds and thus
to permit cathode-follower detector VZ to charge a condenser as large as
5000 ppf. The performance of this circuit is correspondingly better since
the decay of the output is less than 1 per cent at a pulse-recurrence
frequency of 500 cps. Likewise the hum level is less than 10 mv.

The double-time-constant detection illustrated by this circuit is of
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great value in pulse demodulation circuits. Its use in this connection is
indicated by examples in Sec. 14.5.

The carrier content of a constant-output circuit of this type may be
calculated on the assumption that the leakage resistance shunting CZ is
negligible and that the interval AZ’ from the beginning of the recycling
pulse to the beginning of the signal pulse is small compared with the
carrier repetition interval T. The fractional value of carrier content is

simply that of a pulse of duration AT at the carrier frequency: 2AT~T.

M@ulated
carrier input ●Eti

(
c,

0.01

R,
47k ‘ wDemodulated

l?~

:

-105V

~~j [~”.:
d-?. e.

i’~e----x
i “v”
IL. . .. .

“w”” I---- .. .. .. — ...d -1L. -—.—.. -.. . . . . -.—.——––.
(a) (b)

FIG. 14.10.—A double time-constant detector with recycling: The waveforms were
obtained with t}us cornpouent values inclic.nted on the circuit diagram, Figure 14.10G
shows the sinusoidal modulating signal at the input to a modulator and at the output of
the recycling detector. Figui-e 14.10b S11OW-Sthe recyrling pulse on the lower line and the
amplitude-modulated pulse on the upper line. The modulating frequency was 60 cps.
The sweep duration of Fig. 141 Obis roughly 12 psec. The carrier repetition frequency is
SooCps.

The phase shift of the output of this detector in terms of the signal
frequency is u~T/2, where mm,is the signal frequency. In other words,
the averaged output from a d~tector circuit of this type lags the signal
voltage by one-half f.he carrier period.

In contrast ~rith the operation of a detector circuit employing ex-
ponential decay, there is no preferred direction of operation for the
constant-out put detect m-, and the transient response is independent of
the sense of the rate of change of the modulating signal.

The performance of this circuit, although much more satisfactory
for pulse-amplitude demodulation than one using an exponential decay,
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still has definite drawbacks, since the carrier content is directly propor-
tional to the effective duration of the recycling pulse and is usually
removed by additional filtering.

In comparison with some of the switch circuits described in See,
14.5, this circuit has two fundamental weaknesses, An appropriate
timing of the recycling pulse requires a foreknowledge of the time of
occurrence of the signal pulse.
This may cause difficulty where the T,

signal pulse is time-modulated over
31

Signal

a large fraction of the repetition input

‘B

~

interval since the recycling pulse T2

must be similarly modulated in

3
Carrier

order to avoid a serious variation

of the interval At with consequent output

effects upon the carrier content. RI c1

The more serious difficulty with
this circuit is its”lack of time selec- FIG. 14.1l. —Unbalanced phase-sensi-

tive detector employing addition of signal
tivity; even though a puke must be ,nd ~~rrier
applied to the circuit for recycling,
no benefits of time selectivity are obtained as in the switch circuits.
Since the recycling detector requires as many components as these switch
circuits, there is little to recommend its use in place of a switch circuit.

14.4. Phase-sensitive Detectors.—This class of detector circuits is
used to demodulate waveforms obtained from the bidirectional modula-
tors of Chaps. 11 and 12. Phase selectivity may be obtained by direct

31:yll

311Carrlar
input

RI
“w

FIG. 14.1 Z.—Unbalanced phase-sensitive detector employing additional diode to give
a bidirectional output: The waveform diagram indicates the output at points A and B,
and the carrier at C.

addition of modulated carrier and unmodulated carrier followed by
amplitude selection (see Fig. 10.1). In general, the circuits to be
described are employed only with sinusoidal carriers, and the switch
detectors discussed in Sec. 14”5 are suitable for use with rectangular
carrier waveforms. Like the circuits of amplitude modulators, these
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circuits may be balanced or unbalanced, depending upon whether a push-
pull input is employed.

Figures 14.11 and 11.12 illustrate two forms of phase detectors depend-
ing upon the addition of the modulated and unmodulated carrier followed

Mcdulated
signal

, input,

T, U

T2

3“a<~
Carrier

A Push.pull B
output

c,
R, Rz

c~

*
FI~. 14.13.—-C&riebalanceded half-wave

phase-sensitive detector: The sin~le-ended
carrier and push-pull signal are added to give
push-pull output between A and B.

by amplitude selection. Figure
14.12 shows a subsidiary diode
rectifying the carrier in order to
obtain a differential output which
is balanced with respect to varia-
tions of carrier amplitude. The
circuit is not, however, a balanced
demodulator.

Carrier-balanced Half-wave
Phase-sensitive Demodulator .—The
circuit of Fig. 14.13 is identical in
operation to the carrier-balanced
half-wave modulator of Chap. 11,
Fig. 11.2. A single-ended carrier
is added to a push-pull input sig-

nal and the sum is amlied to the ulates of VI and V2. The addition of. .
these two voltages causes amplitude selection in VI and Vz on alternate
half cycles of the carrier wave, provided, of course, that the carrier wave-
form is large compared with the input signal. The sign of the output
voltage reverses with the sign of

the modulating signal.

Stability considerations are

rarely as important in detector

circuits as they are in low-level

modulator circuits since the am-

plification at the carrier frequency

may be made sufficient to give

sizable output voltages. There-

fore detectors employing double

triodes are much more popular.

Figure 14.14 shows an example

of a carrier and input signal added

En

R,

Mod

3

signal
Input

T ~

3 c

Carrier c, R,
input

T

in a transformer and applied to
—

FIG. 14.14.—Balancedtriode demodu-
the grids of a push-pull amplifier l~tor employing transformeraddition of

having resistance-capacitance net- ‘ign’l andcarrier”
works R ICI and RZCZin the plat e circuits. As is usual for proper amplitude
selection, the carrier is made large compared with the input signal which
is limited to the grid base of VI and Vz. Bias is obtained from R3C3.

In the demodulation of signals from systems in which no steady volt-
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age for plate supply may be available, such as synchrosj it is possible to
use the carrier for this purpose—for example, as shown in the phase-
sensitive demodulator of Fig.
14.15. A single-ended carrier is
applied to the plates of VI and
V,, and the push-pull signal input
is applied to the grids. The out-
put may be taken differentially
between the cathodes. Bias is
provided by R3C3.

Carrier-balanced Full-wave
Phase-sensitive Demodulators .-A
full-wave circuit which accepts as
input a push-pull modulated sig-
nal and gives push-pull output is
indicated in Fig. 14.16. Its oper-
ation is similar to the full-wave
balanced modulator described in
Fig. 11.16.

14.5. Demodulators Employ-
ing Switching.-Time selectivity

T,

Modulated

~

— output — t

RI =c1 C2S: R2

T T

1 I 1
-L=

FIG. 14.15,—Balanced triode demodulator
in which a single-ended carrier is apphed to
the plates and a push-pull signal is applied
to the grids.

in detector circuits is obtained from a carrier-operated switch. There are
a number of advantages of operation of this type. The rejection of
unwanted interference is accomplished, and this is of special importance

Modulated
signal

—Carrier z

-z cl

Demodulated output
Fw.. 14. 16.—Carrier-balanced full-wave diode detector.

in demodulating an amplitude-modulated pulse train where the spacing

between the desired pulses is large compared with the carrier-repetition

interval. The most important advantage of the two-way switch detector
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is the possibilityy of employing a constant-output circuit—a subject
discussed in the next section.

Switch detectors are also time- or phase-sensitive since the output

may represent the overlap of signal and selector pulse. In Fig. 14.17 the

time of occurrence of the input signal shown on the first line is modulated

FIG. 14.17.—The use of time selection for
conversion of a time-modulated pulse indi-
cated on the first line, to a duration-modu-
lation pulse indicated on the third line, by a
selector pulse indicated on the second line.

with respect to the selector pulse
shown on the second line, and the
selected output is shown on the
third line. The maximum range
of input modulation that can be
linearly demodulated is limited to
the duration of the signal pulse.
Demodulation of this signal re-
quires a detector time constant
long enough to give average, in-
stead of peak, detection. Meth-
ods for converting various wave
trains into pulses of variable
amplitude are given in Sec. 14.7.

Half-wave Unidirectional Switch. -Figure 14.18 shows a simple circuit
based on the half-wave diode switch discussed in Sec. 10.3. In this
case the positive excursions of the carrier connect the modulated
input to the resistance-capacitance network R ICI, and the capaci-
tance charges up to the peak value of the input signal. During
the interval between positive ex-
cursions of the carrier waveform,
the output decays exponentially.
The circuit is, therefore, similar
to the half-wave diode except that
time selectivityy is obtained. The
circuit is phase-sensitive to unidi-
rectional modulated signals but the
output does not pass through zero.

This switching technique ap-
plied to the ordinary differential
amplifier makes an excellent
phase-sensitive differential detec-
tor as shown in Fig. 14.19. Posi-

Modulated
Input J

66

v~

C*

x::;$ +
Demodulated

R2 RI c1
output

—— Ekk

FIG. 14. 18.—Half-wave unidirectional switch

tive values of the carrier raise the cathode above the maximum excur-
sion of the grid potential and cause complete cutoff in both VC and
VS. Negative excursions of the carrier wave leave the differential
amplifier operating under the ordinary conditions, and a potential is
accumulated upon C, and C,. The output is taken differentially between
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the two condensers and represents phase-sensitive demodulation, the
polarity of which reverses with the sign of the modulating signal. This
detector is useful in servomechanisms where the modulated signal from

EPV

c,= z

Carrier
input signal

>1--/

R~

FI& 14.19.—Phase-sensitive detector employing diode swit ch VI.

synchros and other devices is available, and detection at relatively high
level is possible. Another advantage of this circuit is, of course, that
some gain is obtained in the phase detector.

A cathode followerl may be used in place of the diode, as shown in

+250 V

100 k
RI

V

RS

R4

Fm. 14.20.—Phaae-sensitive detector employing cathode-follower switch Vz. The signal
is balanced with respect to ground.

the circuit of Fig. 14.20, and the following performance is obtained for
the component values shown. In the demodulation of a 400-cycle carrier,

1H. S. Sach, A. A. Oliner, “An AC-voltage Equalizer and Phase Detector,”
NDRC 14-513,CornellUniversity.
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the gain is approximately 35 (in terms of rms input and d-c output),
and the operation is independent of amplitude of the carrier wave in
excess of that required to cut off VI and Vz by conduction of V3—roughly
12 volts rms. For a limited number of type 6SL7, the reported effect of
tube change and the drift of an average tube is 20 mv, and the reported
effect of a 10 per cent heater-voltage variation is 3 mv, each voltage
expressed in terms of equivalent shift in rms potential at the grids.
Results approaching these may be obtained for a larger number of tubes
by employing type 6SU7 (see Sec. 3.17).

Higher gain may be obtained by the circuit of Fig. 14.21 in which the
carrier voltage is connected to the suppressor grid of a pentode or multi-
grid switch.’ The gain is approximately 70 for type 6SJ7, 120 for type

+EPP+300 v

1 1 1 1

R2
Square-
wave 6SJ7carrier

0.1

lM

J, Input ~

signal

FIG. 14.21.—Phase-sensitive detector employing suppressor control of pentode switches
V, and VZ

6AS6. An advantage of type 6AS6 is that a 10- or 15-volt carrier is
sufficient, whereas a 40-volt carrier is required for type 6SJ7. Thus the
pentode detector has roughly 4 times the gain of the double-triode circuit
and requires no larger carrier signal. The reported stability is roughly
the same as that of the double triode if type 6SJ7 is used.

A pentode-switch detector circuit is shown in Fig. 14”22. This circuit
is often called a ‘‘ strobed diode. ” In the absence of a positive carrier
pulse there is no conduction of the pentode and, hence, no detection. A
positive carrier pulse causes conduction of V,, and the bottoming of the
plate causes Cl to be charged to the peak value of the input as the wave-
form diagrams indicate. The charge from Cl leaks through R, and Cl,
and after several cycles brings the latter to a potential proportional to
the peak value of the carrier. Excessive discharge of Cz during conduc-

1H. S. Sach et al,, “ Magnetic Amplifier, ” N“DRC 14-437, Cornell University.
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tion of VI is prevented by Rz. Thk circuit is much more often used as an

average detector by insertinga resistance in series with Cl.
Time selection and peak detection may be accomplished separately as

indicated in Fig, 1423. Tube Vlisamultigrid timeselector, forexample,

Carrier

(a)

(c)

Ekk

(b)

(4
FIG. 14.22.—Pentode-switch detector (strobed d,ode). Amplitude demodulation is

indicated in (a) and (b). The sinusoidal modulating signal is indicated on the upper line
of (a) and the output of the detector on the lower line. The amplitude-modulated pulse
is indicated on the upper line of (b) andthe selector pulse on the lower line. Time demodu-
lationis indicatedin (c) and (d). Onthe upper line of (c) is shown the sinusoidal modu-
latings,gnal and onthe lower line the demodulated output. On the upper line of (cl) is
shown the time-modulated signal and on the lower line the selector pulse.

type 6SA7, and Vz is a diode detector with an extremely high-impedance
time constant in order to give satisfactory operation with short pulses
at low duty ratios. I The separate diode detector has several advantages,
the most important being that the lack of cutoff of VI ivill not cause

1.4 complete report on this circuit is available: J. Kurshan and B. Rossi, “Analysis
of the 6SA7 Gated Amplifier,!’ NDRC 14-158, Cornell University.
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discharge of the output condenser Cc. Another advantage is that the
d-c level of the output may be set at any vahle desired by breaking the
circuit at point b and inserting an arbitrary voltage suitably bypassed to

+300V

(a) (b)

p-....S...”,--- ..%- ---- .-—r—m—”----- . . ..- .=

‘~
;,,-_-.fL-,..

(c) (d)
FIG. 14,23.—A multigrid-tube time selector and diode detector. This circuit is also

rmitabie far detecting the are~ cd overlap of time modulated and selector pulses. The
mavef orms in (a) show the ampiitude-modul ated PUIW Om the tOp line, and the selec~Or

PUIW on the bottom line: in (fI) are shOwn tile n~Odulating and output waveforms, In
(c) and (d) are shown similar waveforms for time mOd\d*tion.

gr~und. Also, either sense of output voltage is obtained by a shunt or
series d~ode connection. For the component values indicated, the
operation of the circuit is relatively independent of the impedance of Vl
and V% and gives relatively stable operation in spite of tube changes.
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The sensitivity, however, depends upon the pentode characteristics.

Furthermore, the requirements of this circuit for low heater-cathode

leakage in V* maybe difficult tomeetfor alarge number of tubes.

Half-wave Bidirectional Switch. —The two-way-switch circuits of
Sec. 10.3 permit a radical departure in detector operation that gives

6GUk EW=~250v

&

Modd:ty.1

>

R,
m

68G897
~ I.k,=

-105V

(b) (c)
Fm. 14.Z4.—Four-diode bidirectional-switch demodulator: The waveforms were taken

with the component values indicated in the circuit diagram. V, – V, ;6SN7. The
waveforms are displayed on a 1.2-msec eweep. Figure 14.24a shows, on the top line, an
irregular modulating signal applied to a 40 kc/see carrier. The second line shows the
detector output and the third line shows the switching waveform: its positive excursions
close the switch. Figures 14.24b and 14,24c show the response of the detector to a sinu-
soidally modulated signal obtained by bidirectional modulation, The modulated signal
is shown on the top line of Fig. 1424b, and tbe bottom line shows the detector output.
Figure 1424c shows, on the top line, the modulated carrier and on the bottom line the
detector output on a 120-psec sweep.

nearly complete elimination of the carrier content of a slowly varying

signal and an extremely good transient response.

When a bidirectional switch is employed, the memory circuit will be

connected to the input at the time of the pulses of the carr@ waveform

and will therefore be made to respond not only to the increase of the

signal amplitude as the one-way detector circuits do, but also to the

decrease of the signal amplitude. The only limitation of the time
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eonsiant of the memory circuit is, therefore, the ability of the switch to
make the output circuit respond to the signal voltage during the carrier
puke. When, for example, the excellent four-diode bidirectional-switch
circuit shown in Fig. 14-24 is used, unique operation in demodulation is
obtained, as the waveform diagrams indicate. Fig. 14.24a shows the
response of this detector circuit to a modulating signal that is varying
rapidly compared with the carrier frequency. The switch connects the
input to the memory circuit in synchronism with the carrier pulses. The
output waveform clearly indicates that the response of the circuit is
equally good for increases and decreases of the signal intensity, Further-
more, it shows that the output voltage remains nearly constant in the
interval between positive cycles of the carrier waveform. The 200- or
X3&ohm impedance of the diode bridge is sufficiently low to charge the

.__J!’

FIG. 14.25.—The response of a V<&%reo-
tiond switch with constant output to vari-
ations of the modulated signal occurring dur-
ing the carrier pulse. The top line ~how~
such a modulating signal, the next line the
outptit of a bidkectional detector, the third
the carrier pulse. The sweep duration is
12 ~sec.

output condenser adequately dur-
ing a fraction of the conducting

time of the switch (25 psec). The
charge accumulated on the net-
work R@l holds the switch open
in the absence of a carrier voltage.
The bias accumulated on this net-
work must, of course, exceed the
excursions of the output voltage;
otherwise, conduction of the
switch in the absence of a carrier
pulse will result in nonlinear
operztion.

The response of this circuit to
a modulated wave train obtained
from bidirectional modulation is

shown in Fig, 14.2M. The nearly complete absence of carrier voltage in

the output is sho?vn. The operation of the demodulator at phase reversal
of the input wave is shown on an expanded sweep in Fig. 14’24c.

When a rectangular carrier waveform and a conduction interval for
the switch less than the duration of the carrier pulse are used, the carrier
content of the output is negligible for a slowly varying signal. If, how-
ever, a sinusoidal carrier is used and the conduction interval of the switch
includes an appreciable portion of the curvature of the sinusoid, the

fractional value of carrier content is approximately& (A?’/T)’ for small

values of AT/T, which is small compared with that of the constant-
output circuit employing rcc ycling (see Sec. 1-!.3). But the phase shift
of the output in degrees of the signal frequency is the same: (~mT) /2
The two-way detector gives rapid response to the changes of sigmd
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voltage, but does not overload in the presence of noise and interference.
Although the output maybe charged toalarge value by a single noise
pulse, it will immediately recover on the next cycle of the carrier wave.

An interesting feature of the two-way detector is indicated by the
waveform diagram of ~g. 14.25 which shows an expanded view of the
response of the detector to a single carrier pulse. The detector output
shown in the second line clearly indicates the response to the decay of the
amplitude of a single pulse, and then the output remains constant until
the next carrier pulse. This constancy of output is of considerable value
in the demodulation of intermit-
tent data in which the wave shape
is significant and the signal-to-
noise ratio is high.

The ideal detector would, of
course, maintain the rate of change
of the signal voltage during the
interval between carrier pulses.
This operation is not readily ob-
tainable in electric circuits, al-
though operation of this type has
been approached in some types of
automatic time-measuring devices
(see Chaps. 8 and 9, Vol. 20 of
the Series). The characteristic
may, however, be readily and
simply obtained by manual de-
modulation methods employing
aided tracking on a much slower

R,
20 k

vi

R, Output
Modulatsd

signal c,

RS

v*

FIG, 1426.-The two-way diode-switch de-
tector. (Averaging type.)

time scale. These are briefly mentioned in Sec. 148 and are discussed in
more detail in Vol. X3, Sec. 7.15.

Demodulation with constant output may be obtained with any bidi-
rectional switch. Although the four-diode switch shown in Fig. 14.24 is
best suited for the demodulation of rapidly varying inputs, the four-
diode switch previously discussed as the “ Diamod” (Sec. 11.3) is also
satisfactory for demodulation of this type and is known to be relatively
stable. This circuit is shown in Fig. 14.26 as a series switch with square-
wave carrier and is nearly identical to that used in amplitude modulation.
A shunt connection of this switch is preferred for operation with a pulse
carrier.

The simfile two-diode switch and the double-triode switch (see Sees.
10.3 and 11.3) may also be used for demodulation of this type, and special
configurations are applicable depending upon the particular requirements.
It may be mentioned that the double-triode switch with both grids con-
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netted to a negative bias is a simpler circuit and may be useful in some
instances.

For the demodulation of short pulses recurring in a long interval, for
example, half-microsecond pulses occurring every 3000 ~sec, it is often
desirable to employ the same principles of double-time-constant detec-
tion that were mentioned in Sec. 14.3. The same circuit as that shown
in Fig. 14.10 is recommended except that the output of the cathode
follower V2 should drive a two- or preferably a four-diode-switch circuit
and the output circuits of Fig. 14.24. This circuit results in an extremely
efficient detection system and is considered definitely superior to that of
Fig. 14.10 because of the lower carrier content of the output. In a
particular case, response to the full value of the input signal is obtained

Input signal

I 4 *

FIG. 14.27.—A full-wave
bidirectional-switch de-
modulator employing a me-
chanical switch.

-.
in less than a microsecond, and the output can
be made to remain constant for several
milliseconds.

The constancy of output is, however, limited
by heater-cathode and capacitor leakage. This
difficulty may easily be avoided by a combina-
tion of several switch detectors, each having
progressively longer time constants and switch-
ing pulses. In this way the output may be
maintained constant until the reception of the
next signal pulse.

Full-wave Bidirectional-switch Demodulator.
The mechanical switches described in Sec. 11.3
may be employed as a phase-sensitive demodu-
lator for symmetrical square waves by using
the circuit connection shown in Fig. 14”27.

For one phase of the signal input, the output condenser is connected
to one terminal, and vice versa. The phase of the closure of the con-
tacts must, of course, be adjusted accurately to correspond to the
phase used in the modulation; the duration of the closure, however, must
be shorter than that used in modulation. Unfortunately, the precision
mechanical-switch modulators are unsuitable for output currents in
excess of a few milliamperes. The Western Electric mercury relay’ and

numerous mechanical vibrators made for power-supply service are more

suitable. The former has a high-impedance driving coil and can give

peak output currents of several amperes provided proper contact protec-

tion is employed. It has, however, one difficulty: the center arm con-

nects to both contacts on passing from one side to the other. Therefore,

full advantage of the low impedance of the switch may not be taken, and
1The type number of this relay is D 168479, and it is manufactured by the Western

Electric Co. It has a frwquency limit of roughly 100 CPS.
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a small resistor should be inserted in series with Cl to avoid discharge of
the output voltage.

Thecircuit of Fig. 14.28 represents a combination of twooft hehalf -
wave switches of Fig. 14.26 that gives a thermionic-switch demodulator
operating as the mechanical switch of Fig. 14”27.

A simplified circuit of fewer components is indicated in Fig. 14.29.
Although the output impedance is considerably increased, satisfactory
operation is obtained if the restrictions noted in the figure legend are
observed.

aInput.

“LL-

Fm. 14.28.—A full-wave bidirectional-switch demodulator using diodes. The circuit is
composed of two elements of the circuit 01 Fig. 1426.

Summary.-If the carrier frequency is large compared with the signal
frequency and if the carrier wave is sinusoidal and free from interference,
the simple peak detector is extremely useful. But in systems where
phase-sensitive demodulation is required and where the duty ratio of the
carrier is low, the two-way-switch demodulator gives phase sensitivity,
rapid response, and minimal carrier content. The recycling detector,
suitable only for pulse demodulation, has a larger carrier content than
the bidirectional-switch detector and requires nearly the same number of
components.

Multistage switch detectors involving time constants and selector
pulses of progressively increasing duration are of extreme importance in
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the demodulation of short pulses of low duty ratios. Peak detection is

most efficient and can be employed m-hei-e the input signals are free from

interference. However, in peak detection the potential stored in the

output circuit represents the last portion of the received signal pulse, and

in cases where interference is heavy, a fictitious result may be obtained.

This difficulty is avoided by area detection which is easily obtained by
adding an appropriate resistance in series with the storage condenser.
Thus the response time is made greater than the duration of the received
pulse but less than the interval between pulses; This area detector

f I

Signal
input

Carrier
input

W’$
FIG. 1429,-Full-wave bipolar-switch de-

modulator: This represents a simplification
of the circuit of Fig. 1428. Provided Rz >>
R, = R, and R, + R, >>Rz >>R, and R, =
R,, the output voltage will approach on+half
the peak value of the input.

may then be followed by peak
detectors, preferably of the bidi-
rectional switch type. This com-
bination would appear to give
optimal efficiency and freedom
from the effects of interference.

14.6. Dit7erence D e t ectors
with Constant Output.—Constant
output detection in response to
the difference of the areas of two
pulses is sometimes required for
time discrimination (see Sec. 14.7).
In negative-feedback time-demod-
ulator systems the output volt-
age from the difference detector
must remain constant in the ab-
sence of signal and, in spite of
large amounts of interference,
proper operation must be resumed
as soon as the signal reappears.
In the following discussion it will

be assumed that the input to the difference detector is obtained from
adjacent time selectors (Sec. 10.5).

The requirements for constancy of output vary greatly depending
upon the application and the type of negative-feedback time-demodula-
tion system. For example, if single or double integration (see Sec. 18.7
and Vol. 20, Sec. 8.6) is performed before controlling the time demodu-
lator, a difference detector of exponential decay may be satisfactorily
employed, for example, as shown in Fig. 14.30. Transformer coupling
of the peak-detected and stretched output of a pair of time selectors
gives pulses of opposite sign which are area-detected in VI and V2, and
potentials of opposite sign are obtained at A and 1?. Resistance addition
in equal resistors RI and Rz gives the desired potential clifference. The
output, however, decays exponentially in the absence of signal.
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Detection with constant output may be obtained with the circuit of
Fig. 14.31. Pulse transformer T, inverts PI and causes conduction of
Vl, a process which results in an increase of the potential of C3 propor-
tional to the area of PI. The potential accumulated ~pon C, as a result
of this pulse maintains VI nonconducting at the termination of PI, yet

(a) (b)

FIG. 143@.—Diff erence detector consisting of two area detectors with exponential
decay. The waveforms shown in Fig. 14.30U represent the response to the output of a
pair of time selectors operating on a time-modulated pulse. The top line shows the input
modulation to a time modulator; the bottom line shows the output of the difference detector.
The top two waveforms of Fig. 14.30b indicate the separate outputs of the detectors, and
the bottom line, the difference of their outputs.

this potential must not be large enough to cause conduction of VZ
Negative pulse P, is applied to the cathode of V,, and a decrease of the
potential of C~proportional to the area of Pz is obtained. If, for example,
the area of P, is slightly larger than that of Pz, the condenser C3will be
left with a net positive ‘charge and, because of the bias between the plate
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(a) (b)

(c)
FIG. 14.31.—Difference detector with constant output. Figure 14.31a indicates on the

top line the time-modulated pulse and on the second and third lines the selector pulses,
The amplitude modulation of the selector pulses is due to loading in the time selector,
Figure 1431b indicates on the top line the output of each time selector applied to the
difference detector by T, and T,. These pulses are modulated in both duration and
amplitude. Figure 1431c indicates on the top line the sinusoidal signal which was applied
to the time modulator and on the lower line the output of the time demodulator. In the
actual circuit TL and T2 approximated current transformers making possible the large oub
put voltage shown. The sustaining condenser is therefore charged with constant incre-
ments of current, independent of output voltage.

of VI and the cathode of Vzj a constant output will be maintained until
the next pair of input pulses.

The circuit has, therefore, characteristics similar to those of the two-
way-switch circuits of the previous section. But there are several
important differences. In the first place, the circuit must be an average
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detector since the second pulse would completely discharge the output
condenser if peak detection were employed. Average detection is easily
obtained”by the use of a large condenser or by adding a resistance in
series with the condenser. Second, the circuit must have a certain
“dead” space or threshold which the input must exceed; in the circuit of
Fig. 14.31 this k on the. average equal to one-half the potential of the
point A. In other words, the signal amplitude required to cause conduc-
tion of VI or Va depends upon the potential of C$, Third, the circuit

exhibits two-way operation only so long as neither PI or Pz is zero; if
either becomes zero, the circuit will no longer be responsive to a decrease
in the amplitude of the larger pulse.

In practical circuits it is often required that the potential of C, be
maintained even though PI and Pz represent equal amounts of noise or
pedestal such as may be obtained from adjacent time selectors. The
circuit of Fig. 14,31 wodd not give constant output under these condi-
tions since pulses of equal areas will cause the output potential to return
rapidly to approximately one-half that of the potential of the point A.

The dead space in the operation of this circuit may be completely
eliminated if TI and Z’Z are used as current transformers by supplying
them froln high-impedance sources (pentodes). The same amount of
charge will be delivered to C3 for pulses of equal areas regardless of small
variations of the potential of (73 and of the potentia[ of the point a.
Another advantage of current-transformer feed is that the potential of
CSwill be maintained constant in the presence of equal amounts of noise
or pedestal in contrast to the operation obtained with voltage feed. A
third advantage of this circuit is the fact that unbalance in the diodes
has little effect upon the circuit operation. It is usualIy desirable to
connect the output of this circuit to a Miller integrator (see Sec. 18.7)
in which case the diodes are reversed and the potential EPP is made
negative.

An alternative arrangement is indicated in Fig. 14,32. The basic
differential detector circuit is identical to that shown in Fig. 14.31 since

it contains diodes V1 and Vz which are actuated by negative and positive
pulses from transformers TI and T2 respectively. Conduction of VI,

initiated by a negative pulsk on its cathode, will cause a decrease in
potential of C$. But at the same time bias is developed across R, L’,
which will serve to maintain V1 nonconducting in the absence of a pulse.
The conduction of V%gives similar effects except that the potential of Cs
is raised. The resistance-capacitance networks l?lCl and RZCZ provide
bias and thus take the place of the fixed potential A of Fig. 14.31, and the
potential of the whole difference-detector circuit may be adjusted with
respect to the potential of Cq by variation of point A of Fig. 14.32. If
the potential of point A is maintained equal to that of B by a unity-gain
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direct-coupled amplifier, then a variation of the potential of C’s will have

no effect upon the characteristics of the difference detector. Thus the

output range of point a is theoretically as great as the linear range of

the d-c amplifier. & a consequence, the operation of VI and V, in the

presence of noise pulses or pedestal of equal amplitudes should be sub-

b- 1
(a)

FIG, 1432.-Difference detector giving
constant output over a wide range of the
output voltage. The potential of point A
is maintained equal to that of point B by
the unity-gain direct-coupled amplifier.
The output waveforms indicated in Fig.
14.32a were obtained using the same input
pulses as in Fig. 14.31.

stantially independent of the poten-
tial of the condenser and dependent
only upon the balance between VI

and VZ and RIC1 and RZCZ.
Where bias is obtained from re-

sistance-capacitance networks, the
output of the time selectors must
be sufficient to maintain the poten-
tial drop across these networks in
the absence of signal input to the
time selector. Usually a small
amount of pedestal is generated in
the time selector and is sufficient.
Of course, this pedestal must be
balanced so that conduction of V,
and Vz occurs equally and no net
change of the potential of Cs occurs.
Another important advantage of an
ideal unity-gain amplifier is that the
required potential across R,CI and
RZCZ need only be sufficient to
render the diodes nonconducting
since the amplifier will maintain
the potential difference between
points A and B near zero, as in
Fig. 14.31, provided current trans-
formers are used in the difference
detector and the output is con-
nected to a Miller integrator (see
Sec. 18.7).

The circuits of Figs. 14.31 and
14.32are related in the same sense as

are the Miller and the bootstrap integrator (see Sec. 2.6). The so-called
“unity gain amplifier” of Fig. 14.32 suffers the weakness described in
detail in Sec. 7.8. However, a combination of the prin~iples of Fig. 14.31
with those of 14.32 is interesting. In this case, current-transformer feed
of the diodes is again employed, but the difference detector is connected to
a cathode follower as in the latter circuit. In this way the current trans-
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formers would makeup for the inadequacies of the cathode follower, and
yet a large range of output voltage would be obtainable. In general,
however, a large variation of the potential drop across CSis objectionable
because of the increased leakage current. Such large potential differ-
ences are usually avoided by a bootstrapping arrangement similar to

that shown in Fig. 14”32. For details see Chap. 18.
Three other configurations of this circuit are shown in Figs. 14.33a,

14.33b, and 14.33c. In Fig. 14.33a is shown difference detection with
resistance-capacitance coupling of the negative output from the time
dkcriminator. It is usual practice to employ for RI(71 and RJZ time con-

C1 I r, I ‘m

(b)

“ WA I J

(a)
(c)

FIG. 1433.-Various connections of difference detectors: Figure 14.33a represents
capacitance coupling suitable for negative pulses. Figure 14.33b represents the use of a
triode switch with pulse-transformer coupling of positive or negative signals. Figure
14.33crepresents a circuit taking the difference of successive positive and negative pulses
connected to the same transformer T,. In each case the arrows indicate the proper con-
nection to the output condenser and from a unity-gain amplifier, as shown in Fig. 14.32.

stants that are short compared with the time constant of R3C’3. A similar

circuit, which employs triodes, is shown in Fig. 14.33b. The polarity of
transformers T, and Tz is arranged to apply positive pulses to the grids

of VI and V,. Disconnection of VI and VZ from the condenser is obtained

by the negative grid bias accumulated across RIC, and RZC2 during the
selector pulse. As is usual with grid control, some difficulties due to
improper cutoff of VI and V2 may be encountered, and performance
inferior to that obtained with the diode circuits is to be expected. How-
ever, the ,input pulses may be of somewhat higher impedance and smaller
amplitude.

In certain instances positive and negative pulses which have already
been added may be connected directly to a circuit indicated in Fig.
14.33c. Negative excursions of the input cause conduction of VI and



530 AMPLITUDE AND TIME DEMODULATION [SEC, 14.6

positive excursions cause conduction of Vz. Bias to maintain V, and
V2 nonconducting in the intervals between input pulses is obtained from
RIC~ and RgCz. This circuit is most useful when current feed is used.

v
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14.34,—Difference detector employing short-time-constant detection, subtraction,

and difference detection. The fimme ind>cates suitable comvonent values for the demodu.
lation of 0.3-psec pulses at a PIUY of 2700. Two types of a;lplitude selectors A and B are
shown interposed between the difference voltage and the output ndtage.

A differential detector of high sensitivity’ and constant output in the

0 10 20 30 40 50
Vb in volts

FIG. 14.35.—Static characteristics of
difference detector. This cur~e repre- -
sents the relation between the steady
potential V. on the grid of V, and the
current through the neon tube of Fig.
14.34. The potential of the grid of V~
was Qxed at 22 volts in this measurement.

presence of equal amounts of noise
or interference is indicated in Fig.
1-!.3+. The static characteristic of
the difference amplifier composed of
V, and V, is given in Fig. 14.35 and
shows that a small differential poten-
tial on the grids of these two tubes
will result in an output voltage which
is large compared with the break-
down voltage of the neon tube V7.
The gain of the stage is roughly 10.
For equal voltages applied to the
grids of Vs and Va, the neon tube
does not break down, and the output
condenser is completely disconnected
from the input and its potential is
constant for a reasonable length of
time.

When used as a differential detector, the negative outputs of adjacent
1B. Rossi, K. Greisen, “ Range-tracking Circuit with Position IIemory,” NDRC

14-160, Cornell University.
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time selectors are connected to Cl and Cz. Diodes VI and Vz give peak

detection of the applied pulses and develop a positive bias on the grids of
V? and V~. The current that flows into condenser C, is therefore repre-
sentative of the difference of the amplitude of the pulses applied to Cl
and Cz, which is in turn proportional to the overlap of the signal and
selector pulses.

The performance of a typical circuit operating with a 0.3-psec input
pulse at a PRF of 2700 cps is indicated in Fig. 14.36, which shows the
current output from a neon tube in response to the signal “obtained from
adjacent time selectors (a typical circuit using type 6SA7 rnultigrid
switches) for four values of signal
input amplitude.

In this particular test, R ,Cl
and RZC2 were 15 wf and 20 M;
consequently operation of the
heater voltage of VI and Vz at 4*
volts was necessary. With the
potential of the cathode of VI
averaging 100 volts above ground,
the heater-cathode leakage at
normal heater temperature would
be roughfy 0.02 pa. The reduc-
tion of heater temperature reduces
this by a factor of 10 (see Sec.
3.14).

Difficulties are encountered
because of the variability of dif-
ferent samples of the neon tubes,
their large temperature coefficient,
and the irregularity of their start-
ing characteristics. More predict-
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FIG. 14. 36.—The over-all response of the
differential detector of Fig. 14.34 used with
a multigrid time selector for several values
of the input pulse. The curves represent
operation with 0.3-@ec pulsas and a PRF
of approximately 2700.

able operation is obtained by the bidirectional amplitude selector biased
by a battery or, preferably, a floating power supply obtained from a trans-
former and rectifier. On the other hand, the heater-cathode leakage of
the diodes is undesirable.

The difference amplifier V~ and Vd serves a purpose similar to that of
the current transformers of Fig. 14.31. This particular circuit is, how-
ever, somewhat more efficient than the previous one since the pulses are
first peak-detected in diodes V1 and V2 previous to subtraction and
integration in Vi. The use of the neon tube or diode amplitude selector
following integration in condenser C, appears at first sight to be extremely
attractive for obtaining a constant output voltage in the absence of signal
information and in the presence of equal amounts of pedestal and noise.
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If the dead space due to either of these amplitude selectors is to be kept
small, very accurate balancing of the amplitudes of pedestal and noise
applied to the diodes VI and Vz is essential.

14.7. General Considerations in Time Demodulation.-Many of the
circuits discussed previously are suitable for demodulation of duration-
modulated signals providing the output circuits measure the area of the

6AL5 +300V
,

0.o1- ‘

VI
Time

modulated ~

,,

R. u.., ,., , — .

I–105V
0.5 M
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?7 k● ✍✎
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I
:

——-J
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FIG. 1437.-Recycling detector modified to give detection of the overlap of the time-
modulated pulse and the selector pulse, Waveform diagram (a) indicates the sinusoidal
signal applied to the time modulator used in this experiment and the bottom line indicates
the demodulated outuut. Figure 14.37b indicates on the toD line the duration-modulated
pulse from the time s;lector a;d on the bottom line the recyciing pulse. The eeries resistor
R, is employed to obtain area instead of peak detection.

input signal instead of its peak ,value. Frequently the time-modulated
input signal may be represented by the spacing between a pair of pulses.
If the range of modulation of the second member of a pair of pulses is
less than its duration, a duration-modulated rectangle may be readily
obtained by a suitable time selector (see Sec. 10.3). The waveform
diagrams of Fig. 14.17 indicate a typical method of accomplishing thk
with time selection. Usually the range of time modulation is large
compared with the duration of the time-modulated pulse. When this is
so, simple overlap methods for converting the time-modulated pulse to a
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width-modulated pulse are no longer satisfactory, and different methods
are used as is indicated below.

Time Demodulation by Unidirectional-switch Circuits.—The uni-
directional switch circuits of Sec. 14”5 provide satisfactory time demodula-
tors for excursions of the time-modulated pulse that are small compared
with the duration of the pulse. Usually, a resistance is inserted in series
with the switch in order that the output voltage may not rise to the peak
value of the width-modulated pulse. Often a pentode switch is desirable,
since then a nearly constant current will flow for the duration of the pulse.

An approximation to constant output maybe obtained from recycling
detectors, as described in Sec. 14.5, and a demodulation circuit employing

Differential time selector Difference detector Unity gain i

/
R6

/
R, RIO

T C5T
Input

E~l -Eoa

JIifier

‘-Ekk

FIG. 143S.-Time discriminator using separate tubes for time selection and differential
detection.

this principle based upon the circuit of Fig. 14”10 is indicated in Fig.

14.37.

Since area detection is required in these circuits, the bidirectional

feature of switch circuits is not needed. The output voltage of the area

detector is so small that only one d~ode operates, and hence the other ia

unnecessary.

Conversion of a Width-modulated Rectangle to an Amplitude-modulated
Triangle Followed by Amplitude Demodulation.—The width-modulated
pulse may be connected to the switch tube of any triangular-waveform
generator, and the output will be an amplitude-modulated wave traim

This train may be demodulated by any of the peak detectors described in



534 AMPLITUDE AND TIME DEMODULATION [SEC. 14.7

Sees. 14”3 and 14”5; those having constant output depending upon recycl-
ing or bidirectional switching circuits are most useful. These two types
require a “dunking” and a time-selector pulse, respectively.

Use of Adjacent Time Selectors and a Difference Detector.-Constant
output and time selectivity may be obtained by using adjacent time
selectors (Sec. 10.5) and the clifference detectors of Sec. 14.6. The time-
modulated pulse split by the two time selectors gives two width-modu-

t-
Differentiatoutput

4

m
-E;l ~3

(a)

FKG. 14 39.—Time discriminator using parallel pentode,s. The waveform diagram
indicates on the top line the sinusoidal signal applied to a time modulator and on the
bottom line the differential output between tbe plates of the time discriminator.

lated pulses which may be used to charge and discharge the output
condenser of the difference detector as shown in Fig. 14.38. This method
gives good performance in the presence of noise and interference.

Two other circuits that combine the functions of time selection and
detection are indicated in Figs. 14.39 and 14.40. They represent varia-
tions of Fig. 14.38. In the first circuit, detection is accomplished in the
two time selectors, and in the second circuit, time selection is accom-
plished in the difference detector.

In Fig. 14.39, resistance-capacitance networks are shunted across the
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plates of two time selectors VI and VZ. In addition, considerably
larger plate resistors Rh and R, are used to give a reasonable time con-
stant. The differential output obtained from this circuit with l-psec
input pulses is indicated in Fig. 14.39a. A steady voltage corresponding
to the sum of the two differential signals is obtained by addition of the
two outputs through R6 and R7.

The triode diHerence detector of Fig. 14.40 can be rendered non-
conducting by the potential developed across RSC4, and conduction is
achieved by selector pulses applied to the plates of VI and V2 through
transformers T, and T,. As in the previous circuits, the potential of
point A is made to follow that of B
in order to obtain a large range of
output voltage.

The output of these circuits
does not follow the signal varia-
tions with extreme linearity, and
these time discriminators are usK-
ally employed as an element of
the negative-feedback time de-
modulators discussed in the next
paragraphs.

Pulse-spacing Modulation—
Large Excursions. —Here the ex-
cursions of the time-modulated
pulse are large compared with its
duration. This is the most usual
case of time-modulation, and is, of
course, the one found in all radar

Ta

311[

Selector
pulse 1

systems. There are two general
1
&

methods of time demodulation and Fm. 14.40.—Time discriminator using series
they vary considerably in their triodes.

ability to rej ect interference.

The simplest method, which is indicated in Fig. 14”41, represents an
application of “time comparison,” which was presented briefly in Sec.
10.1. The time-modulated pulse connects a bidirectional switch circuit
to a triangular timing wave so that the output voltage represents the
potential of the triangular waveform at the time of occurrence of the
modulated pulse. This is a simple, direct, and accurate method of time
demodulation; it suffers from a great drawback if the time-modulated
pulse is mixed with noise and interference, for then the output circuit
is connected to the triangular timing wave at a number of different times
and accurate demodulation is impossible.

This difficulty is avoided by negative-feedback time-demodulation
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systems that employ the output of a differential time selector and dif-
ference detector to control another time modulator which, in turn, con-
trols the time of occurrence of the selector pulse. As the block diagram
of Fig. 14.42 indicates, the output of the clifference detector varies the
reference voltage of the amplitude comparator of an electrical time
modulator. In a mechanical time modulator, the electrical output may

Reference_
Triangular

Bidirectional Condenser
wave Demodulated

pulse generator switch out put
circuit

output

Time mrxlulated :
pulse

VI

Triangular

timing wave + V2
output

Time modulated pulse

(a) (b)
Fre. 14.41 .—Time demodulation by time comparison. The time delay of the modu-

lated pulse is represented by the amplitude of the output voltage obtained by connecting
condenser CZ to a triangular waveform. In Fig. 14.41a tbe waveform diagrams indicate
the sinusoidal signal applied to the time modulator on the top line. On the bottom line
is indicated the output of the time demodulator. The top line of Fig. 1441b indicates
the triangular timing wave and. the bottom line indicates the time modulated pulse.

be converted into a mechanical shaft rotation by a servomechanism.
The sense of the output is, of course, arranged to give negative feedback.
The combination of adjacent time selectors and difference detectors is
called a “time discriminateor. ”

It is essential to provide a band-shaping network ,between the dif-
ference detector and the amplitude comparator for the purpose of giving
the negative-feedback loop adequate stability. These networks are
discussed in detail in Vol. 20, Sec. 8.4 and are called “function units.”
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This method of time demodulation has a number of basic advantages.
The first and most important is that the accuracy of demodulation
depends, to a first approximation, upon the linearity of the time-modula-
tion system. Second, the automatic following of a time-modulated pulse
by the time-selector pulse rejects a large amount of interference and
noise. Third, the adjacent time selectors and difference detector act as
a null indicator, and the requirements for their linearity and constancy
of gain are greatly reduced. There are, however, still strict requirements
for their balance in the presence of equal amounts of noise or in the
presence of rapidly fluctuating signals.

Since the time discriminator is sensitive only to a portion of the full
range of time modulation—a portion often as small as 0.1 per cent—its

Triangular [
& wave Amplitude

generator comparator

_ Reference Control voltage
pulse k

output
Function

unit
Sslector_

pulse

Fm. 14.42.—Block diagram of a negative-feedback time demodulator.

operation cannot, therefore, be initiated by the appearance of a signal

anywhere in the range of modulation. In radar systems, where the
signal may cover the full range only once, the selector pulses must be
brought into initial coincidence with the desired signal. This is usua]lY
accomplished manually by a cathode-ray-tube display. Thk method is
discussed in Sec. 14,8, but a number of automatic “search” methods are
available (Vol. 20, Sec. 8.17). If, during a momentary disappearance of
the signal, the selector pulses and the signal cease to overlap, the operation
must be reinitiated manually or automatically. Many important
characteristics of these circuits are g-iven in the detailed discussion of
Vol. 20, Chap. 8.

14s8. ~imptied Negative-feedback Time Demodulator.—The dis-
cussion of highly precise time demodulators is beyond the scope of this
chapter, but an example of a simplified circuit is included here.

Figure 14.43 indicates the use of the double-triode delay multivibrator
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for a time modulator and a combined time selector and difference detector
for a time discriminator and function unit. The circuit ia extremely
efficient and requires only four double-triode envelopes. The range of
modq)ation is between two and several hundred microseconds and the
accuracy is a few per cent. The circuit is designed to operate with
+psec pulses at a PRF of roughly 1000 cps. It will, however, maintain
proper operation in spite of a 10SSof a number of these pulses due to inter-
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Fm. 14.43.—A negative-feedback time demoddator. Thk circuit is suitable for
operating at a PRF in the neighborhood of 1000 cps and for demodulating +psec time-
modulated input signnle over ranges which depend upon the choice of R and C. Typical
values are included in the table shown in the figure.

ference or fading.. A negative trigger applied to diode V, initiates the
operation of time modulator Vz and V%,which gives a rectangular pulse
at the plate of V3 linearly related to the control potential applied to the
grid of Vz (see Chap. 5). Differentiation of this rectangular pulse occurs
in pulse transformer T1 (Utah OA-18). The plate-to-grid-coupled block-
ing oscillator VAgives a current pulse in its cathode of approximately 0.2
amp, gb-ing selector pulse a of roughly 80 volts and ~-psec duration.
This selector pulse is, of course, time-modulated in accordance with the
potential of the control grid of V,.

The ~-~sec time-modulated input signal which is to be demodulated
by this circuit is connected to cathode follower Vs which in turn drives
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terminated i-psec delay line L1. In this way, the time-modulated signal
is split into two adjacent portions each ~ psec in duration. Coincidence
of these two pulses and the selector pulse obtained from VS energizes the
differential detector composed of Vs and VT to give a potential at point c
which depends upon the clifference of the areas of the overlap of selector
pulse a and the split pulses d and e.

For usual values of the potential of point c, V6 and VTare nonconduct-
ing since the cathode of V7 is maintained positive with respect to its
plate by the grid bias of Va, and the plate of V~ is held negative with
respect to its cathode by the d~erence of potential between point c and
ground. In the absence of a time-modulated signal coincident with the
selector pulse a, negligible conductionof V%and VT occurs since a positive
pulse b is applied to the cathodes of Vd and VT at the same time as the
selector pulse a is applied to their plates, and sufficient bias is developed
to maintain Vo and VTvery nearly nonconducting. Therefore, the poten-
tial of point c is relatively undisturbed in the absence of a coincident input
signal. On the other hand, a coincident signal causes a decrease of
grid bias in Vs and VT and conduction of either one of these tubes for a
time determined by the overlap of the split signal and selector pulse.
A charge then accumulate on Cl which represents the integral of the time
error. If the selector pulse exactly bisects the split input signal, that is,
there is no time error, then the potential of Cl is unchanged since equal
conduction will occur in Vu and VT for balanced components. This
potential of Cl is therefore connected through the cathode follower to the
control grid of the time modulator and adjusts the position of the selector
pulse to follow exactly the modulation of the input signal.

For demodulating pulses of a relatively high intermittence, heater-
cathode leakage in VS would discharge the storage condenser Cl. There-
fore, the heater of this tube is operated at 5 volts and is maintained
at a constant negative potential with respect to the cathodes by connec-
tion to the cathode follower at point f. In this way, leakages of 3 x 10-’
@ are obtained in this particular circuit.

The gain of the time-demodulator circuit is not very high, and, hence,
no difficulty arises due to instability. The bandwidth of the demodulator
is not high; it is suitable for following signals which cover the full range of
modulation in several seconds. The speed of following could, however,
be considerably increased by reduction of Cl.

14.9. Mechanical Demodulation by Cathode-qay-tube Display.—
Amplitude- or time-modulated waves, containing signal frequencies of
the order of magnitude of 0.1 cps, are accurately demodulated by ampli-
tude or time discrimination and manual or servo control. The most
important application of these methods is to the time demodulation of
the range information of radar signals, in which case the methods are
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called” range tracking” (a detailed discussion is given in Vol. 20, Chap. 7,
and in Vol. 22). As shown in Fig. 14.44, a triangular wave is applied
to the horizontal plates of a cathode-ray tube and a rectangular wave is
applied to its control grid with the result that only the rising portion
of the triangular wave is visible. A train of radar echoes is displayed
on the linear sweep. If, however, the particular echo a is an aircraft
signal that is moving in a radial direction with respect to the radar
system, the received pulse is time-modulated. The displacement
between the vertical mechanical index and the position of the echo a
gives the operator a measure of the sense and magnitude of the time error
—in other words, permits time discrimination. Manual control of the
index to reduce this error to zero and to maintain it at zero gives mechan-

Rectangular intensifying
pulse to control grid

FIG.

Reference
Triangular
waveform

pulsa generator
J

Time modulated input signals Manual control
.

1444.—Time demodulation by manual control of a mechanical index on a cathode-
ray-tube display.

ical demodulation of the information on the target range, and the position
of the control shaft represents the desired output.

The method is analogous to that shown in Fig. 14.42 since the accuracy
depends upon (1) the linearity of the timing waveform as displayed upon
the cathode-ray tube, (2) the time discrimination of the cathode-ray
tube, and (3) the ability of the operator.

In some scanning radar systems, a group of approximately 12 pulses
is received in a period of 0.03 sec while the beam scans the desired target.
The beam is, however, pointed in other directions for approximately
30 sec until it again scans the target. A rapidly moving target (one
moving at 400 mph) covers the full range of time modulation (200 miles)
in a very short time (30 rein), and consequently only 120 groups of the
selected pulses are observed in this interval. Highly accurate demodula-
tion under these circumstances is difficult. In a simple case the operation
of the constant-output detectors of Sec. 14.6 may be simulated. Every
time the group of time-modulated pulses appears on the cathode-ray-tube
display, the mechanical index is. moved to reduce the error to zero.
When the group of pulses terminates, the operator maintains the shaft
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stationary and immediately resets the output on reception of the next
group of pulses. Thus, an output time constant that is large compared
with that readily obtainable by electric circuits may be attained. A
better-trained operator would attempt to remember the rate at which the
signal was moving and to rotate the control shaft continuously in the
interval between groups of input information. In this way, the displace-
ment error of the next group of pulses is kept to a minimum. Provided
the rate memory is obtained from the average of the past information,
this process represents the “ideal demodulation” briefly discussed in
Sec. 14.5. A number of tracking “aids” assist the manual controller in
remembering the target velocity in the interval when no information is
available. These may consist of a controllable speed drive which is

4 To mechanical
x

I,

Mechanical Mechanical* Motor _ Tachometer
differential output generator

FIG. 14.45.—BIock diagram of mechanical aided-tracking system,

automatically adjusted to the previous values of the target velocity in the
course of reducing displacement error. This mechanism is called “an
aided-tracking system, ” and is indicated in Fig. 14.45. Other more
complicated tracking aids may take into account known factors which
may be expected to vary the rate of movement of the echo in a predictable
manner and alter the speed of the mechanical drive for the index in
accordance with the comprited rate. The tracking process adds correc-
tions to the input rate for unknown or unaccountable factors. These
devices are called “regenerative tracking” systems. The properties and
typical examples of these systems are given in Vol. 20, Sec. 7.15.

Photoelectric Controllers Used with Cathode-ray-tube Display.—A photo-

cell and servomechanism may replace the human controller and mechan-
ical index. An experimental system is shown in Fig. 14.46. A circular
sweep is applied to the four plates of a cathode-ray tube, the time-modu-
lated signal is applied to the control grid, and an intensified spot corre-
sponding to the time of occurrence of the received signal is displayed
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on the trace. Time discrimination is accomplished by the two photo-
cells, which receive light from the intensified spot on the cathode-ray-tube
trace by means of a pair of prisms. The prisms divide the spot equally
at the null position. The whole frame for the photocells is movable

Fm. 14,46.—Perspective view of an automatic range-tracking mechanium employing
photocells. Intensity-modulated signal b is displayed upon circular trace a of a 2-in.
cathode-ray tube. Split prisms c and d reflect light onto type 931 photomultipliers e
and f. The photomultiplier assembly is rotatable about the fixed cathode-ray tube by
means of a motor-driven worm gear, and the output voltage is obtained through slip rings.
The total range is displayed upon a Veeder Root counter.

about the center of the circle displayed on the cathode-ray tube, and its
position is controlled by a small motor. The electrical signals from the
photocell output are amplified and connected to a thyratron controller
for driving the motor. The motor then maintains the light from the
intensified spot equally divided by the two photocells. In this way a
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sensitive and accurate indication is obtained because the sensitivity
depends upon the gain of the photoelectric system and the accuracy
depends upon the precision of the circular trace.

If the photocells and servomechanism are accurately balanced, this
system will exhibit properties of a constant-output difference detector
and maintain its position in spite of fading or interference which would
obliterate the signal. Also, integrating circuits that cause the output
to maintain the past value of the input rate for a reasonable period of time
may be included in the servomechanism. It is, however, usually difficult
to obtain the extremely long memory which is possible with the aided-
tracking devices mentioned in the paragraph above.

,--- —-— - -— —-- -, r-- -——— ———— ———— -,
I
I
i
I
I

I
I
I
I
1

Potentiometer Ii Potentiometer
amplitude modulator II amplitude modulator

t

ii

II

Dc
II - Amplitude (2)

I

I II discriminator

I II I

I II I
I II I
i Error signal 1 Mechanical

!! 1 output

ill T
Mechanical 1 , Power

input ●

II
Motor

amplifier

II t

I
I
I

I

i
I

I
I
1
I
I
I
I

L -— -- ---- ___ J I______________ __l
Electromechanical modulator Electromechanical demodulator

Fm. 14.47.—Block diagram indicating mechanical demoddation by a servomechanism.

Another feature of this method is its flexibility. The scale factors of
the system are readily varied over wide limits by simply changing the
frequency of the circular sweep. For example, the circular trace of Fig.
14.46 may cover anything from 1 psec to 0.1 sec. The apertures, of
course, still correspond to the same percentage of the timing waveform.
On the other hand, the speed of response of the system is independent of
the time range it covers and, in fact, cannot be readily varied. Further-
more, it cannot be increased above 10 or 20 CPS, even with the best
electronic servomechanism design.

A method of time demodulation depending upon the storage tube is
prwented in Sec. 21.10.

14.10. Amplitude Demodulation by Electronic Servomechsnisms.—
The demodulation of mechanical signals converted into electrical informa-
tion by the methods of Chap. 12 may be accomplished by the system
indicated in Fig. 14”47, which indicates the components of a mechanical
modulation-demodulation system using a d-c or a zero-frequency carrier.
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The signal from the amplitude modulator, obtained in accordance with
the methods in Chap. 12, is connected to an amplitude discriminator as
described in Sec. 9.22. The amplitude discriminator is also connected
to the output of the motor-driven potentiometer, and a signal indicating
the sense and approximate magnitude of the error voltage between the
two is connected to a power amplifier which in turn controls the motor
for the reduction of the output of the amplitude discriminator to zero.
The precision of the demodulation depends upon the linearity of the
potentiometer, and the stability and sensitivity depend upon the char-
acteristics of the amplitude discriminator and the gain of the negative-
feedback system. When a zero-frequency carrier is used, the input
data are continuous except for any discontinuity in the modulator or
demodulator.

In order to obtain greater stability, the amplitude discriminator may
use an electrical amplitude modulator and demodulator employing, for
example, a mechanical switch (see Sec. 9.23). The operation is, how-
ever, similar. But if an alternating carrier is used, for example, by apply-
ing alternating current directly to the two potentiometers, a phase
discriminator (phase-sensitive detector) must be employed. The
demodulated output of this device, however, will control the power
amplifier as in the previous case.



CHAPTER 15

SINUSOIDAL FREQUENCY MULTIPLIERS AND DIVIDERS

BY E. B. HALES AND J. V. HOLDAM

Many precision timing systems require synchronized waveforms

whose frequencies are integral multiples or rational ratios of some funda-

mental frequency. This chapter deals with devices that give out a sine

wave whose frequency is some integral multiple or rational ratio of the

fundamental frequency of the input Waveform. Other waveforms at that

frequency can usually be initiated by a train of pulses.

An example of a timing system that requires synchronized waveforms

at d~erent frequencies occurs in those radar range units that trigger the

modulator at an exactly constant repetition rate and that use as a timing

reference a sine wave whose frequency is an integral multiple of the repeti-

tion frequency (Vol. 20, Chap. 4). Such a frequency relation can be

obtained by using a standard oscillator at the higher frequency and

obtaining the lower frequency by frequency division. It can also be

obtained by making the standard oscillator at the lower frequency and

getting the higher frequency by frequency multiplication. Preference

for one method or the other depends on the practical details of the

problem at hand. The examination of a large number of timing systems

shows that the use of frequency division usually, but not invariably, leads

to simpler and less costly circuits for a given degree of precision.

SINUSOIDAL FREQUENCY MULTIPLIERS

15.1. Introduction.-One important use of frequency multiplication

arises in the calibration or testing of crystal-oscillator controlled timing

units. A time scale of greater precision than that of the range unit is

necessary for accurate testing. A synchronized time scale of almost any
desired precision can be obtained by multiplying the timing frequency

of the range unit and applying the output frequency as the drive to a

suitably designed J-scope or other sine-wave controlled time scale. 1

Sine-wave frequency multipliers have long been used in radio trans-

mitters to generate very stable frequencies which are higher than those

1This statement does not imply that the accuracy of the crystal-controlled oscil-
lator is increased by frequency multiplication. The object of the calibrating device
is to provide a vernier time scale that is used to check the accuracy of a time modulator
in the ranging device.

545



546 FREQUENCY MULTIPLIERS AND DIVIDERS [SEC. 15.2

that can be obtained directly from a crystal oscillator. They have also
been used in frequency standards to generate exact harmonics of precisely
determined frequencies and thus greatly to extend the range over which
standard frequency outputs are available.

In the ‘applications, of the preceding paragraphs a moderately good
sine-wave output is necessary. In setting up a synchronized timing
system it is essential that the multiple frequency be a pure sine wave,
but it is also essential that the multiple frequency have fixed phase with
respect to the input waveform. These simultaneous requirements are
stringent specifications on the circuits employed; and much of this discus-
sion is devoted to meeting them.

There are two essentials to the process of frequency multiplication. ‘
The first is the generation of a waveform that is synchronized with the
input and that has a component of the desired output frequency. In
general this cannot be done without also generating undesired frequency
components. The second essential in the process is the use of a suitable
bandpass filter to select the desired frequency component from all the com-
ponents generated. Because of these filters, frequency multiplication is
useful only if the sine waves are to be generated continuously. These fre-
quency multipliers are not suitable for pulsed operation because bandpass
filters do not have sufficiently good transient response.

15.2. Harmonic Generation.-A Fourier analysis of any nonsinus-
oidal periodic waveform shows that it is made up of sinusoidal components
whose frequencies are integral multiples of the fundamental frequency of
the nonsinusoidal periodic waveform. The components that are present ~
and their relative amplitudes depend on the exact time course of
the waveform. It is clear that when a sine-wave input is applied to a
circuit that has a nonlinear transfer characteristic the output is nonsinus-
oidal and contains synchronized harmonics of the sine wave. 1 The
problem is to choose the type of distortion-that is, nonlinear transfer
characteristic—which will give a waveform rich in the desired component.

Three types of nonlinear devices have been used extensively for har-
monic generation: iron-core inductances, diodes, and nonlinear amplifiers.
Since iron-core inductances have a nonlinear relation between magnetiz-
ing current and magnetic flux, a properly designed inductance driven by
a current generator is a good source of voltage harmonics. It is particu-
larly good at high harmonics. A new inductance design is usually
required for each application. This fact and the fact that they are
often low-impedance devices requiring considerable driving power make
it inadvisable to use them in most simple synchronizing systems.

] Peterson, Manley, and Wrathall, ‘‘ Magnetic Generation of a Group of Har-
monics,” Bell Sys, Tech. J., 4S7, (October 1937); D. G. Tucker, “ The Generation of

Groups of Harmonics,” lltecbwrtic lhg., 242, (November 1942).
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Diodes or contact rectifiers can be used in various combinations to
obtain waveforms with harmonic content. The output of a single-phase
full-wave rectifier contains all the even harmonics of asine-wave input.
Such a rectifier is often used in a frequency doubler.

The harmonic generator offering the greatest flexibility is the nonlinear
amplifier. A class C amplifier can be made to have a small conduction
angle if the grid bias and sine-wave drive are made sufficiently large.
With a pentode amplifier tube the pulse of current in the plate circuit
can be made nearly rectangular. In any case, a rectangular pulse may
be used as an approximation to give a qualitative idea of how the har-
monic content depends on the width of the current pulse.
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Let the input voltage be of the form e = E cos 2~fd, where e is instan-
taneous voltage, E is peak voltage, f~ is the frequency of the input, and
t is time. If the peak voltage is considerably larger than the grid base
of the amplifier tube of Fig. 15.1, the current occurs in pulses. Assume

that the bias and driving voltages are such that the current pulse is
rectangular, with an angular width 2a starting at —a and ending at +a.
These pulses are repeated once every cycle of the input wave. If I is
the peak value of the current pulse, i(t) is the current as a function of
time, and n is any positive integer, the Fourier series for this continuous
train of pulses is

[ -“ sin 2a
i(t) = 21 ; + ~ cos ~jo~ + ~ COS Arjot

sin 3a
+ 3ir

—Coss?rjot +”””+
1

WCoar?zjot+””” . (1)

The general term cos 2@Ot has a frequency njo. The output has a
component with a frequency equal to every integral multiple off except
for those terms for which the amplitude coefficient sin na/mr is equal to
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zero. This can happen only if na is some integral multiple of r. Con-
sequently, if the conduction angle a is properly chosen, a rectangular
train of pulses can be made to have a component of any frequency that
is a harmonic of f~. The amplitude of the nth harmonic is 21 sin na/mr.
The maximum amplitude occurs when sin na = l—that is, when na = 7/2,
or 3m/2, etc. Actually, the practical case is the one for which na = 7r/2.
Then a = 7r/2n and the conduction angle 2a = r/n for maximum output
in the nth harmonic. The argest possible amplitude for the nth harmonic
is 21/nr. This makes it clear why it is difficult. to get large outputs
at high harmonics.

15.3. Frequency-selecting Filters.—The previous section shows how
a current waveform can be generated which contains a component of the
desired frequency. The waveform also contains undesired components.
These can be reduced to an acceptable level by proper filtering. Through-
out this discussion it is assumed that the input impedance of the filter
is low in comparison with the plate resist ante of the multiplying tube.
This condition is usually met with pentodes, and the consequent constant
current driving conditions lead to a great simplification of the analysis
without invalidating the qualitative results. Triodes can be employed
as frequency-multiplying tubes. The extent to which this analysis is
applicable to triode circuits is considered in the section on practical
circuits.

The frequency selection arguments developed here can be applied to
any continuously generated periodic waveform whose Fourier-series
representation is known. Specifically, for the train of rectangular pulses
represented by Eq. (l), the current at the nth harmonic is

sin na
i. =21— Cos 27rnj-&

n7r

The transfer impedance of a filter is a complex function Z(j), where ~ is
the frequency of any input to the filter. The output voltage of the filter
at the nth harmonic is equal to LZ (n.fo). The most desirable filter is one
having a large transfer impedance at the nth harmonic and zero transfer
impedance at all other harmonic frequencies. Any type of bandpass
filter can be designed so that it has a very small transfer impedance for
the undesired components.

Because of their simplicity and the large outputs that can be obtained,
LC resonant circuits with lumped constants are-most often employed as
frequency-selective circuits over the range of frequencies from approxi-
mate y 100 cps to 100 Me/see. Outside this range simple resonant cir-
cuits do not have sufficiently good Q to function satisfactorily. At higher
frequencies resonant elements with distributed constants are employed,
and at very low frequencies tuned amplifiers employing feedback are used
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as bandpass filters (Vol. 18, Chap. 10). Since the range covered by
lumped constant resonant circuits includes all the frequencies commonly
employed in synchronized timing systems, only these circuits are con-
sidered in detail here.

The simplest circuit with the desired pass band is a parallel resonant
circuit used as the load impedance for a multiplier
tube, asshown in Fig. 15.1. An idealized parallel
resonant circuit is shown in Fig. 15.2. It is assumed
in the discussion to follow that the shunt resistance m
R represents all the losses in the circuit. For fre- iZedF’~&~L~:;.~flne~~
quencies in the neighborhood of resonance this circuitwith w IOSW in

represents the losses in the circuit well enough for ‘.

practical purposes. At the resonant frequency f, = 1/% ~C, the
parallel LC-combination offers an infinite impedance to the input. The
resulting impedance is just equal to R. The amplitude of the impedance
at a frequency fin the neighborhood of resonance is given by

“J*
R

‘here Q ‘s ‘e fined as ‘q’ual ‘0 -Z?lrfJ”
The phase angle of the impedance is given by

()tan+=Q&_~

f f.”

(2)

(3)

A plot of Eq. (2) shows that the impedance at any of the nonresonant
frequencies can be made a smaller fraction of R as long as Q can be increased.
Consequently if the only requirement on the output waveform is that it
be a good sine wave, the resonant circuit should have as high a value of Q
as it is possible to get.

In the timing systems which are of primary interest here, it is also
necessary that the phase of the impedance remain fixed. From Eq. (3)
the phase angle of the impedance is zero when f = f,. Suppose that,
because of small changes in L or C, the resonant frequency is changed by
a very small amount Af,. The resulting small change in phase angle is

A@ = ~ Af,.
,

(4)

Hence very large Q makes it difficult to maintain good phase stability.

1See F. E. Terman, Radio Engineering, McGraw-Hill, New York, 1937, Chap. III,

for graphical representation of characteristics of tuned circuits.
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The requirements of good phase stabdity and a pure sine wave are hard
to meet simultaneously. Every design must be a compromise between
these two factors.

At a given Q the phase stability can be improved by using components
that are stable and temperature-compensated. Designs involving
excessively small values of C should be avoided because of the possibllit y
that microphonics or slow changes in tube and wiring capacitances may
seriously affect the phase.

If it is found that a single circuit of high Q giving sufficient attenuation
at the undesired frequencies causes excessive phase instability, the
condition may be greatly improved by cascading the attenuation of two
circuits of moderate Q. It can be shown by applying Eqs. (2) and (4) to
most practical cases, that this gives much less phase shift in the neigh-
borhood of resonance for the same amount of attenuation at the adjacent
harmonics. Simple one-way coupling from the first tuned circuit to
the second can be accomplished by the use of an isolation stage. Such
a tuned amplifier usually has to be neutralized.

A better method for most purposes is to use two tuned coils with
mutual inductance coupling as the frequency selector. This arrange-
ment is shown in Fig. 15. lb. Such a double-tuned transformer with
both primary and secondary tuned to the desired pass frequency is like
the intermediate-frequency transformers employed in most superhetero-
dyne radio receivers. A complete description of their attenuation and
phase characteristics is too lengthy to be included here but can be found
in many radio engineering text books. 1 The most pertinent facts for the
purposes of this section are noted here. For simplicity, only the trans-
former with exactly equal primary and secondary is considered: that is,
R, L, C, and Q are the same for both circuits. The coupling factor
“between two equal inductances of value L is defined as K = ik?/L, where
M is the mutual inductance between the two inductances. Maximum
voltage output is obtained at the critical coupling factor K = l/Q,
Under these conditions a given change in the resonant frequency of both
primary and secondary coils has the same effect on the phase of the out-
put as the same change in resonant frequency has on a single-tuned
circuit of the same Q, but the transformer has much larger attenuation
at the undesired frequencies than has the single-tuned circuit. Although
increasing the coupling factor beyond the critical value increases phase
stability, it decreases the output voltage, decreases the attenuation of
undesired components, and produces two peaks in the resonance curve.
This last effect makes adjustment difficult. In this application it is
recommended that the critical coupling factor be chosen in designing
tuned transformers having equal primary and secondary circuits.

1Terman, 10Ccit.
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These transformers can be designed with good enough characteristics
for most practical frequency multipliers. More elaborate passive titers
or selection feedback amplhiers can be designed for special purposes
to give even more desirable attenuation and phase characteristics (see
Vol. 18,Chap. 10). It must be borne in mind that, if good phase stability
is required, the bandpass filter should be no more narrow than is necessary
for good output waveform, since all bandpass filters have at least + 90°
phase shift at frequencies that diiler considerably from the center fre-
quency of the passband.

FREQUENCY MULTIPLIERS

16.4. Practical Multiplier Circuits.-Because of their low plate resist-
ance the plate currents in triode multiplier tubes are greatly affected
‘by the load impedance. During the time the tube is on, it acts as a

3f

“=

~i

t’”
output

=
FIG. 16.3.—Resonant filter and diode frequency doubler.

shunt on the plate load, which has effectively a different value of Q
during different portiona of the cycle. The relations between Q and the
attenuation and phase given in the previous section can still serve as a
qualitative guide, but numerical results can be obtained only by very
laborious methods. Practical design is usually empirical. Because of
the large cutoff voltage of triodes, they require very large sin~wave
grid drive to obtain current pulses of small conduction angle. For
relatively small multiplication factors or under conditions where narrow
pulse waveforms are used to drive the grid properly, a triode makes a
satisfactory frequency multiplier.

Diodes are frequently used in the circuit of Fig. 15.3 aa frequency
doublers. With a perfectly balanced circuit there is no output at the
fundamental frequency. The undesired output is at the even harmonic
frequencies above the doubled frequency. The filtering can be accom-
plished with a very-low-Q circuit and does not lead to serious phase
shifts. The Q should be selected just high enough to give an acceptable
sine wave.

The 6AC7 Class C amplifier of Fig. 15.1 has a nearly rectangular
current pulse of about 35-ma amplitude and a conduction angle of about
40° when the input is a sine wave from a low impedance source of 150
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volts peak. The input may vary considerably in amplitude without

much effect on the current wave. The bypassed cathode resistor is
included to protect the tube in case the grid drive fails. Since a 6AC7 is
nearly cut off at —4 volts, it is relatively easy to get a small angle con-
duction. This arrangement gives fairly good output for many harmonics,

but is specifically designed to multiply by five. The currents at the

fourth, fifth, and sixth harmonics are about 5.6 ma, 4.5 ma, and 3.2 ma

respectively. Current and voltage values given here and in Table 15. I

vary considerably with the transconductance of the tube, but the relative

values are still correct.

If practical circuit considerations make it necessary to operate with a

much smaller grid drive or a high impedance driving source, the series
grid resistor should be removed. With less effective grid bias, the output

will be smaller, and because of the greater conduction angle, the lower-

frequency harmonics will be relatively larger. This circuit is arranged

to give best output at the fifth harmonic. Coupling and bypassing

values are chosen for an iEput frequency of from 80 kc/see to 1 Me/see.

The same Class C amplifier is shown in Fig. 15”la with a single

resonant circuit and in Fig. 15”1 b with a double-tuned circuit. Table 15.1

compares the characteristics of the two circuits with typical design values

for a frequency multiplication of five. It is assumed that the double-

tuned circuit has identical primary and secondary circuits and critical

coupling between the two coils. The double-tuned circuit clearly has an

advantage both as to attenuation of undesired harmonics and stability

of phase. In many practical cases it may be difficult to obtain a Q m

high as that specified for the single resonant circuit. The simpler circuit

is used only if the requirements for purity of output waveform and phaae

stability are not great. The specific values of L and C given in the table

TABLE 15.1.—CALCULATEDOUTPUTSFEOMSINGLEAND DOUBLE-TUNED CIRCUITS OF

FIG, 15.1

(Same current waveform for each)

Q primary . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

Qsecondary . . . . . . . . . . . . . . . . . . . . . . . . .

Reactance of L in ohms at resonant frequency. 400
Peak voltage at fourth harmonic. 5
Peak voltage at fifth harmonic. 130
Peak voltage at sixth harmonic. ., 3,5
Phase shift in degrees for 0.1 per cent change in

resonant frequency . . . . . . . . 1’1.6
Inductance in ph for 410-kc output. 151
Capacitance in w.J for 410-kc output. 943

Fig. 15.lb

30
30

1,333
1.3

90
1.1

3,4
503
283



SEC. 15.4] PRACTICAL MULTIPLIER CIRCUITS 553

are those required for an output frequency of 410 kc/see and the imped-
ance levels given in the table. For these resonant circuits and all others
discussed in this section it is usually most convenient to use fixed induc-
tors and capacitors whose values are close to the calculated ones and to
make adjustment to exact resonance by the use of a small variable
capacitor shunted across each fixed capacitor.

Oscillators that are operated with large grid drive have plate current
flowing in pulses in a manner similar to the Class C amplifiers that have
been described here. Oscillators employing pentodes or tetrodes can
be so arranged that the oscillations in the grid circuit are maintained
almost independent of the load impedance in the plate circuit. It is
then possible to tune the plate
Ioad to a harmonic of the oscil-
lator frequency. This arrange-
ment is often used with crystal
oscillators to generate stable fre-
quencies that are higher than
those of available crystals. 1 This
method is seldom used for multi-
ples greater than five. Figure
15.4 is a crystal oscillator with
the plate circuit tuned to a har-
monic of the crystal frequency.

If two Class C amplifiers are
driven in push-pull, as shown in
Fig. 15.5b, each has a train of
current pulses which are identical
except that they differ in phase
by one-half cycle of the input
wave. If the two plates are con-

400V

Tuned to harmonic
of crystal

15k

1

RF(
m 100 k

/

300

t

<___---

I-J1- 0.006

“c

500/.qJf

*

FIG. 15.4.—Crystal oscillator with plate cir-
cuit tuned to harmonic.

netted in parallel to drive a single load impedance as in Fig. 15.5a
(sometimes called a “push-push” connection), the output contains
only the even harmonics of j. If the difference of the two currents
is applied to the load impedance in the push-pull plate connection
of Fig. 15 .5b, the output contains only the odd harmonics. Of course
if the circuit is not exactly balanced this separation of harmonics is not
complete. Since in these circuits the harmonics are spaced twice as far
apart in frequency as they are in the single-tube multipliers, the tuned
circuits are not required to have such large values of Q and the resulting
phase stability is much better. It is considerably easier to generate good
sine waves at high harmonics by this method.

Class C multipliers with a multiplication as high as 20 in a single stage
I Tk Radio Handbook, 1942, p. 161.
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can be made to give an output of a few volts. For large multiplications
it is usually necessary either to cascade several stages of lower multiples
or to add an amplifier to bring the output to a usable level.

Attempts have sometimes been made to synchronize oscillators by
introducing large synchronizing signals at some submultiple of the oscil-
lator frequency into some point of the oscillating circuit. Superficially
this proposal appears to be particularly attractive when the desired out-
put is some nonsinusoidal waveform, because the oscillator can often be

+300v
~ Tunad to wen harmonic

,

~~ +
Push.pull driver

(a) Multiplier for even harmonics.

+3CV3v

output

Push.pull driver

(b) Multiplier for odd harmonics.

FIr.a.15.5.—Balanced multipliers.

made to generate the desired wave-
form directly. These attempts
have usually led to unsatisfactory
results. The free-running charac-
teristics of the oscillator and the
synchronizing input are competing
for control of the output waveform.
Any change in the free-running fre-
quency of the oscillator, the gain of
the oscillator tube, or the size of the
synchronizing signals greatly affects
the output. This type of multi-
plier is not recommended when the
waveform is required to be stable in
phase, amplitude, or wave shape.

Figure 15.6 is a practical circuit
for multiplying 100 kc/see by 100 in
steps of 5, 4, and 5. Each multi-
plier stage is operated Class C, and
the selective filters are double tuned.
The use of 6AC7’S gives each stage
sufficient gain to make up the loss
in the filter.

Figure 15.7 is a block diagram
of a reactance-tube-controlled fre-

quency synchronizer, and Fig. 158 is a circuit that employs this principle
to multiply a 100-kc/sec sine w?ve by 10 to obtain 1 Me/see. In Fig.
15.8 the input is a low-level (about 2 volts) 100-kc/sec sine wave and the
output is a l-Me/see sine wave. Tube V, is a free-running oscillator at
approximately 1 Me/see; its exact frequency is controlled by the react-
ance tl be Vs and can be varied by changing the grid bias on Vs. Ampli-
fier VI operates at 100 kc, and Vg is a Class C amplifier with a conduction
angle of approximately 90°. The delay line in the plate circuit generates
short square voltage pulses at the leading and trailing edges of the con-
duction cycle. Tube V, is a time selector with inputs of the 0.3 w,ec
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gate (A in the figure) from the delay line and the output of the l-Mc/scc
oscillator. The output of V, (E in the figure) is rectified in V, and
smoothed and is used to control the reactance tube V5, which, in turn,
controls the frequency of the l-Me/see oscillator. In this way the
l-Me/see oscillator is kept in synchronism with the input 100 kc/see.
Theoutput llisusedtoselect apulse from the lMc/sec oscillator.

Airdielectric28uuf +2~v

I I Meiaener16-S097 I I(IO k 1 ; 1

~kw I
io fAc/aec

output.~m:m==0.002 0.002

2M 2M
2M

510 0,C02 ,

X$ multiphef X4 multiplier X5 multiplier 1

Fm. 15.6.—100-kc/eac to 10-Mc/eec multiplier.

The voltage diagram D on the figure indicates the amount that
the l-Me/see oscillator can be controlled by the reactance tube. For the
l-Me/see frequency, diagram E shows the plate voltage of Vt when the
phase is lagging, correct, and leading. When the frequency and phase are
correct, the selector pulse from the 100-kc/sec source overlaps the second

Amgijiar Fundamental Multiplied
frequency j Time frequency o:sc~t$r

pulse reference discriminator
generator

nft +v
puke 1

Variable
J

\ shunt

Fundamental
Er~reijnal

capacity
frequency

input Variable
reactance

L J

htz 1&7.-Block diagram of reactance-tube-controlled frequency synchronization.

90° interval of the l-Me/see sine wave; if the frequency is too high, the
overlap provides less output at V3; and if the frequency is too low,
the overlap provides more output. The rectified current from a correct
overlap is balanced against the voltage from R in the stable condition,
and hence the time discriminator V~ and V, control the reactance of the
reactance tube Vb.
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This circuit’ is flexible as to multiplication ratio and stable in regard
to phase lock. The phase lock, as measured between the plate voltage
of VI and the multiplied output voltage, is limited by the constancy
of the gain of VI and the cutoff characteristics of Vz. If 6AC7’S and
2-volt input are used at Vi, the phase lock should be good to better than
1°. If good phase lock is required between the input of VI and the
multiplied output, the plate load of VI must be nonresonant to prevent
phase shift in V, with slight changes in the fundamental frequency or the
resonant frequency of the plate load. This same basic circuit can be

+300

I [ I 0.01 II

1(XMkc/see
4 mh

—
II

Illimmmiw”

E --- “’p”’ I 1 1 11
y-- & +-5v

FIG. 15.S.—Reactance-tube-controlled multiplier.

used for divisionz by making the higher frequency the standard and by
connecting the reactance tube to the low-frequency oscillator.

SINUSOIDAL FREQUENCY DIVIDERS

15.5. Introduction.-The remainder of this chapter deals with fre
quency dividers whose output has a sinusoidal waveform. Because of
the interrelations that exist it will refer to dividers of other output wave-
forms, but the detailed discussion of those dividers occurs in the next
chapter.

1This circuit is fundamentallya negativefeedbacktime demodulator. SeeChap.
14 of this volume and Chaps. s and 9 of Vol. 20.

2see Chap. 16 of this volume,



SEC. 15.5] INTRODUCTION 557

Frequency division has essentially the same uses as frequency multi-
plicationin the production of synchronized wave trains of harmonically
related frequencies. Oneuseis in frequency standards where submulti-
plesof the master-oscillator frequency may bedeveloped.1 In this case
phase lock is not essential but the waveform should be good and frequency
ratio should be stable. In this application, dividers deriving the sub-
multiple frequencies from a high-frequency standard have one marked
advantage over multipliers operating from a low-frequent y standard.
If the output waveform is imperfectly filtered the stray components
from a divider are all harmonics of the required output. The stray
frequencies from a multiplier are restricted only to rational ratios of

the required output frequency. Hence the number of possible stray
frequency components is much less in the output of a divider than in the
output of a multiplier.

Division is used as a synchronizing method for multiple-scale timing
systems. For this use precise phase lock is usually required between
input and output waveforms. If the required low-frequent y waveform
is not sinusoidal, it can usually be obtained more simply and reliably by
the synchronization of relaxation oscillators (Chap. 16). Although
there are some multip~e-scale systems employing sine-wave references
throughout, the majority of the radar and television timing systems

employ pulses as the low-frequency time reference. For this reason the

problem of good phase lock in sinusoidal dividers has not been given the

consideration that the problem has had with respect to frequency multi-

pliers or dividers employing relaxation oscillators. The information from

publications or other available sources is not very complete. Only the

regenerative modulator divider has been treated thoroughly. The char-

acteristics of divider circuits are summarized here without an exhaustive

treatment.

In a limited sense frequency division is analogous to frequency multi-

plication. That is, a waveform must be generated which has a compo-

nent of the desired output frequency. Then, since the required output is

sinusoidal, a frequency selector is required to select the desired frequency

from all the components generated. It is desired that this filtering should

not introduce variable phase shifts into the output. Because of the

limited transient response of the filters” that must be used, sinusoidal

division is applicable only to continuously generated sine waves.

One method of generating waveforms with subharmonic content is to

apply a sine wave to a nonlinear inductance through a suitable auxiliary

circuit. The behavior of these circuits is critically dependent on driving

1For instance, crystal clocks, See F. R. Stansel, “Secondary Frequency Stand-
ard,” Proc. I.R.E. SO, 157 (April 1942).
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voltages ,and initial conditions in a manuer not generally understood.
The method is at present of little more than academic interest. 1

Division may be performed by comparing the phase of an oscillator
output with a synchronizing signal at a harmonic of the oscillator. The
signal depending on the phase error between the two sine waves is used to
control the tuning of the oscillator in such a direction as to reduce
the phase error. In the block diagram shown in Fig. 15.7 the reactance
tube can just as well be connected to the lower-frequency oscillator, in
which case the time discriminator controls its frequency to be an exact
submultiple of the reference frequency. The limit of the division ratio is
determined by the time discriminator (Chap. 14) whereas the stability
problems are characteristic of electronic servos. A divider of this type
is probably capable of larger division ratios, in one step, than any other
circuit discussed in this chapter. 2

The practical methods of generating subharmonic are methods of
synchronizing oscillators. A relaxation oscillator can be synchronized
at subharmonic of a control frequency. Since relaxation oscillators
always have a definite recovery time and are often employed as time
bases, they are referred to as “dividers using a time base. ” Regenera-
tive oscillators can be synchronized (though not very stably) by introduc-

ing a harmonic frequency-control signal at a suitable point in the circuit.
These are called “regenerative dividers.” A third type of divider
operates regeneratively and includes modulation devices in the feed-
back circuit; these are referred to as “dividers using regeneration and
modulation. ”

Certain general relations between the waveform of an oscillator and
its frequency stability and synchronizing characteristics have been
demonstrated. The presence of harmonics in the output of a free
running oscillator produces frequency instability. 3 Synchronization of
an oscillator at a subharmonic of an input signal depends on interactions
between the input signal and harmonics of the oscillator. Consequently,
regenerative oscillators with sinusoidal output are very stable in fr~
quency but are comparatively hard to synchronize. Relaxation oscilla-
tors, which usually have complex waveforms, are relatively instable in
frequency but are easier to synchronize both in frequency and phase.

A frequency-dividing circuit must have enough frequency stability

1C. F. Spitzer, “ Sustained Subharmonic Response in Nonlinear Series Circuits,”
J. Applied Phys., 16, 105 (February 1945).

2F. C. Williams ad T. Kilburn, ‘(Time Discriminators, Automatic Strobes, md

Pulse-recurrence Frequency Selectors,” Part II, I.E.E. Convention Paper, March
1946.

s J. Groszkowski, “The Interdependence of Frequency Variation and Harmonic

Content,” Pmt. I. R. E., 21, 958-981 (July 1933).
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so that changes in tube gain and supply voltages do not cause it to oper-
ate at the wrong submultiple. It must, at the same time, be sufficiently
easy to synchronize so that small changes in the free-running frequency
do not cause the divider to fall out of synchronization.

15.6. Dividers Using a Time Base.—Many divider circuits are
made with relaxation time bases (Chap. 16). In addition to the natural
waveform of the divider, it may be desirable to have a sine wave
of the same frequency. When the waveform contains a sizable compo-
nent of the fundamental frequency, that component can be selected by a
Nter designed to pass the desired frequency. The cases of most practical
interest occur when the waveform to be filtered is either a symmetrical
square wave from a multivibrator or a sawtooth from a gas-tube relaxa-
tion oscillator or from the grid circuit of a blocking oscillator. These
waveforms contain very small components of the even harmonics; hence
it is possible to separate the fundamental frequency with a relatively
broad filter having small phase shift. Three things can produce variable
phaze shift in the sine wave: variable time delays in the operation of the
relaxation oscillator, changes in the waveform from the oscillator which
may reeult in relative phase shift of the sine-wave component, and
changes in the filter transfer impedance. The time delays of the divider
are discussed in Chap. 16. An example of the second difficulty occurs
when the duty ratio of a multivibrator waveform is not exactly 50 per
cent. The difficulty in this case is removed by making the multivibrator
waveform symmetrical. The phase shifts in the filter depend on stability
and bandwidth in the same way that they do’ in frequency multipliers
(Sec. 15”3).

Selection of the desired sine-wave component is accomplished by
applying the complex waveform from the relaxation time base to the
grid of an amplifier whose plate load is tutied to the desired frequency.
A practical circuit of this sort using a multivibrator divider is used in the
SCR-584 circular-sweep display circuits shown in Fig. 15.9.

Synchronized relaxation oscillators can be greatly improved in fre-
quency stability by incorporating tuned circuits in a suitable manner
(Chap. 16). Builder’ has described an ingeniously stabilized gas-tube
relaxation oscillator in which the same tuned circuit s.4rves to stabilize
the free-running frequency and to select the sine-wave component for the
output. It has been used as a frequency divider for division ratios up to
ten.

The frequency range, possible frequency ratios, and stability ratios
are essentially the same for these circuits as for the circuits of Chap. 16
inasmuch as the actual division is done by the relaxation oscillator.
They are useful because they can be synchronized either with sine waves

] G. Builder,“A StabilizedFrequencyDivider,)>Pmt. I, R.E., 29, 177 (1941).
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or pulses, and because the output has synchronized sine waves and pulses
or a waveform from which pulses can easily be obtained by differentiation.
However, the sine-wave output has only moderately good phase lock
and these dividers continue to give an output in the absence of all syn-
chronizing signals.

15-7. Regenerative Dividers.-A sinusoidal oscillator can be syn-
chronized by injection of a sine wave whose frequency is very near the
free-running frequency of the oscillator. 1 A simple circuit that can be
so synchronized is shown in Fig. 15.10. Any sine-wave oscillator can be
synchronized by introducing a synchronizing signal at the proper point,

81,95kc/see

FIG. 159.—Multivibra,tor divider in SC R-584.

which is usually in the grid circuit. The phase shift between the syn-
chronizing signal and the oscillator output can vary by + 90° before the
oscillator fails to lock. The input voltage, Es=, necessary to produce
synchronization is proportional to the oscillator grid drive, to the Q of the
resonant circuit in the feedback loop, and to the ratio (j.n — jo) /jo, where
j-is the frequency of the synchronizing signal and f, is the free-running
frequency of the oscillator. This relation is not stated as an equation
because the value of the proportionality constant depends on circuit
details. It does show how the variables must be controlled to produce
easy synchronization. When synchronization occurs, the phase shift

1D. G, Tucker, “The Synchronizationof Oscillators,” Electrunti Eng., Part 1,
412 (March 1843); Part II, 457 (April 1943).

I
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between the synchronizing signal and the output is smallest when E,,,

is large, Q is small, and f.,. is equal to ~o.
Resistance-capacitance oscillators of the phase-shift type or of the

bridge type have synchronizing characteristics similar to those of oscil-
lators with resonant feedback circuits in which the resonant circuit has a
Q of about one, and are particularly easy to synchronize. Thui tyfie of
synchronized oscillator can be considered as a ‘i divider” with a one-to-
one frequency ratio. As such, it has little use in synchronizing systems,
although it is used as an oscillator limited to give large, constant output
at a frequent y determined by a small, variable amplitude input. The
properties of this device do shed considerable light on the method of
synchronization of true dividers.

If the synchronizing signal is of frequency n~.,. approximately equal
to nfO, where n is a positive integer and fo is the
free running frequency, synchronization can occur
at the frequency j.,m. This synchronization
arises because cross modulation between the fre-
quency n.f.,~ and harmonics of the oscillator pro-
duces a component of frequency j.,.. 1 This serves
the oscillator as a synchronizing signal with a
one-to-one frequency ratio. In the strictest sense,
synchronization is due to a combination of regener-
ation and modulation, but there is no element
in the circuit specifically designed to perform
the modulation operation. The amplitude and
phase of the synchronizing signal depends in an
exceedingly complex manner on the amplitude
distortions and the frecmencv response of the

B+

P
--=

Synchronizing
signal

h- si~~
FIG. 1510.-Syn-

chronized sine wave os-
cillator,

oscillator. In general it may be said that operating the oscillator at low
output level with sharply tuned elements, which is the necessary condi-
tion for frequency stability and sinusoidal output, will lead to nearly
zero amplitude of the synchronizing voltage at the frequency f,,.; hence
small variations in operating conditions can lead to excessive phase shift
or even to total failure of synchronization. The oscillator continues to
give an output in the absence of all synchronization. For these reasons
this type of divider is not useful where stability is important. Even
when used for division ratios not greater than three, its phase errors can
be large and variable. The “design ‘‘ is experimental, because the non-
linear analysis is so difficult and because the optimum stability conditions
are seldom realized.

‘R. L. Fortescue,“Quasi-stable FrequencyDividing Circuits,” J. Inst. Elec. Eng.
(Jane 1939).
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One example of a regenerative o$cillatori that can be directly syn-
chronized at a subharmonic of a control frequency and that has no output
in the absence of synchronizing signal is shown in Fig. 15.1 I. Its
limitations are as stated in the previous paragraph. This is a conven-
tional oscillatox except that the plate supply is not a direct cupent but

an alternating vohge at the synchronizing frequency. The resonant

50 Voftpeak
at3 kc/see 1

+

FIG. lSII. -Regenerative
divider.

circuit is tuned to the desired output frequency
wd the feedback is adjusted to maintain oscil-
lation. The output can be at any frequency
mjn times the control frequency, where m and
n are srrd integers. This means that the cir-
cuit can divide or multiply the frequency by
mtiomd aumbers as well as by integers. The
frequency ratio should not exceed 3. About
the only advantage of this circuit is extreme
simplicity in construction. 1$ is not suffi-
c<iwitl.yreliable for mast rwr~osee..

16.8. Dividers with Regeneration and Mod&i&-The previous
~ectkm has Ehown, that ia simpk synchronization of a regenerative oscil-
lator at a mblmrmonic of the wm+,rol frequency, those factors that aid
frequency w~ection in the regenerative loop make it more difficult for a

satisfactory synchronizing sigmd m I>Ggenerated by Cross modnhhon.
The necessary conditions for a good chider can be met by performing the
regeneration and modulation functions iti difFenmt parts of the circuit.
Each function can then be performed with optimum efficiency without

in any way interfering with the other. A block dtagram of one method%
is shown in Fig. 15’12. The o.wi[lator has s free-running fmqueecy
U + c), where c is small compared to ~. Its output is multiplied by
(e – 1) to (n – 1) (~ + c) by the frequency multiplier. This frequency
and the frequency nf, which is to be d~vided by a, are applied to the
square-law modulator. In addition to the input frequencies the output
contains the sum and difference frequencies [nj + (n – 1) (f + ●)] and
[~–(n– l)c]. The difference frequency is selected by a filter and k
applied as a synchronizing signal to the mwillator in the manner suggested
by Fig. 1510 of Sec. 15,7. The synchronizing signal tends to decrease e,
and tkm stable state of the system k that in which the synchronizing
signal frequency is equal to the oscillator freqtxency—that is, e = O-+md
the output frequency ia exactly $, Thus the frequency nf has bean
divided by n. lf the frequency multiplier has a multiplication (w + 1),

I J, Gro~zkow~ki, 4~FrequencYDividers,” P~w. I-R-E., @ 19M (1930)-

%D, G. Tucker, “ ‘JIN Synclmonization of (lsvillators,” kllectwtti Eng,, Part III,
26 (June 1943).
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the difference frequency is [j + (n + l)E] and the system has no stable
state.

Dividers of this sort have been operated successfully. They are self-
starting and may be operated with very large division ratios One
objection is that the oscillator continues to give an output even if the
synchronization fails entirely. Another objection is that in addkion to
the phase shifts introduced by the filter element, there can be a siaeable

output lrl@Jt

1. ~

Kf

T
Y Frequerrcy

Oscillator
(n+l)f

multiplier
Modulator

1]

Synchronizing signal f Filter

FIG. 15.12 ,—Oscillator synchronized et subharmonic of control frequency,

phase shift between the fed-back synchronizing voltage and the oscillator
Output.

The block diagram of an arrangement that eliminates these difficulties
is shown in Fig. 15.13. Here the oscillator of Fig. 15-12 is eliminated and
the difference frequency is fed directly into the frequency-multiplying
circuit. If the gain around the loop through the modulator and fre-
quency multiplier and back to the modulator input exceeds one, the
output builds up as in any regenerative
oscillator. The regeneration is inde-
pendent of the phase shifts in the system.
To assure thBt the divider give only the frequency (n. I)f

desired frequency, it is necessary that multiplier

the loop gain be less than one for other
subharmonic frequencies. If the input

t

is absent there is no output, since- the - 1]
output ----’T-

Filter

conversion gain of the modulator is pro- 1
portional to the amplitude of the input Fm. 15.13.—Ragenerative divider

at the control frequency. The circuit
using square-law modulation.

cannot operate without a sufficiently large input at both frequencies, nf
and (n – 1)j, to give unity gain in the feedback loop, The divider may
not be self-starting because frequency multipliers are nonlinear and that
portion of the loop may have very low gain for small signals. Many
circuits will have sufficiently large transients from the application of plate
voltages and control signal to start them. In the designs of dividers
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that are not self-starting, it is necessary to introduce sizeable starting
voltages. i

The phase relations with respect &o the input sine waves are easily
determined. Assume zero phase for the input sine wave. Let #1be the
phase at the output of the modulator filter. Let O, and O?be the phase
shifts produced by the frequency-selecting circuits at frequencies f and
(n – l)j respectively. The output phase of the frequency multiplier
is then (n — 1)@ + 82, and the output phase at the modulator filter is
–(n – 1)~ – 6, + 8,. By definition @ = –(n – l)c# – $2 + 61, or

@==%, – @z\n. The phase shift in the filter circuits can be made
nominally zero. The variable phase shifts in the output are equal to the
difference in variation of the filter phase shifts divided by n. They can
be made verv small. Dividers of this sort have shown phase shifts
too small to measure with reasonable changes in control-sign~l amplitude.
Shifts of the order of 2° have been observed with changes of more than
30-db control-signal amplitude. A divider of this type has a phase stabil-
ity superior to that of all other types considered in this chapter.

So far the discussion has assumed that a square-law modulation is
used. If a hiaher-order modulation is used—that is, modulation that
depends on current components that vary as powers of ~rid voltage higher
than the second power-other frequency ratios can be obtained. Another
possibility is to select the mth harmonic in the frequency multiplier as an
output frequency. By these means an output of frequency m/n times
the input frequency may be obtained, wher~ m and n are positive integers.
It is thus theoretically possible to divide (or multiply) by any rational
ratio. Large ratios imply the necessity of very selective filters to prevent
the possibility of output at the wrong subharmonic.

Design methods and the results of theoretical and experimental
investigations for these dividers have been published by R. L. Miller. z
It is shown there that if certain linearity requirements are met in the
frequency-multiplying and modulating circuits, the output amplitude
is a linear function of input amplitude over a considerable range.

Many of the practical designs included in the literature employ con-
tact rectifiers as modulators and harmonic generators. Selenium and
germanium rectifiers seem to be particularly suited to this application.

Dividers with regeneration and modulation have certain advantages
over relaxation-oscillator dividers. There is no output unless there is a
synchronizing input. If the frequent y response of the feedback loop is
chosen so that oscillation can be maintained at only one subharmonic, the

‘R. L. Fortescue, “ Quasi-stable Frequency Dividing Circuits,” J. Inst. Elec. Eng.
(June 1939); R. L. Miller, “Fractional Frequency Generators Utilizing Regenerative
Modulation,” Proc. I.R.E. 27, 438 (1939).

2 Miller, lx. d.
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output, if present, must be synchronized at the proper subharmonic.
The gain must be large enough for the circuit to regenerate, but when that
condition is met the only effect of gain changes in the circuit is to change
the size of the output. In contrast, a relaxation-oscillator divider may
change its division ratio with changes in tube characteristics and supply
voltages. The frequencies at which these dividers can operate is limited
only by the frequency range over which amplifiers, modulators, and
frequency multipliers can be built. Relaxation oscillators are limited
to about 1 Me/see, at which frequent y they are not very easy to syn-
chronize, By the use of narrow and stable filters and good harmonic
generators (possibly cascaded multipliers), dividers employing regenera-
tion and modulation may be extended over almost any desired frequency

300v

.
Fm. 15.14.—Reg.neration and modulation d,vider, AN/APN-3.

ratio. The chief disadvantages are relative complexity and the fact that
some designs require special starting devices.

A regeneration and modulation divider circuit’ that was employed
in the AN/APN-3 range unit is shown in Fig. 15.14. It can give con-
siderable power in the output and divides from 93 kc/see to 9.3 kc/see.
With division ratios no larger than this, a considerable range of values is
possible in the resonant coupling circuits without producing outputs at
incorrect frequencies. The output power obtained and the input ampli-
tude necessary to control operation depends on the values in these
circuits. The components L and C in the figure and the “scrambling”
pulse (not shown, see Vol. 20, Chap. 6) assure that the the divider will
be selfstarting. Tube 1’, serves to produce modulation products of the
input and the output of the frequency multiplier. The output trans-
former is tuned to the difference frequency. Tube V, serves as a fre-

I The AN/APN-3 is the airborne part of a precision-radio-navigation equipment

manufactured by RCA, Camden, NJ.
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quency multiplier to produce the 83.7-kc/see component (nine times
9.3 kc/see). Exact values of phase variation depend on the stability
and bandwidth of the resonant circuits employed.

When the division ratio is 2, a simple modulation scheme such as
that of the previous circuit should not be used. Direct feedback of the
frequency f/2 would occur in the modulator tube and would usually
exceed the component of that frequency produced as a modulation
product and would take over control of the circuit. This introduces the
possibility of free oscillation in the divider. If a balanced modulator is
used the circuit can be made to operate stably. For division by 2, it
is self-starting. Dividers using contact rectifiers in a balanced square-
Iaw modulator and one vacuum tube as the feedback amplifier are
described in the literature.1 Modulators of this type can be made to
operate as higher-order modulators. This makes other division ratios
available without the use of frequency multipliers. Circuits using two
vacuum tubes in a balanced modulator for division by 2 or 3 are described
by Sterkey.2 These circuits require complex transformers of special
design.

1Tucksr, 10C.cit.; Miller, toe. cit.
z H. Sterkey, “Frequency Divieion,” Proc. I. R.E., 26, 1153 (1937).
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BY A. H. FREDERICK, ~. W. HTJGKER, AND E. F’. lSlACN71CFfOL, JR.

GENERAL CONS~EILtTIONS

16.1, De5nition.-Puk.&recurrtmce-frequency divMon is the process
of producing equally spaced pulses recurring at a frequency j~ from
equally spaced synchronizing or controlling pulses recurring at a higher
frequency nj2 = .fI where n is an integer. ‘Me requirement of equal
pulse-spacing distinguishes pulse-ditider circuits from pulse-counting
circuits, 1 which can also function .as pulse-recurrence-frequency (PR.F)
dividers. The controlling pulses j, may recur continuously or they may

[ 1 I I I 1 I 1 14
(b)

Fza. 16.1—(a) Com%uoua puIeereco.mmcefrequenoy division. (b) Interxnittant pulse recur-
rencefmquenc y dtvision.

recur in finite groups separated by intervals during wKIch no pulses
occur. In the former case, the fz pulses occur continuously and the
division is said to be continuous. In the latter case, theft pulses as well
as the fl pukes occur in groups spaced from one a,nother, and the ciividon

is intermittent. These differences are illustrated in Fig. 16.1. In aU
cases intermittent-PRF-divider circuits are capable of continuous-PRF
division although they may be more elaborate than is necessary for
continuous diviskm.

16.2. Characteristics of Puke-recurrence-frequency Dividers.—
Great varktions are possible in the characteristics of pul#e-recurrence-
frequency dividers. For the practicaI circuits to be given in thw chapter

%Ss.s Chap. 17 for a discussion af pub-counting oircuits.

567
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the input pulses upon which the frequency divider operates wiU ordinarUy
be rectangular pulses about one microsecond in duration and 10 to 100
volts in amplitude, yet widely different input pulses can be treated with
the general circuit types discussed. The output pulses from a frequency
divider are ordinarily generated in the frequencydivider circuit and are
often, though not always, very similar to the input pulses. The division
ratio--that is, the ratio of the recurrence frequency of the input pulses
to the recurrence frequency of the output pulses—is anywhere from two
to several thousand or more; there is theoretically no limit to the division
ratio for continuous frequency division. Practical limitations on circuit
complexity and requirements on the uniformity of output-pulse spacing
usually necessitate that the division ratio be less than 20 per divider
stage. If considerable nonuniformity in output-pulse spacing is toler-
able, division ratios of several thousand can be used.

Of primary concern is the question of the accuracy of the frequency
divider and there are two types of errors to which frequency dividers are
subject. Fust, the division. ratio may not be constant; the resulting
variation in the recurrence frequency of the output pulses is called
“frequency jitter.” In a divider circuit with a single stage, if the division
ratio is as large as 1000, this ratio may vary by several per cent over short
periods of time under normal laboratory conditions. Second, there may
be a delay between an input pulse to the divider and the output pulse
initiated by it. This so-called “phase delay” is caused by finite response
speed of the divider and finite rise times of the input pulses. It may
vary with time; the jitter so produced is called “ phaae jitter.” For
most of the dividers discussed, including those with high division
ratios, phase delays are less than 1 psec; some precision circuits have
phase delays of 0.1 psec or less. The stability of the division ratio and
of the phase delay with respect to changes of circuit parameters, such
as the supply voltages, tubes, and components, is a matter of great
importance.

The input requirements of frequency dividers—that is, the amplitude
and source impedance of the input pulse-vary considerably and are
often critical.

16.3. Uses of Puke-recurrence-frequency Dividers.-The main
application is in electronic timing circuits. Often timing operations
require a number of synchronized pulse-wave trains of different pulse
spacings. Figure 16.2 shows a pulse-wave group typical of those often
associated with radar timing systems and with calibrators. 1

1A discussion of time-marking pulses as applied to cathode-rpy-tube measurement
is found in Chap. 20 and Vol. 20, Chap. 7; synchronizing systems employing frequency

dividers are dkcussed in Vol. 20, Chap. 4. Test oscilloscopes containing frequency
dividers are discussed in Vol. 21, Chap. 18.
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16.4. Methods for Accomplishing Continuous Pulse-recurrence-
frequency Division.-Astable Relaxation Oscillators. —There are two

widely used fundamental methods of pulse-recurrence-frequency division.
The first involves the synchronization of an astable pulse-generating
oscillator at a frequency somewhat higher than its normal frequency.
Relaxation oscillators—for example, multivibrators, blocking oscillators,
and gas discharge tube (“ gas tube”) oscillators—are the basis of nearly
all such dividers. The output of these relaxation oscillators may have

to be shaped into appropriate pulses. The principal advantages of these
oscillators are the ease of synchronization, the simplicity, and the ability
to produce pulse-output waveforms or waveforms that can easily be
converted to pulses. Some representative circuits and their waveforms
are indicated in Fig. 16.3.

f

(a)[lll 111111,,11,1,,,1,,1,1,,, ~,,,111 ll~lllllltiiliiil
~~lOAsec

J = 100 kc/see
I

(b)~
4 w 50A sec

I I 1 I 1 I I I f2 = 20 kc/sec

(c) ~
k- 200 # sec A

1 f3=5kc/sec

(d) ~
600 # sec ~ f4=$kc/sec

FIG. 162.-Typical synchronized pulse wave trains for electronic timing.

Monostabk Oscillators.—The second fundamental method involves the
use of a monostable oscillator that can be triggered by the first input
pulse appearing after the end of its active period. Two basic circuits
are shown in Fig. 16.4. The duration of the “on” period of the mono-
stable oscillator must be greater than the time between n — 1 of the input
pulses and less than the time between n of the input pulses, where n is the
division ratio. When these conditions are fulfilled, the oscillator will be
triggered only by every nth pulse. The leading edge of the output from
the oscillator can be used to produce the output pulse. Multivibrators
and Miller feedback rectangle generators of the type discussed in Chap. 5
are often used in this type of frequency division.

Use of Time Selectors.—An important variation that is particularly
valuable in the reduction of phase jitter and that can be employed with
either of these methods involves the use of a time-selector circuit. A
selector pulse that is sufficiently long to span the first pulse after the
pulse that iniuates it is generated by either type of divider at the time of
every nth pulse. This selector and the input pulses are applied to a
time-selector circuit whose output then consists of uniformly spaced
pulses with frequency l/n times that of the input pulses.
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Frequency Tracking.-Still another type of divider employs the prin-
ciple of frequency tracking. In Chap. 15 it was shown that a frequency
multiplier could be produced by synchronizing the phase of an oscillator
operating at a multiple of the input frequency by use of a time-discrimi-

k“-g .=:
to period Tf Free period T

(U) Gas triode divider circuit n=8

EDD.

!!!29P, P2

G, G2 ‘—
k

~ Synchronizing
Pulses Es -

‘ppLLLtlm
(b) Multiwbrator divider dwcuit n = 12

BI---
E(t) +’8

cL-J-““”Synchronizing
pulses

7 Y

(C) Blocking oscillator divider circuit n =5

Fm. 16.3.—Synchronized relaxation oscillator frequency dividers. (a) Gas tube
divider airctit, n = 8. (b) Multivibrator divider circuit, n = 12. (c) Blocking oscillator
divider cizcuit, n = 6.

nator circuit which controls a frequency modulator. The same principle
may be used in frequency division as shown in Fig. 16.5.

A stable oscillator is set to operate approximately at frequency j,
when no input is present. From the output of the oscillator a pair of
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FIG. 16.5.—Block diagrsm and cirouit for frequency tracking divider.
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time-selector pulses is obtained by means of a blocking oscillator. In
this case the second pulse is formed by the overshoot of the blocking-
oscillator pulse. The input pulse of frequency, and the two selector
pulses of approximate frequency fz are applied to a time discriminator
whose d-c error signal operates on a reactance tube which conti-ols the
frequency of the oscillator. Thk frequency will be maintained at
f, = f,/n because the tracking loop forces the selector pulses to span
equal areas of the input pulse. 1

SOME FUNDAMENTALCIRCUITS AS CONTINUOUSFREQUENCYDIVIDERS

16.6. Monostable Multivibrators. —The monostable multivibrator is
often used aa a frequent y divider. Essentially the operation depends
on the fact that while the multivibrator is in its unstable state the input
triggers are ineffective, but as soon as the multivibrator has returned to
iti stable state the next pulse will trigger it. A typical circuit and its
waveforms are shown in Fig. 16.6.

In the stable state, the tube Vz is conducting and its grid is held by
diode Vt at – 1.5 volts with respect to its cathode potential. The current
of V2 flowing through Rk biases off V1. The plate of VI is held at about
100 volts below EPP by the current flowing through RI, VS, R8 and the
potential divider. A negative trigger of about 25 volts amplitude will
trigger the multivibrator to its unstable state in which V1 is conducting
and Vz is nonconducting. Both diodes Vs and V* will also be noncon-
ducting, and hence the triggers are isolated from the multivibrator in the
unstable state. The capacitor C charges through R until the potential
at the grid of Va rises to the critical potential at which VZ begins to
conduct. A regenerative action then restores the multivibrator to its
stable condition. The first trigger that appears after the circuit has been
restored to its stable state will now switch the multivibrator back to its
unstable state. The positive rectangles that appear at the anode of Vz
start at the time of an input trigger and can be differentiated to generate
the train of low-frequency pulses.

The stability of this circuit as a frequency divider is determined
mainly by the stability of the period taken for the multivibrator to
return to its stable state after being triggered. Variations in the initial
charge across C, in the current that flows through VI during the unstable
period, or in the cutoff potential of V2 will cause a variation in this
period.

1See Vol. 20, Chap. 4, for a further discussion of dividere and many practical

circuits.
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Fm. 16.6.—Typiczd circuit of monosta,ble multivibrator frequency divider. V1 and v,
are6SN7’e. V, and V,are6AL5’s.

Theexpression for the period Tisgiven implicitly by

where E. = critical grid to cathode potential
il = current in VI

E, = potential of grid return
E, = potential at plate of VI
El = initial potential across C.

The potential El is defined by the diodes V3 and V4. The potential
E, and ~lRkare dependent on the current flowing in VI and are ordinarily
the most variable quantities. Assuming linear triode characteristics this

. . E~~rrent IS green b R, + R, +p~~ + l)Rk Jwhere Rp is the plate resistance
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of the tube, Hence RI and Rk should be given large values in order to
reduce the dependence of the current upon the characteristics of the tube.
An optimum size for RI and Rk will exist because Rp itself is not a constant
but becomes larger if smaller currents are drawn through the tube. The
critical grid-to-cathode potential E. at. which V2 begins to conduct is an
important variable, which is dependent on heater voltage.

For the most stable design it is usually desirable that the grid wave-
form at V2 have the largest possible slope when it reaches the potential
at which VZ conducts, in order that changes in this critical potential shall
have as small an effect as possible on the duration of t; this implies that the
grid-return voltage E. should be as large as possible. But if changes in
EP as well as changes in E. are considered, it can be shown that there is an
optimum finite value for E.. This question is discussed in the section on
blocking oscillators (Sec. 16.8) since for them the choice of an optimum
En is of more critical concern.

‘l’he transition time between the unstable and stable states is deter-
mined by the time constant R IC’ in conjunction with the potentials to
which the diodes Va and V4 are returned. By the use of a cathode
follower with its grid connected to the plate of V, and its cathode con-
nected to C, this recovery time can be reduced, although the potential
across the condenser in the stable state is less well defined. The period
required for the transition from the stable state to the unstable state is of
the order of 1 ~sec. It is these transition times that limit to several mega-
cycles the maximum frequency of the output pulses from a multivibrator.

It is reasonable to expect under laboratory conditions to keep T to
within 1 per cent of its mean value so that stable division by 20 to 25
can be expected when the transition times are small compared with T.

The phase delay between the input trigger and the output trigger
at the plate of Vz is dependent upon the rate of rise of this output trigger
and is kept small by the use of a small load resistor in the plate of V3.
At sufficiently low frequencies the output impedance is approximately
that of the load resistor of V,.

One of the principal advantages of this monostable type of divider
is that it is relatively insensitive to the characteristics of the input
triggers, since they have no influence upon the duration of the period
during which the multi~ibrator is in its unstable state.

A practical circuit using submini~ture triodes is shown in llg. 16.7a;
waveform photographs are presented in Fig. l(i.~b. The normally-off
tube VZ is biased off by the use of the potential divider i?t and R3 and the
negative supply rather than by the bias due to the plate current of the
normally-on tube flowing in a common cathode resistor, as was done in
Fig. 16.6. This circuit is preterred to the cathode-coupled variety
when an accurately regulated positi~-e and negative supply are avail-
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able because the transition grid potentials are better defined. This
circuit provides an output pulse at a frequency of about 16kc/sec. The
5 to 1 division ratio is maintained when the heater voltage is varied from
3.5to 8.0 volts and when the supply voltage is varied from 40 to 250

+15(IV
.

-1:0 v
‘w

S2 Kc/see

Synchronizing
triggers

(a) (b)

FIG. 16.7.—(o) A 6 to 1 monostable-multivibrator frequency divider. @) Photograph
of waveforms at P, GI, and Pz,

volts. Also no readjustment of the circuit wasrequired for90 percent
of the150 tubes tried. Thephase delay islessthan O.lpsec.

16.6. Astable MultiVibrator Dividers.-Astable multivibrators (see
Chap. 5) are suitable only for continuous PRF division. They have been
used extensively in the past in frequency standards and in television
equipment.

+250V

s

b

FIG, 168.-Astable-rnultivibrator divider chain (SCR-584).

A typical divider chain (from the SCR-584 radar) is shown in Fig.
16,8. Positive synchronizing pulses are supplied at 81.94 kc/see to the
plate of Via. These pulses add to the grid exponential of V,b causing
synchronization with every fourth pulse at approximately 20 kc/see.



Theplate waveform of Vlaisdifferentiateda ndsynchronizest heg ridof
Vsb on every fourth pulse or at approximately 5 kc/see. By a similar
process Vsdivides by3 to approximately 1.7kc/sec. This divider chain
has been used extensively in field equipment and operates reliably at the
small division ratios required, though the circuit constants may require
readjustment for limit tubes.

This circuit does not, however, represent the best design practice.
In the first place, the 22-k plate resistors are too low and permit only
100 volts of plate swing. If 250-k plate resistors are used, 200 volts of
swing is available. Large plate resistors are, however, objectionable for
high frequency operation. Secondly, the grid resistors should be
increased to at least 1 megohm to prevent loading of the plate circuits,
and they should be returned to EVPso that the grid waveforms will have
maximum steepness when crossing the critical bias.

The values of the time base condensers can be calculated from the
formula for the period T, given in Sec. 5.8:

(2)

where RtCl and R2CZ are the grid time constants, -E; is the amplitude
of the plate waveform, and —E. is the bias level at which regeneration
takes place. For a 6SL7 with E., = 250 volts and R, = 250 k, Ei = 200
volts and E. = 5 volts. For the duty ratio to he 50 per cent the unsyn-
chronized time base should have a natural period of one half or somewhat
less than one half the total period, and the synchronized time base should
have a natural period ~onger than half the total period. In the redesign
of the first 4 to 1 divider of Fig. 16.$3the unsynchronized period is taken
as 0.45 of the total period. Its time constant is given by

R,i’, = 0.45T
1

In E,. + Et
= 0.64T.

— .—.
E,. + -E.

For the synchronized time base, transition occurs when the sum of the
exponential waveform and the synchronizing pulses reaches 13c. It is
a general design principle for astable dividers that the trigger amplitude
at the grid should be sufficiently large so that it is assured that transition
occurs at the time of one oft he triggers. This can be achieved by choosing
a tr~gger amplitude equal to the increme of the time base between two
successi~e triggers that occlw uc:{r the time of transition. Furthermore
the firing potential should correspond to the half amplitude of the firing
trigger. There is no advaut age in using x trigger greater than this.
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Often a somewhat larger trigger is chosen to allow for tolerances in the cir-
cuit. For our design then approximately a 45-volt trigger is required,
since E. = (E; – E,)/4.5.

The time constant for the synchronized time base is given by

R,C, =
0.5T

~n 250_+_200 = 0“g9T’
250 + 27.5

in which E. + E. has been substituted for E. of equation (2).
A 10 to 1 divider circuit designed according to the principles men-

tioned above is shown in Fig. 16.9. This astable multivibrator is syn-
chronized by pulses of 81.94 kc/sex to a frequency of about 8 kc/see.
The synchronized time base is 0.55 of the total period of the multivibrator,
the unsynchronized time base is
0.45 of this period. The divider
has been observed to maintain its
division ratio when the heater
voltage was varied from 3.5 to 7.8
volts rms, and the supply volt-
age was varied from 180 volts to
greater than 350 volts. The rise
time of the output pulse was from
6 to 8 psec. When 15 k plate
load resistors were used, the circuit
maintained its division ratio only
over a heater-voltage range from
4.3 to 7.8 volts and a supply-volt-
age range from 235 to 265 volts.

+ =
FIG. 16.9.—A 10 to 1 astable multivibrator

divider.

16.7. Phantastron-type Dividers.-Any of the phantastron or sana-
tron circuits discussed in Chap. 5 can be used as frequency dividers.
Usually monostable circuits are used. A circuit of a 5 to 1 phantastron
divider together with some of its waveforms is shown in Fig. 16.10.

A 5 to 1 Dider.-The phantastron is switched from its stable state by
a negative input pulse of 33,-volt amplitude applied to the plate of VI
through Vs. The plate of V, drops as regeneration starts, disconnecting VI
from further input pulses. The rundown continues until the plate “ bot-
toms,” at which time the grid rises, bringing the cathode positive with
respect to the suppressor and cutting off plate current. The plate potential
rises until it is caught by Vs. As soon as a pulse appears on the cathode of
Vs, the action will be repeated. Retriggering may even occur before the
plate of VI has reached its quiescent state, if a pulse is present on the
cathode of Vs near the end of recovery period; this type of operation
should be avoided.
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As indicated in the waveform diagram, the initial edges of the cathode
and screen waveforms coincide with the front edge of every trigger pulse.
The screen waveform is differentiated by Rs and C.Z,the negative pulses
being removed by the diode V,. The cathode waveform may be differ-
entiated—for example, by the insertion of a small inductance between
cathode resistor and ground-and used as an output waveform if negative
pulses are desired. These pulses may be used to trigger an identical
divider in the next stage of a chain. The division ratio of this divider is
determined mainly by R,C, and the setting of potentiometer R,, which
varies the grid-leak return potential.

Maximum PRF of Phantastron Dividers.-Ordinary phantastrons will
divide from triggers occurring at about 250 kc/see. The stages of opera-

+ 200 v +.Egg + 300 v +EPP

2000
JJfif

T

- Input
pluses

0.1: :

0.1”

FXG.16.11.—Circuit of phantaetron used in stability tests.

tion which are important are: the linear-sweep time, t.;the flyback
time, tf; the quiescent time, t*;and the time between trigger pulses, t.
For highest-frequency operation, the resistances and capacitances should
be made as small as is consistent with reliable operation. A typical
circuit is shown in Fig. 16.11. For a division by 2 from 324 kc/see,
R, = R = 100 k, and C = 40 ppf. By neglecting strays, it can be
shown that t,= 4 psec and tf= 5 psec. In the design, tqismade equal
to t/2 and tf= ~t. For division ratios greater than 2, tfmay be made
larger than tprovided the circuit returns to its quiescent condition before
it is retriggered, and provided the amplitude of the input pulses is well
enough controlled so that retriggering occurs only on the desired pulse.
The amplitude of the plate waveform may also be reduced to shorten
both t,and tfbut this implies a sacrifice in stability. An output frequency
of about 500 kc/see is at present the upper limit.
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Triggering.—The trigger pulse, which is most often applied to the
plate of a phantastron through a diode, must have sufficient amplitude to
initiate regeneration, but it should not be much larger than the step on the
plate waveform or it will interfere with the action of the circuit. It must
also be small enough so that a trigger appearing during tf will not trigger
the circuit. The quiescent period f, must exist for stable operation. If
suppressor or grid triggering is used, the duration of the trigger must be
less than t,. In Fig. 1611 the minimum trigger width is 0.25 psec.

Stability .—The stability of the divider then is. determined by the
constancy of the time during which the phantastron is in its unstable
state. The factors that determine this time are discussed in Sec. 13.12.
In general, it can be expected that this period will remain constant to a
few tenths of one per cent under laboratory conditions. Hence division
ratios of several hundred should be possible. With stable voltage
supplies, reliable division by 30 has been achieved (Oboe calibrator).
Under adverse conditions, 10 appears to be a safe limit.

A summary of tests of the stability of the circuit of Fig.
sented below. For these tests R = 1 megohm, C = 680 ppf,
volts, EPP = +300 volts, and R, = 560 k.

TABLE 16.1

16.11 is pre-
Ea, = +200

I
The variable Its change

EPP –1070
+10%

Filament voltage +20 %

Phantastron tube 6 tubes

R, +20%
R. +20 %

Trigger amplitude 1G70 v

Change in t, (expressed as a per-

centage of its nominal value of 490

psec)

+0 570

–0.25To

+0.1%
}Iaximum * 2 ~0

Average (of absolute values) + 0,7 Y.

+0.25%

–0.25%
o

With good components and reasonable voltage stabilization jitter is
less than 1 part in 20,000.

Hence it is seen that the most serious instability tabulated above is
that due to dependence on the properties of the phantastron tube. It
is the variation in “bottoming” potential which is most serious. Other
first-order instabilities not tabulated are those due to dependence of
t,on R and G’and on +Egg. Diode contact potentials are also important.
Second-order instabilities are caused by variations in E,=, Ef, RD, Rk and
trigger amplitude and duration.
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Triggering Phantastron Divider Chains. —Several methods of triggering
successive phantastrons in a chain divider are shown in Fig. 16.12. In
the first method a, the cathode waveform is differentiated and applied
tothediode attheplate of the following stage. In b,the screen waveform
is differentiated and applied to the suppressor. Inc, the cathode of one

+250v

~

FIG. 16.1

(

.2.—>fethods of triggering phantastron divider

stage is coupled directly through a diode to the grid of the succeeding
stage. Thegrid-cathode bias developed ineachstage insufficient to keep
the diode disconnected during the rundown. In d, diodes are used to
couple the suppressors of consecutive screen-coupled phantastrons. The
circuits in c and d should provide very small phase delay between the
input and output pulses, since the selected input pulses travel through
the entire chain without appreciable slowing up and appear directly
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at the output of the last stage. (Monostable multivibrator chains may
be triggered similarly by connecting diodes directly between negative-
going plates.) Triggering on control grid or suppressor grid, unlike
triggering on the plate, suffers from the disadvantage that triggers
appearing during the fiyback time will interfere with the timing waveform.

16.8. Blocking Oscillator Dividers.— Blocking oscillator frequency
dividers are valuable particularly because of their ability to generate
narrow pulses at a low impedance level. The upper frequency of opera-
tion is limited by tube dissipation ratings. For a 6SN7 generating

EPP

+ )

(a)

o

!I’d..Ei
EC

I

(b)
FM+. 16,13.—(o) Typical block-

ing oscillator divider; (b) waveform
at grid of Fig. 16.13a.

O.l-psec pulses from a 250-vclt supply;
the upper frequency might be about 100
kc/see. Tubes with higher dissipation
ratings such as the 6C4, 6K4, 6V6, 6L6,
or 6Y6 can be used for higher duty ratios.
The stability of the division ratio can be
made comparable with that of other
relaxation oscillators, and the phase delay
is very small—a typical value is 0.1 psec
or less. Because of its low impedance
the blocking oscillator is difficult to syn-
chronize and reacts back on the trigger
source. (For resonance stabilization of
blocking oscillator dividers, see Sec.
16.12. ) A typicalcircuit configuration
and the associated waveforms are shown
in Fig. 16.13. There are many other con-
figurations several of which will be treated
later in this section; now the design fea-
tures of the configuration of Fig. 16.13
will be discussed.

Theory of Design. —Normally the grid-leak is returned to a sufficiently
high potential EE so that the blocking oscillator will be astable. The
input triggers, which are shown originating from a very-low-impedance
source, are applied to the grid of the blocking oscillator, and hence the
firing of the blocking oscillator is synchronized with one of the input
triggers. The time between output pulses from the blocking oscillator
will be somewhat less than when it is synchronized free-running.

Suppose that the blocking oscillator is to be designed to divide by n
and to have a synchronized period T, and that the tube, the supply
voltage, the transformer, and condenser are chosen so that the desired
form of output pulse is obtained. The latter condition implies that both
Ei and E. are fixed. There are two main sources of instability: variations
in the time-base amplitude Ei, and variations in the firing potential E,
(see Fig. 16”13j.
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Ordinarily the potential Ei is the most unstable aspect of this circuit
because it is determined by a highly variable quantity—the grid current
that flows during the pulse. The firing potential Ec is the grid potential
at which the triode begins to conduct and is a function of heater voltage
and tube aging, but ordinarily its instability is not as troublesome as that
of E~. The stability of Ei cannot be greatly improved by the use of a
diode because of the very low impedance of the circuit when the tube
is conducting. The stabilization of E8 and Evv is easily accomplished,
and the variations in the lumped-constant elements are relatively
inappreciable.

The choice of R and En for achieving maximum stability can be made
with the criterion that the divider shall not fire on the (n — 1)st pulse
because of decrease in the absolute magnitude of Ei (only variation in
Ei is considered at the moment). There is clearly a maximum allowable
variation in Ei, AEi=x, before the divider begins to fire at the (n – l)st
pulse, and R and ER are chosen to maximize this allowable variation. It
will appear from the succeeding discussion that the smaller E, is the
more stable the divider is with respect to variations in Ei.

The value of R is related to E. by the condition that the timing
waveform reach the proper potential by time t,

( )EC– Ei–~ =(EE– Ei)e-&, (3)

where the synchronizing pulse amplitude E. is considered to be constant.
Actually, E, would probably be chosen to equal the increment in the
timing waveform between the (n – 1) and nth pulses and hence is a func.
tion of ER, but this dependence has no effect on the general conclusions. A
reasonable value to choose for design purposes might be E. = (E. – E{)/n.

It is easy to see that E. should not have an infinitely large value.
For any given value of E,, three factors determine AEi_.

1. The change, AE,, in the starting point of the timing waveform.
2. The change in the difference of the values of the timing waveform

at t = Tn_l [time of (n – 1)st pulse] and at t = O, due to Ah’i.
3. The maximum allowable change in the value of the timing wave-

form before firing occurs at the (n – l)st pulse.

Point 1 is independent of E,; Point 2 decreases as E. increases; Point 3
increases as ER increases. For very large values of ER, Point 2 is more
importan~ than Point 3, and hence AE~ma.decreases as ER increases in the
neighborhood of large values of Efi,

This can be shown mathematically as follows:

t(l/”).—
Rc ] = (ER – ~, J_c-&?+e

t(l–1/n)

AEi- – AEimm=[1 – e
——

Rc ]. (4)
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Equation (4) simply states that the maximum allowable change in the
value of the timing waveform before firing occurs at the time of the
(n – l)st pulse [the right-hand side of Eq. (4)] is equal to the change in
value of the timing waveform at the time of the (n — l)st pulse evalu-
ated for AEi = AEimu [the left-hand side of Eq. (4)]. The left-hand side
of Eq. (4) is obtained by using the equation of the timing waveform E(t):

E(t) = Ei + (ER – Ei)(l – e-’/Rc).

Using Eq. (3), Eq. (4) yields

E ,m= = (ER – E,) – (ER – E,) (’- ‘/”J(ER – E.) “n.

By differentiation,

c3AE,m ~ _ o – l/~) _ : ~(l-l,n),— .
aE. ~wl n

where ~ = (EB — Ec)/ (EE — EC) and is always greater than 1 since

E, > E.. Under this condition, dAEi=/dER < O; hence, the best design
in order to make AEim= greatest is to make EE smallest.

82 kc/ sec
pulses

+ 6SN7

Dwider J Cathode follower

FIG. 16.14.—Practical 200 to 1 blocking-oscillator divider.

The conclusion, then, is that a blocking-oscillator circuit of the type
shown in Fig. 16.13a should be designed with a small grid-leak return
voltage in order to avoid instability of division ratio due to the variations
in the grid current that flows during the blocking-oscillator pulse. In
terms of our symbols, EB should be given its smallest possible value in
order to avoid instability due to variations in Ei.

But there is a limitation to how small E. should be -made. The
smaller ER is made, the smaller will be the difference between the value
of the timing waveform at the time of the nth pulse and its value at the
time of the (n – l)st pulse. Hence, small variations in E. or in E, can
more easily cause synchronization by a pulse other than the nth one. If
E, were constant and only E, were subject to variations, then it would be
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desirable to have E. infinitely large, because in this case we would have
the maximum difference between the value of the timing waveform at
the time of the nth pulse and at the time of the (n – l)st pulse.

In practice, the grid-leak return
voltage must be chosen on a com-
promise basis. It must not be too
large-otherwise, variations in Ei
are too troublesome; it must not
be too small—otherwise, varia-
tions in E, and E. are too trouble-
some. In a particular circuit in
which the instability of E<and E,
is known, the value of ER is often
chosen so that the divider insta-
bility due to Ei variations wili
equal its instability due to 33.
variations (see Chaps. 3 and 9 for
E, instability—ordharily several
tenths of a volt for any given
tub~and Chap. 6 for Et insta-
bility). For instance, a value of
ER can be chosen midway between
the value that would just avoid
firing due to maximum AE, {use
Eq. (4)] and the value that would
just avoid firing due to A,E’. [use
Eq. (3)].1

Often variations in Ei and E.
are related, and, indeed, their
effects on instability tend to com-
pensate one another. The extent.
of this compensation must be con-
sidered in any practical design.
Variations in E,, like those in ,E,,
are less troublesome if l?~ is large.
They also may be related to the
variations in E< and E.. In view
of these com~lexities it is often

250 V~

< 120

?!
16kc/see wtput c

Dulse5 lneg) OA18
3 4

6SN7-GT

12

---

100k 1
B

T
240

IzD
Sohc/s~~~ Input A

(neg) 16 kc /SeC output

120
pulses (POS)
mixed with

input pulses

150’k + j50 ~

(a)

(b)
FIG. 16.15.—(a) 5 to 1 blocking-oscillator

divider. (6) Photographs of input (.4), grid
(B), and output (C) waveforms.

easiest to make the final adjustment of Efi experimentally.
1A similar argument can be applied to the design of multivibrato~ dividers. In

Sec. 16.6 it was assumed that all errors are due to changes in E.. Actually the va,ria-

tion in plate potential (AEP) of the conducting tube will have the same effect as in the
ease of the blocking oscillator. When small plate resistors are used the variation E,
will become very serious,
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Practical Circuits.—ii 200 to 1 Mocking-oscillator-divider circuit is
shown in Fig. 16.14. This circuit takes as its input 82-kc/see triggers
and gives as its output pulses occurring at a frequency of 400 cps. Syn-
chronization is effected by applying the triggers to the plate of the block-
ing oscillator ~ia transformer coupling, and a l-psec output pulse is
obtained from a cathode follo~ver. This is not a high-stability frequency
divider, and a heater-~-oltage change of 20 per cent causes a 5 per cent
change in the counting ratio. However, phase jitter is small, because the
delay between the input trigger and the corresponding output trigger is
only about 0.1 psec. It is to be noticed that the grid-leak resistor is

returned to ground rather than to a higher potential, which is in accord-
ance with the remarks made in the previous paragraphs.

The 5 to 1 blocking-oscillator divider shown in Fig. 16.15 maintains
its division ratio under a i- 10 per cent variation in line voltage without
the use of regulated supplies. Readjustment of the circuit is seldom
required even when tubes are charged.

Variations Associated with Circuit Configuration.-The various block-
ing-oscillator circuit configurations discussed in Chap. 6 have the same
advantages for divider use as they have for pulse generation. For
example, the grid-to-plate-coupled type [(1) of Fig. 16.16] is useful
in generating wide pulses at low PRF; often this is suitable for a selector
gate in pulse-selecting dividers. Greatest stability of division ratio
is obtained with the plate-to-cathode coupled type [(2) of Fig. 1616].
Some data indicating that type 2 has a greater stability than type 1
were obtained with the test setup shown in Fig. 16.16 and are summarized
below.

The count of 10 was maintained under the following conditions for
the two dividers:

Divider No. I—EJ varied from 5.5 to 8.0 volts; Erp varied from 235 to
290 volts.

Divider No. 2—Ej varied from 4.9 to 8.0 volts; E,, varied from 200
to 290 volts.

Synchronization of Single-stage Blocking-oscillator Dividers.—The low
:mpedance of the blocking oscillator makes it difficult to synchronize.
Not only is it difficult to produce large triggers at the appropriate points
of the blocking oscillator, but also the output of the blocking oscillator
reacts on the source unless decoupling stages are employed. The low
impedance does offer the advantage that the blocking oscillator is not
easily loaded by the trigger source (see Chap. 6 for discussion of triggering
of blocking oscillators). If a low-impedance source of triggers is avail-
able, so-called “series triggering” at the grid or cathode is usually
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employed (see Fig. 16.17). Blocking oscillator, gastube, andcathod~

follower trigger sources are shown.
If the driver is of high impedance-for example, the output from

some crystal oscillators—large amplitude triggers are needed. Several
so-called “parallel triggering” methods are shown in Fig. 16”18. The
synchronizing pulses are applied to the grid or plate via capacity or

82kc/see lotoi
pulse generator +250V dwider’1

H
120

1

!J!%+--t,5k~
+250V---

3L--
10to 1

L
dNki#2

.

Fm. 16,16.—B1ocking oscillator dividers used in stability tests.

transformer coupling. Back coupling of the blocking oscillator output
to the source is particularly troublesome for high-impedance sources.

To reduce back coupling, buffers, cathode followers, or diodes may
be used as shown in Fig. 16.19. Care must be exercised in the use of
decoupling circuits to insure that stray capacity coupling is kept low and
that they do not unduly load the blocking oscillator. Thus loading of
the transformer core-flux biasing (see Chap. 6)—prevents the use of the
direct-coupled buffer (Fig. 16.18a) for wide pulses. Also any variation
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in the current of the direct-coupled buffer results in changes in the time-
base amplitude due to the effect of variable flux bias.

D!4!!i~J’j

------ IM~V*
---

(

(d) L (e) A U-)A
FIG, 1617.-Synchronization of blocking oscillator dividers from low impedance sources,

E
-

EPP

‘Pa-pu
(a) 4 (b) 4

FIG. 16.1S.—Synchronization of blocking oscillator dividers

B3
Pulses

---

(c) &
from high impedance sources.

16.9. Blocking Oscillators in Divider Chains.-When blocking-
oscillator dividers are cascaded, the firing of the synchronized divider
may disturb the operation of the synchronizing divider. Several meth-
ods for eliminating this reaction have been devised.
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The simplest of these methods makes use of the overshoot voltage
of the pulse transf ormer to synchronize the following divider (Fig. 1620),
and, since the synchronized divider fires after the synchronizing divider,

sEm

II
+Input
pulses

.- To plate of
blocking oscillator

(a) &

--F-
!“

Suffers zE PP

II

+ Input -. To plate of
pulses blocking oscillator

$
T=KF

Tertiary winding
+Input of blocking
pulses oscillator transformer.-.

+ Input

(/?)
pulses= ~

-,:+-JOJ
To plate of
blocking oscillator

,-, –
Cathode follower

W $ll?b~gormer

‘area.
Pm. 16.19.—Decoupling circuits.
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FIG. 16.20.—Divider chain with o~,ershoot synchronization.

reaction is negligible. This method is only applicable when phase delays

somewhat greater than one pulse v-idth per stage can be tolerated.
When smailer synchronizing delays are required, the method of Fig.

16.17a is often satisfactory. The two blocking oscillators are VI and
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Va. There is a small reaction due to the change in the effective EPPfor
Vl when Vz fires.

Almost complete elimination of reaction can be obtained by the
neutralizing scheme of Fig. 16.21. In this circuit the negative plate

EPP=+ 250 V

0A18

IIE
0A18

4W 2W 4W IIG2
81.940 25JL#f IoL’&f
kc/s.ec 4 ,I

100k:+-%vW- ---

1500z: L
1# JqLf *
Cti

1013
100k 100k lk PFS

91 L 9:1=
FIG. 16.21.—Divider chain with neutralization.

voltage pulses of VI are used for synchronization of Vz. The back-
coupled plate signal from V2, which would result in a larger time base
for VI) is neutralized by a fraction of the negative plate pulse of the V,
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Fxo. 16.22.—Two-8tage 10 to 1 divider chain.

synchronized divider, which is fed back to the time-base circuit of VI
through Cm. This circuit can be effective but it is very critical to the
adjustment of C- and to charges in tubes.

A two-stage divider chain operating between 82 and 8 kc/see is
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shown in Fig. 16.22. This circuit will maintain its division ratio of 10
when the heater voltage is varied between 5.0 and 7.1 volts and the
supply voltage is varied from 200 volts to 500 volts. The total phase
shift introduced by these variations is less than 0.2 psec. Of the tubes
tried in this circuit, 95 per cent gave the division ratio of 10 without the
necessity for any readjustment of the grid-circuit time constant.

16.10. Gas-tube Dividers.-Frequency dividers that use gas tubes
are simple and can provide low impedance output pulses of rectangular
shape. Their most severe limitation is the maximum frequency of oper-
ation, Primarily because of deionization time, this frequency is limited
to about 20 kc/see; and, since deionization time is a variable quantity,
stability requirements may necessitate keeping the upper frequency less

T~

+Synchronlzing ar
+ Synchronizing C*

Pulses ~ .- .

4
Yz

RC

- E,g
R2C2>>RC

(a) (b)
Fm. 16.23.— (a) Thyratron frequency divider with timing R, C in plate circuit. (b)

Thyratron frequency divider with timing R, C in cathode circuit.

than 10 kc/see. A second limitation is the phase delay introduced by
the finite time required for complete breakdown (= 1 psec). Third, the
life of a gas tube is only about one thousand hours as compared to several
thousand hours for vacuum tubes.

The thyratron arc-discharge tube has been the basis for most gas-tube
frequency dividers, but a cold-cathode glow-discharge tube can also be
used. Ordinarily the gas tubes are operated as astable relaxation oscil-
lators that are synchronized with the input pulse (see Chap. 3 of this
volume for a discussion of the properties of gas tubes).

Thyratrons.—Two basic forms of the thyratron relaxation oscillator
used as a frequency divider are shown in Fig. 16.23. Both are astable
oscillators that are synchronized with the input triggers. In the circuit
of Fig. 16.23a the time-base waveform appears at the plate of the
gas tube, and the synchronizing triggers are applied to the grid. Insta-
bility of division ratio is caused by variations of the firing and extinction
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potentials of the thyratron. By putting the time-base condenser and
resistor in the cathode circuit (Fig. 16.23b), the stability of division ratio
is improved, because now a timing waveform of the same amplitude as in
the previous circuit appears at the cathode rather than at the plate. The
waveform at the cathode is more effective for firing the gas tube because
of the ~ of the tube. A 10 to 1 divider with its timing waveform in the
cathode has been designed to operate with 20-kc/sec input pulses. The
division ratio was maintained when the heater voltage was varied from
3.5 to 7.0 volts and the supply voltage was varied from 250 to 450 volts.

Cold Cathode Gas-tubes.— The basic circuit of the gas-diode frequency
divider is shown in Fig. 16”24. The primary limitation of the gas diode
for this application is the smaflness of the difference between the break-
down and extinction potentials, which necessitates a small amplitude
timing waveform. In addition, the breakdown voltage is unstable.

Consequently it is seldom possible to realize division
EPP

%

ratios of greater than 4 with suitable stability.

R
Although cold-cathode gas triodes (1C21 and

0A4-G) and the tetrode (631-PI) have not yet been
tic+Synchranmng used for frequency division, they appear to have

pukes desirable properties for this application. Of first
importance is the fact that they are without heaters
and, hence, are not subject to the variations of
firing and extinction potentials with heater voltage
observed for thyratrons. Secondly, the peak anode=

Fm. 16. 24.—Gas di- currents are as large as those of thyratrons. Finally
ode relaxation :’cil- the breakdown voltage maybe more stable than it is
Iator frequency diwder.

for gas diodes because of the control anode glow.

Further investigation should be made of dividers using cold-cathode gas

triodes and tetrodes.

MORE ELABORATE DIV7DER SCHEMES,
AND INTERMITTENT-FREQUENCY DIVISION

16.11. Pulse-selection PRF Dividers.—Instability in the time delay
between the input ‘pulse and the output pulse can be very considerably
reduced by the use of the so-called “pulse selection” method of pulse-
recurrence-frequency division. A timing diagram illustrating this
method is shown in Fig. 16.25. A selector puke c is derived from the
output b of a divider and is used in a time-selector circuit to select the
high-frequency input pulse following the one corresponding to the divider
outptit. If a multigrid tube or a properly designed diode switch time
selector is used, there will be a phase delay that is negligibly small for
most purposes, Usually, in the interests of economy, time selectors
employing addition and amplitude selection have been used; this is a poor
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method of time selection since it requires an accurately rectangular
selector pulse and careful adjustment of bias levels (see Chap. 10 for
discussion of time selectors). Although phase jitter can be stabilized

111111111111111111
(a)

~ (,)

FIG. 16.25.—Timinx diagram for Dulse-selectinE freauencv divider. (a) In!Jut pulses.
(b) 14 to 1 divider ou~put ‘pulses. Ic) Time sele~tor gates-initiated by b.
selected by gate c.
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FIG. 16.26.—Timing diagram for cascaded pulse-selecting frequency divider. (a)

Input pulses. @) Output of 4 to 1 divider. (c) Selector gate initiated by b. (d) a
pulses selected by c, (e) 3 to 1 divider synchronized from c. (-f) Short selector gate
initiated by e. (u) a p~ses selected by f. (h) Long selector gate initiated by e. (i) b
pulsesselected by h.

by the pulse-selection method, the actual delay between the output pulse
and the synchronizing input pulse has been increased to the period
between two successive input pulses. This method of pulse selection
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can be applied when several dividers are cascaded, as is indicated in the
timing diagram of Fig. 16”26.

A practical circuit of a divider using the pulse-selection method is
shown in Fig. 16.27. The input consists of 82-kc/see pulses of about
20 volts amplitude. The astable blocking oscillator divider vlb is
synchronized by these input pulses via the decoupling amplifier tube Via.
The output gate generated by vlb is applied to the cathode of the time
selector Vz=, and the input pulses are applied to its grid. The output
pulse from VZ. triggers the blocking oscillator Vzb, whose output is
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FIG. 16,27.—Pulse selection frequency divider.

applied to the phase-inverter tube Vs.. The repetition frequency of the

ou~put pulses from the phase inverter can be va~ied from 150 to 2600 cps
by means of the variable resistor R. The time selector VZa suffers from
the dieadvantage that a constant amplitude and flat-topped gate pulse
should be available from Vlb. Imperfections in the gate puke from V,b
cause phase jitter. Reduction in phase jitter could be achieved by using
the output pulse of Vlb to trigger a separate gate generator, such as a
multivibrator, to provide a more nearly ideal selector gate. For the
circuit of Fig. 16.27 it has been observed experimentally that phase
delay variations-both jitter and slow drift-are lek than + WWC.
The division ratio of the divider is maintained over a 10 per cent
variation in line voltage when an unregulated supply is used.
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16.12. Frequency Division Using Resonant Stabilization. -By the use
of resonant circuits it is possible to change the time base of a frequency
divider in such a way as to increase its stability. This method has been
applied to continuous frequency division only, because transient condi-
tions make this method difficult to appiy to intermittent pulse-recurren~-
frequency division.

Resonant stabilization has been employed in blocking-oscillator and
multivibrator-divider circuits, but, as will appear in the discussion of
the method, its application can be extended to other circuits. The
principles of resonant stabilization will be illustrated by a discussion of
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FIG. 16.2S.—(a) Basic circuit of blocking oscillator divider using resonant stabiliza-
tion. (b) Typical grid, cathode, and grid to cathode waveforms for circuit of (a). (Ecrit
on the grid waveform diagram is the potential the grid would have to reach for firing to
occur under the assumption that the cathode is grounded.)

its application to blocking-oscillator dividers. The use of only one or two
resonant circuits will be treated first; then the extension of the method
to the use of delay lines, which can be considered as structures with an
infinite number of resonant circuits, will be given.

A resonant-stabilized blocking-oscillator-divider circuit is shown in
Fig. 16.28a, and the corresponding waveforms are shown in Fig. 16.28b.
It is seen that this circuit differs from that of an ordinary blocking-
oscillator divider only in that there is a resonant circuit in the cathode
of the blocking oscillator. During the pulse the condenser C, is charged
to a positive voltage, say El. The tube is cut off after the pulse. The
grid potential then approaches ground exponentially, and the cathode

potential oscillates sinusoidally with a frequency j = 1/27 -1. The
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frequency jis so chosen that the cathode potential will equal –El at
the time T of the nth pulse when the blocking oscillator again fires.

The cathode potential will be raised to El during the pulse, and the cycle
will repeat itself. If the frequency of the resonant circuit is chosen so
that the cathode potential at t = T is the negative of its value at t = O,
it is reasonable physically to expect that the equilibrium operating condi-
tion described will be realized.

Increased probability of firing at the time of the nth pulse is achieved
by resonant stabilization, as is indicated by a comparison of the first
and last waveforms of Fig. 16.28b. The grid-to-cathode potential is
lower at the time of the (n – l)st pulse in the last waveform than it is
in the first; hence there is less probability of firing on the (n — l)st pulse
in a circuit with resonant stabilization than there is in one without this
feature. This is not strictly a fair comparison, since, because of the

division of the total charge flowing during the pulse between Cl and C,

the first waveform is of lower amplitude than the grid waveform on a

blocking oscillator with no resonant circuit in its cathode. However,

the nature of the stabilization achieved is correctly indicated. The ratio

of the amplitude of the exponential waveform at the grid to the amplitude

of the sinusoidal waveform at the cathode is an important design con-

sideration which will be discussed later.

The criterion for stability is that firing at the (n – l)st pulse must

be avoided. Actually, firing by earlier pulses also is to be avoided and

in order to accomplish this two or more resonant circuits of different

frequencies are sometimes inserted in series in the cathode (see Fig.

1630a).

The design and operating characteristics of the two practical circuits

shown in Figs. 16”29a and 16.30a will now be discussed. If the frequency

of the output pulses is j, the frequencies of the resonant circuits must be

chosen to equal (n + ~)f, where n = O, 1, 2 . . . . This condition will
assure that the phase of the cathode voltage at the time of the nth pulse
will be the reverse of the phase to which it was brought by the Oth pulse-
that is, the previous firing pulse. If this situation exists, an equilibrium
condition will result.

A possible design procedure is first to choose the number and fre-
quencies of the resonant circuits and the relative amplitudes of the
sinusoidal voltages associated with them by plotting the cathode wave-
form for various combinations of resonant circuits. Ordinarily not more
than two resonant circuits are used, and a choice can be made which will
make it fairly certain that the divider shall not fire at certain pulses
preceding the nth one, often the (n – l)st and the (n – 2)nd. Then
the relative amplitude of the exponential waveform is chosen to ensure
that the divider will not fire at any other pulse; for instance, this might
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be the (n – 3) rd pulse. The amplitude of the exponential voltage is
inversely proportional to the condenser in the grid circuit and directly
proportional to the grid current. The sinusoidal voltages are inversely
proportional to the capacities associated with them and directly pro-
portional to the cathode current. The total value of the series capacity
in the cathode-grid circuit is often determined by the duration of the
output pulse required from the blocking oscillator, Often the peak-to-
peak value of the waveform at the cathode is made approximately equal
to the amplitude of the timing waveform at the grid. The 2 to 1 divider
of Fig. 16.29 is an elementary example of stabilization using a single
resonant circuit. The frequency of the resonant circuit is 20.5 kc/see,
whereas the frequency of the out-

Ew
put pulses is twice this or 41
kc/see. Hence the cathode volt-
age has its maximum negative Utah
voltage at the time of the 2nd X143T-3

pulse after t = O and thus accen-
tuates the probability of firing at
this pulse. 6SN7

For the 5 to 1 divider with the a~}~~w
two resonant circuits, the two PUI=S ‘--

- ---

resonant frequencies are 20 kc/see
and 12 kc/see, whereas the out- 20k

put pulse frequency is 8 kc/see
6%

and the input pulse frequency is
4.

40 kc/see. The 20-kc/sec reso- 50k
nant circuit favors firing at the 5th 5%
pulse over firing at the 4th pulse,
but does not distinguish between FIG, 16.29.—2 to 1 blocking-oscillator

frequency divider using a single resonantfiring at the 3rd pulse and the 5th ~i,cuit
pulse. The 12-kc/sec resonant
circuit favors firing at the 5th pulse over firing at the 3rd pulse or 4th
pulse. Hence, by the use of the two resonant circuits, the probability of
firing at the 3rd or 4th pulse is reduced considerably. The grid waveform
prevents firing at the first or second pulses. Waveform photographs are
shown in Fig. 16.30b. The effect of the 10mh, 0.0062 yf resonant circuit
in stabilizing the division ratio is indicated in Fig. 16.30c.

Stable division ratio is maintained with both these circuits when
tubes are changed and when the heater voltage is varied from 4.5 to
7.o volts and the supply voltage is varied by t 40 per cent of its stated
value. A compensation for the effects of changes in heater voltage is
present in both these circuits. This is explained as follows: An increase
in heater voltage will reduce the amplitudes of the exponential in the
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E

-

5100

Utah 5%
X143T-3

3

input
pulses

27 k
5% 0.01

250k
5% -8kcfsec

output
pulses

542

A

(a)

(b) (c)
F1~. 16.30.—(a) 5 to 1 blocking-oscillator frequency divider using two resonant circuits.

(b) Photographs of waveforms of circuit of Fig. 16.30, Top line: grid to ground. Middle
line: cathode to ground. Bottom line: grid to cathode. Top line: same as bottom line
of 16.30b. (c) Bottom line: grid to cathode waveform with 10 mh and 0.0062 #f removed.

grid circuit and of the sinusoids in the cathode circuit and these two effects

tend to cancel each other.

The Q’s of the resonant-circuits are sufficiently high (approximately

10 to 20) so that the damping of the sine waves during the periods between
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firing can be disregarded. If the Qislow, itisnecessary to increase the
amplitude of the exponential to achieve the desired stability. In a good
divider design the input trigger amplitude should vary as the amplitudes
of the timing waveforms.

Delay-line Stabilization.-A short-circuited delay line can be inserted
in the cathode circuit of a blocklng oscillator in place of the resonant
circuit. A negative pulse will be developed at the cathode at a time equal
to twice the line length and this pulse can then be used to select the desired
synchronizing pulse. Alternatively, an open line may be connected
across the grid or plate winding to obtain similar results (see Chap. 6).
The line impedance should be adjusted to give a waveform equal in
amplitude to the grid-timing waveform. Since electrical lines are usually
impractical for delays above 10 psec, they can be used only for fairly
high frequency division.

16.13. Divider Chains with Feedback.—Up to this point the only
division ratios obtainable are those that can be achieved by single dividers
or by divider chains. Yet in practice this does not include all division
ratios that may be desired. For example, a division ratio that is a large
prime number may be too large to be obtained by a single divider stage,
and cannot be achieved by a divider chain because the prime number
cannot be factored. Also, a division ratio that can be factored only into a
large prime number and some other number or numbers is not obtainable
by the methods thus far discussed. A method that may be called
“addition by feedback” makes possible the achievement of any fre-

quency-division ratio.
This method is illustrated in the circuit of Fig. 16.31. The VR116

tubes V1 and VT are astable phantastron dividers which are cascaded in a
divider chain. The output from the second divider VT triggers a phan-
tastron delay circuit Vs, whose output gate is applied to the suppressor
of the first phantastron divider Vl, thus returning it to its stable state
for the duration of the gate. In this circuit the gate is of duration less
than the spacing between two of the input pulses so that the second input
pulse will retrigger the first divider. This divider now operates as a

normal 7 to 1 divider until the second divider chain is again triggered.
The effect of this injection of a gate back to the first phantastron

divider is thus to extend the period between the output pulses from the
second phantastron divider by an amount equal to the period between
two successive input pulses. Hence, if the divider chain were dividing
by 100 without feedback, after the introduction of feedback it would be
dividing by 101. Additional periods of the input pulses can be added
to the output period by widening the injection gate. The circuit shown
can be adjusted to divide from 16 kc/see to the range from 90 to 150 cps
(see Chap. 4, Vol. 20, for a more complete discussion of this circuit).
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This principle of addition by feedback is, of course, applicable to other
circuits as well as the phantastron (see Chap. 17, “Counters”).

Negdtive Ist, PRF divider Ist. PRF controls
five mile

2nd. PRF
phantostron

2nd. PRF
divider phontastron

pulses
controls

I+I., ‘:lfi!Fll

I I 14 0411 I I
L L I 1 1 1 1 1 L L 1 1 1 1 1 1 1 L I

I

Feedback
switch
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I
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injection feedback phontosiron

R3
2:

0.1 s=

FIG, 1631.-Phantastrond ivider chain with feedback.

16.14. Intermittent Pulse-recurrence-frequency Division.—Inter-
mitt ent frequency division, as defined in Sec. 16.1, requires that the divider
shall be nonoperative in the absence of the input signal and then shall
starL to operate at the appearance of the first pulse of the train of pulses.
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This requirement usually makes it desirable that thedivider shall not
operate as an astable oscillator, since thk would require that the time
interval between the trains of pulses be constant and the proper multiple
of the spacing between pulses. Hence monostable oscillators are used
for intermittent frequency division.

Any properly designed monostable divider can be used. iMulti-
vibrators and phantastrons require no modification whatever. Dividers
employing grid-controlled gas-tubes and blocking oscillators can be ren-
dered monostable by applying sufficient bias to the grids to prevent
conduction in the absence of a trigger pulse.

+250 V

in

= =
FIG. 16.32.—Intermittent blocking-oscillator frequency divider. 1 to1 pulser and 5 to 1

divider.

An example of an intermittent blocking-oscillator divider is shown in
Fig. 16.32. From the 82-kc/see input triggers, tube VI generates large
amplitude pulses which are used to trigger the divider tube Vz. In the
absence of triggers, tube Vz is biased off by its high cathode potential.
The first input pulse appearing on the plate of VZ triggers the oscillator,
which then operates as a synchronized blocking-oscillator divider as long
as triggers are applied to its plate. Unlike most of the monostable
dividers discussed previously, this circuit is triggered before it completely
returns to its monostable state. Thk circuit requires high amplitude
triggers and is sensitive to variations in trigger amplitude.

The pulse-selection method and the method of addition can be applied
to intermittent frequency division as well as to continuous frequency
division. Resonant stabilization is not easily applied because of transient
phenomena.



CHAPTER 17

COUNTING

BY R. B. WOODBUEY AXD J.

INTRO~UCTION

V. HOLDAM

17.1. The Problem.—Counting is a logical extension of frequency
division. Where frequency division is discussed in Chaps. 15 and 16 as
applied to sinusoidal and periodic pulse waveforms, counting is applied
to nonperiodic waveforms. In some special cases periodic pulse wave-
forms may be divided by counters rather than by dividers. Whether a
circuit is considered a counting circuit or a nonperio$lc dhider depends
on the particular application. If the output is continuous it is generally
considered to be a divider; if the output is measured over a discrete time
interval it is considered to be a counting circuit.

Counting circuits are used extensively in nuclear-physics experiments.
Such applications are characterized by the random time distribution of
the pulses, thus making it necessary to count large numbers to improve
the statistical average. Rather than count for long periods of time it is
more efficient to count at high rates. Consequently, electronic scaling
or dividing circuits are employed to reduce the rate so that it can be
followed by a mechanical counter.

In radar, counting circuits have been used to divide from a variable
PRF and/or to obtain a division ratio that is variable in small steps.
The Loran system, explained in Vol. 20, Chap. 7, is an example of the
latter application.

Although counters are designed to operate on random pulses, there is
always a lower limit to thetime interval between two pulses below which
the counter will respond to only the first pulse. In some types of counters
there is also a maximum allowable time interval for n pulses where n is
the number the circuit counts in each complete cycle of operation.

17.2. General Method.-All practical counter circuits may be classi-
fied as either the sequence-operated type or the energy-storage type.
Both types are designed to recycle automatically after a given number of
input pulses, and both types produce an output pulse by the resetting
process. Hence it is apparent that both types divide the number of
input pulses by the number of pulses necessary to cause resetting.

Most sequence-operated counting circuits are in the form of a ring
602
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counter. Ablock diagram of aring-of-six-i.e., a count of six per cycle
of the counter-is shown in Fig. 17”1. A ring counter is composwl of n
identical units, n being equal to 6 in this case. Each unit has two stable
states, which we will designate by “on” and “off.” The pulses to be
counted are applied simultaneously to all units and the units are so
interrelated that a pulse will turn a unit’( on” ordy if the unit immediately
preceding it is “on” at the time the pulse is applied, and, moreover, the
interrelation makes it possible for only one unit to be “on” at a time.
At the time each pulse is received, the “on” unit will become the next
unit around the ring. If means are provided to indicate the “on” unit
and if provisions are made to insure that the nth or zero unitl is on at the
beginning of the time interval up to n pulses may be counted. If it is
desired, an output maybe obtained for every nth pulse by taking an out-
put when the n – 1 unit goes from
“on” to “of f.”

2

Sequence-operated counters may
be of either the electrical or the elec-
tromechanical type. In most cases
they have the advantage that there PYI
is no upper limit on the time interval
between successive pulses. The most
common type of electrical sequence-
operated counters is the scale-of-two oor6

shown in Fig. 17.3. It is the simplest
form of ring counter and has been
used extensively. It is explained in 5

detail in Sec. 173.
FIG. 17.1 .—Ring counter.

A counter of the energy-storage type consists of four parts: a unit
to store energy, a device to add a fixed increment of energy at the time
of each input pulse, a means of determining when the energy reaches
some known level, and a means of recycling by removing the stored energy
when it reaches this level.

The stored energy of a circuit counting by six is shown in Fig. 17.2,
plotted as a function of time. In this diagram equal amounts of energy
are added at equal increments of time. The increments of time in most
cases will not be equal, and in numerous circuits the amounts of energy
added for each received pulse depend upon the amount of stored energy
at that time; hence, although all increments of energy may not be equal,

1A complete cycle of the counter coincides with n pulses and n indicated counts,

and, as it is necessary to indicate a count of zero, the nth pulse must be considered

as establishing an indication of zero pulses rather than n pulses. This introduces no

ambiguity if it is kept in mind that an output is obtained from the couater for every
nth pulse.
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the corresponding ones in each cycle Qfoperation of the counter are equal.
If the n-energy levels are numbered, 8ix in the case shown in Fig. 172,
the nth pulse starts to add its energy, but when approximately half
of the energy is added, i%passes the threshold and the energy is removed,
returning the counter to the zero-energy level.

If there are means pravided to indicate the energy level, up to n pukes
may be counted in an interval of time provided the energy was at the
zero level at the beginning of the time interval, or an output may be
obtained for every nth pulse if the outpuk coincides with the removal
of the stored energy.

In most energy-storage counting circuits, a condenser is charged to a
fixed potential by each input pulse and discharged into another con-
denser that is used to store the charge. An amplitude comparator is
used to determine when the potential or the storage condenser has reached

Threshold
the level produced by the nth pulse.
The amplitude comparator then oper-
ates an dectronic switch that dis-
charges the storage condenser to the
“zero” level. This type of circuit has
the advantage of employing a small
number of components, but rati of
leakage of charge from the condenser

t places an upper limit on the period of a
Fm. 17,2.—Energy waveform.

complete cye~e of %~e counter.

If a larger counting ratio is desired than ean be obtained with either
a sequenceoperated or an energy-storage couriter, multiple counters
may be operated in series or parallel. If the desired counting ratio is
not obtainable in this manner, additional interconnections must be added
be$ween counters. These interconnections will be referred to as “feed-
back loops,” since pulses are generally transmitted from a counter back
to one which precedes it. These techniques will be discussed in detail in
Sec. 17.8.

SEQUENCE CIRCUITS

1?.3. Scafe.of -two. Principles Oj Operation.—A multivibrator with
two stable states as described in Sees. 5.12 to 5-22 may be employed as a
sequence-operated ring-of-two counter circuit. This type of circuit is
the most frequently employed counter circuit because of its reliability
and simplicity.

The basic scale-of-two circuit is shown in Fig. 17,3. This circuit
meets the requirements for a ring-of-two, since the pulses to be counted
may be applied to both tubes and only one tube can conduct at a time
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because of the interconnection between tubes by R, and,Rs. Each time a
trigger pulse is applied the conducting and nonconducting tubes are
interchanged. This action is brought about by applying a negative
pulse to the cathodes of V,. The circuit is so arranged that the con-
ducting section of V, will be cut off and regeneration initiated. This

results in a rectangular waveform at the plate of either tube which may be

used directly or after differentiation as the output pulse.

The circuit shown in Fig. 17.3 is designed to operate as one of a series

of scales-of-two to make up a counting divider of 2’, where r is the number
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(a) 6SN7 Unit
c1 = 5of.l#f; c, = o.ol#f;

2w; R, = 5k, +W; R, = 15k,
200k, ~W; RS = 5100k, *W; R~
VI = 6H6; V, = 6SN7.

of such circuits in series.

+
FIG. 173.-Scale-of-two.

(b) 6SL7 Unit
R, = 20k, C, = 40p#f; C, = O.Ol#f; R, = look, Iw:
2w; R, = R, = 25k, ~W; R, = 75k, lw; R, = lM,

= 10k, lw; *W; RS = 500k, +W; Rc = 40k, ~W; V, =
6H6; VZ = 6SL7.

The constants are apportioned for satisfactory
series operation when the output connection of one circuit is connected
directly to the cathodes of the trigger diode of the next circuit. The
self-bias in the cathode circuit can be replaced by fixed bias on the grids
but this makes the operation more sensitive to tube changes.

Characteristics as a Counter.—This circuit places no upper limit on the
time interval between pulses, and with no special precaution it can be
made to count pulses separated by only 0.5 psec. The values shown in
the figure result in a resolving time for random pulses of 5 ysec for the
6SN7 unit and 20 psec for the 6SL7 unit.

The limit counting rate of the circuit is set by the time of rise of the



606 COUNTING [SEC. 17.3

plate tube which is being cut off. This time can be reduced in two ways-
by reducing R, and R,, a method that demands greater plate currents, or
by reducing the amplitude of the voltage variation at the plates. This
waveform is obviously larger than it need be; it is required only that the
fraction of this voltage variation transferred to the grid of the other tube
should cut off the plate current, i.e. , about 10 volts for safety, whereas
in Fig. 17.3 100 volts were transferred. It is not convenient simply to
reduce R. in order to reduce the transfer, for then the relative values
of the positive and negative supply voltages would become too critical.
The termination of the plate rise at +200 volts in the previous case
limited the reset time to one plate-circuit time constant. By termination
at a lower voltage, this can be reduced to a small fraction of the plate-
circuit time constant. The remaining fault of the first circuit is due
to the time required to restore the grid voltage; this also can be eliminated
by suitably disposed diodes.

In the circuit of Fig. 174a the plate excursion is held between the
limits of 60 and 80 volts by diodes and the grid excursion to between
O and – 3 volts by the grids and diodes. The cross-connecting networks
and voltages are chosen so that with the one plate at 70 volts, the grid
of the other tube is at —1.5. Thus the grid of the conducting tube is
tending toward 7 volts but is caught at ground, while the cutoff grid is
tending to – 10.5 volts but is caught at – 3 volts by a diode. The
effective grid basel of each tube will be about 0.4 volts symmetrically
disposed about – 1.5 volts. In drawing the waveform diagrams (Fig.
17.4c) it has been assumed that C = 20 ppf transfers two thirds of the
plate voltage variation to the opposite grid, i.e., that the input capacity
is 10 ppf. It has further been assumed that no change in the plate
potential of VIC due to tube current occurs until the grid potential of V*
has reached ground and is drawing grid current; in fact, this potential
will start to fall parabolically sooner than this—when the grid potential
of V, approaches – 1.5 volts. Note that when the trigger pulse ends,
the plate potential of V, has to change from 75 to 80 volts before the
circuit can be retriggered. If the input pulse is appropriately shorter,
there will be no “flat” in the rising waveform at the plate of VZ. It must
not be made shorter than tl = + R=C, (= .01 psec), where C, is the
stray capacity, or the regeneration will not have started. The minimum
duration of the action is less than &&RP(C, + C) = .08 psec, so that the
counter should work up to 12 Me/see at least. It has been assumed
that the potentials of the plates fall faster than they rise, that is, that
RPIO >500 volts or Io >20 ma, where Io is the anode current in the
tube being turned on during transition. The circuit requires accurate

1The effective grid base is the grid voltage variation for which the plate voltage
moves between the limiting diode voltages.



SEC. 17.3] SCALE-OF-TWO 607

+33r3 v

~ +80V

+6

(a) J-280 V
5V

L
~ 80v

Trigger pulse

T

x
–80v

‘../ I?p Ca to ( EPP-RP 10)
\
‘----- 60 V Plate of V2

%-.io_;7 : ::v Grid of V2

,<-~{-- ~ ~~~ Plate of V2

J
.RP(C8+C) toEPP

Rp Cs to Ep> 60 V
~_____ - OV

+t,h-
- -3V Grid of ~

(c)

(b)
Fm. 17.4.—High-speed scale+f-two. The circuit diagram is shown at (a). The

triggering waveform and one plate waveform are shown at (6). The trigger is 6 pulses at
8 Me/see. The waveforms drawn at (c) illustrate the triggering action: the notation “ RP
(C, + C) to Epp” indicates exponential approach to E., with time constant R,(C, •F C’).
The full lines show the direct effect of the trigger; the broken lines show the regenerative
action,
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resistors in the cross-connecting networks and positive and negative

voltage supplies that have a proportional voltage variation.

In an experimental circuit using the values shown in Fig. 17.4a, the

maximum counting rate was found to be 8 Me/see;1 the photograph

(Fig. 17,4b) shows the counting of a group of pulses at this frequency.
The causes of this discrepancy between calculated and observed

maximum rates were not ascertained but they may be attributed to
increased stray capacity, poorly shaped trigger, and the assumption of
ideal diodes.

Considerable improvement might be expected by replacing the diodes
with germanium crystals since these have much less capacitance, both
interelectrode and to ground. Also they have lower forward resistance.
Their poor back resistance would not be important and the reverse voltage
they are called upon to withstand is only 20 volts.

The time delay between an input and an output pulse of the counter
is determined by the same factors as the minimum allowable time interval
between pulses, and it can generally be reduced to about one third of this
value. Since these circuits have two stable states, thev rem-esent a count,..
of zero or one; hence, it is only necessary to ascertain which tube is on to
determine the count. This cam be done by placing a neon bulb in the
plate of the first tube as shown by dotted lines in Fig. 173.

The various methods of triggering are shown in order of preference in
Figs. 17.3 to 18-6. Triggering by use of diodes is shown in Fig. 17.3.
In this circuit the negative trigger is applied to the cathodes of both
diodes, the trigger consisting of the voltage waveform at the plate of the
preceding counter. Diode coupling precludes the possibility of misfiring
by disconnecting the input circuit during the differentiated overshoot
of the trigger. The only time the diode cathodes are driven negative is
when the preceding circuit has counted two input pulses. The amplitude
of the trigger is approximately one fourth of the voltage appearing across
the preceding plate resistor. This is not large enough to change the
state of the two triodes but is enough to start the regenerative process
that completes the change-over.

In applications where it is not feasible to direct-couple the proper
voltage” waveform, the negative trigger can be coupled to the diode
cathodes by a resistance-capacitance network. The transition time of
the circuit may be improved by returning the diode cathode to a voltage
somewhat less than B+. In this case the plate of the “off” tube rises
only to this voltage, where it is clamped, with a resultant improvement in
transition time. This circuit gives good reliability.

1This rate was achieved for regularly spaced input pulses. The resolving time for
randomly spaced pulses was not measured but is presumably somewhat greater than
the 0.125 ~ec indicated.
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In cases where more rapid transition is required the stray capacity
may be reduced by replacing the diodes with germanium crystal elements.
The very small capacitance pre-
vents loading of the scaling circuit,
and the ratio of front-to-back
resistance is sufficient to allow good
triggering.

In the circuit shown in Fig. 175
a positive trigger is applied to both
cathodes through C? across Ry.
The cathode resistor RT should be
reasonably small to reduce degen-
erative effects. The trigger when
applied to the cathodes reduces the
grid-to-cathode potential of both
tubes directly. To operate reliably,
this circuit requires a low-imped-
ance triangula~ trigger with a fast
rise and a slow fall. The advan-
tage of cathode triggering is that
the capacitive loading of the cathode

RR,

Rl

--- -G ---

I +-

>
>
>

-105v
FIG. 17.5,—Cathode triggering.

circuit does not interfere with the regeneration.
In the circuit shown in F]g. 17”6 ~he triodes have been replaced by

tubes with two control grids, in this case 6AS6’S. The negative trigger
is then applied through CC to the

EPP second control grid, in this case
the suppressor. The interrupted
plate current in the “ on” tube
causes the plate voltage to rise
and turns the first control grid of
the other tube “on.” This se-
quence causes plate current to flow
only if the original negative trigger
on the suppressor has terminated.
The original negative trigger must
therefore be of shorter duration
than the transition time of the cir-

-105v
cuit. Because the amplified or

Fm. 17.6.—Suppressortriggering. inverted trigger of the “on” tube
cannot be used to cancel the effect

of the negative trigger on the “off” tube, this method of triggering is

unreliable and should be used only in cases where the source impedance

of the trigger is too high to employ other methods.

Feedback may be added to either half of the counter stage by any
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of the triggering methods described In cases where the fedback trigger
must cancel the effect of an existing trigger, the circuit shown in Fig. 17.7
is recommended. In this circuit a positive trigger is applied to a “biased
off” amplifier which is direct-coupled to half of the scale-of-two circuit.
No difficulty will be experienced with this circuit if a triangular trigger
is employed.

Stability.—In choosing the circuit components for a scale-of-two
circuit, resistors and condensers with a tolerance of 5 per cent should
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FIG, 17.7.—Feedback with amplifier.

be employed, particular care being taken to duplicate corresponding
components in each half of the circuit.

If these precautions are taken and the recommended method of
triggering employed, the circuit shown in Fig. 17.3 can be made to operate
with a +20 per cent variation in heater voltage or a ~ 30 per cent varia-
tion in plate voltage. The same figures hold if the cathodes are grounded
and the grids are returned to a negative supply whose variations are
proportional to those of the positive supply; however, if a fixed negative
supply is employed the allowable variation in plate voltage is reduced
to f 20 per cent and that for heater voltage to about – 15 per cent or
+18 per cent. The allowable variation for the circuit of Fig. 17.3 may
be further increased by selecting the tubes for “balanced” character-
istics (for example, type 6SU7).

Special Circuits.—It is frequently desired to use scale-of-two circuits
to obtain counting ratios other than 2’ because of their rapid response and
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reliability. This may be done by employing feedback in conjunction
with cascaded scale-of-two circuits.

A common application of feedback in cascaded scale-of-two circuits
is to obtain a scale-of-ten—a procedure that is often advantageous
since it establishes a decade counting system. Figure 17.8 shows the
application of the circuit in Fig. 17.3 with feedback to make a scale-of-ten,
Manual operation of the RESETswitch causes the right triode in each pair
to become conducting. The first seven pulses count in the normal way.
The eighth pulse restores the first three pairs to the original condition,

Ut

V, =6SL7 R,25k &w ,
Vz.... ~=6H6 R, 75k lW

~ =}w Neon

;:,, m

R,500k jw R’ 2tJ
R1 lOOk lW R640k#w
RZIM +w R,lkl+w ,

FIQ. 17,8.—Scale-of-ten. VI = 6SL7; V, . . VS = 6H6; V6 = *W Neon; R, =
lOOk lw; R* = lM *W; R, = 25k *w; R, = 75k *W; R, = 500k ~W; R, = 40k~w; R, =

lM }W; Rg = 50k; R, = 67k; R,o = 2M; C, = 40##f; C, = O.Ol#f.

causing the left tube of the last pair to become conducting, and, by means
of the feedback through V~, biases off the ‘f off” tube of the second pair.
Hence the second pair is not allowed to change state until the last pair is
recycled. The ninth pulse turns on the left tube of the first pair, and the
tenth pulse turns off the left tube of the first pair and, through V,, the
left tube of the last pair. Hence ten pulses cause a complete recycling
and produce one output pulse.

It can be shown that scales-of-two can be added in series with the
proper feedback to recycle for any integral number of pulses. However,
few applications that count random pulses require a specific over-all
counting ratio; in the interests of simplicity it is generally sufficient to
reduce the counting rate so that it can be followed by a mechanical
counter.
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It is Dossible to extend the configuration of a scale-of-two to make a
+E==

-105 v
Fm. 17.9.—Thyratron scale-of-two with

anode extinguishing circuit.

scale-of-three ring counter or scale-
of-four, etc. However, the prob-
lem of sensitizing the next element
of the ring in sequence, the limita-
tion of gain in the individual ele-
ments, and the accuracy required
of components make ring circuits
with higher than three elements
unstable.

17.4. Thyratron Ring Count-
ers.—In many respects thyratrons
are admirably suited to operation
in sequence counter circuits.
Thyratrons are either “ on” or
‘‘ off” and this is a required char-
acteristic of an element of a ring
counter. Also the abrupt dis-
continuity of the control char-

acteristic is desirable. These characteristics permit ring counters to be
built with considerably higher n than those employing hard tubes. The
most serious limitation of thyra- 100v
trons is the long deionization time
during which the tube must be
held ‘in the “ off” condition by an +T~@
external source. This limits the
minimum time between input y

pulses to the order of 50 psec and
consequently makes thyratron
ring counters impractical for
counting random pulses in which
there is a large probability that = =

two pulses will enter the counter
R~

with less than this spacing.
Scale-of-two.—Two basic types

of thyratron scales-of-two are RB

shown in Figs. 17.9 and 17.10.’
In Fig. 17.9 the value of R, is low FIG. 17.10,—Thyratron scale-of-two with

enough to prevent the tube from cathode extinguishing circuit.

deionizing as a result of too small plate current and high enough to limit

the anode current to a safe value. The value of C is large enough to make

I Thyratron ring counters have not been used to any extent in radar systems.
The circuits and discussion of this section are based on published literature modified
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RPC larger than the deionization time. The values of R, and R. are
chosen to make the grids sufficiently negative to prevent firing of the
thyratron except when a positive trigger is applied through CT.

To explain the operation of this circuit let us consider the plate wave-
form of tube VI of the circuit in Fig. 17.9 as shown in Fig. 17.11. In
time interval of tlto ~ tube VI is conducting. At time t2 a positive

trigger is applied to the grids of both tubes firing V2. Its plate then drops
nearly to ground forcing the plate of VI down to nearly —EPP because
of the capacity C’. Tube VI then deionizes and its plate starts rising
toward +EPF with. time constant equal to RPC. This completes a cycle
of operation.

The operation of the circuit shown
in Fig. 17.10 is identical with that
shown in Fig. 17.9 except that the
quenching circuit is placed in the
cathode circuits rather than in the plate
circuits. The plate supply is limited
to 100 volts to prevent the cathode
voltage from exceeding the maximum
allowable heater-cathode voltage rat-
ing of the tubes.

Ring-o f-n Counter.—Thyratrons
may be employed to give a reliable

-- .A —__ ____ _r

t, t2

Ground

-B+ I
------ _____ _____ ____

Fm. 17.11.—Thyratron scale-of-two
wave{ orm.

ring-of-n counter.’ A typical circuit of this type is shown in Fig. 17.12.
Although this circuit is a scale-of-three, it maybe extended to a scale-of-n.

The method of quenching the tubes employed in this circuit is identical
with that in the circuit shown in Fig. 17.10. The resistor R* in the bias
voltage network is returned to the cathode of the previous tube rather
than to ground as in Fig. 17”10. The values of Rh and R, are so chosen
that a tube will not be fired by a trigger unless the tube immediately
preceding it in the ring is conducting. By reducing the bias on the next
tube the firing sequence is determined. All the necessary conditions for
a ring counter are then met by this circuit.

The same type of circuit may be employed in a slightly modified
form if gas tetrodes (type 2050) are employed. In this case the “pfi-
ing” circuit of RA and RB is connected to the shield grid rather than to the
control grid and sequence switching is assured.

by experience with gas tubes. References for thyratron ring counters include H. J.

Reich, Thsory and Applications of Electron Tubes, 2nd cd., McGraw Hill, New York,
1944, pp. 486-487, in which the various circuits are discussed, and for the original
work, C. E. Wynn-Williams, %x Roy. SoC., 132, 295 (1931); 136, 312 (1932); A. W.

Hull, Gem Elec. Rev., 32, 399 (1929).
1See H. J. Reich, 10C.cit., in which the various circuits are discussed, and, for the

twiginal work, C. E. Wynn-Williams, 10C.cit., and A. W. Hull, b-x. cit.



614 COUNTING [SEC. 17.5

Characteristics of Thyratron Ring Counters.—Whereas hard-tube ring
counters are usually triggered by turning an” on” tube off, thyratron ring
counters are triggered by turning an “off” tube on. After a thyratron
begins to conduct, the grid has practically no control; hence the positive
trigger is applied to the grid of the “ off” tubes. If the trigger is of proper
height, only the primed tube fires and the preceding tube is turned off by
plate or cathode coupling.

If triggering delay is to be kept to a minimum a negative trigger is
applied to the cathodes. Grid-plate or grid-shield capacity slows the

100v

FIc. 17.12.—Thyratron scale-of-three.

rise time of a positive trigger applied to the grid. The negative trigger
can be applied across a small resistor in the common ground return of all
the cathodes.

The thyratrons employed are either 884 or 6D4 triodes, or 2050 or
2D21 tetrodes. The triodes have a distinct advantage in that they
may be made to deionize in 20 psec whereas 50 psec is required for the
tetrodes. The triodes extinguish when the plate current drops below
5 ma, and the tetrodes when the plate current drops below 2 ma, although
the latter is quite irregular. By proper design the liie of a thyratron
in a counter circuit can always be made to exceed one thousand hours of
operation (see Sec. 17.7).

ENERGY STORAGE COUNTERS

17.5. General Considerations.-As is stated in Sec. 17.2 energy-
storage counters are frequently employed since a larger counting ratio
may be obtained with a given number of components than with sequenci+
operated counters. Because of the limitations placed on the maximum
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allowable time interval of n pulses, an energy storage counter may be
used only to count regularly spaced pulses or pulses whose spacings never
exceed a predetermined upper limit. The major use of this type of coun-
ter is to obtain over-all counting ratios of regularly spaced pulses that
cannot be factored intonl “ nz - . . n,where nislesschant en. Such an

application is clearly frequency division, but counters are employed when
feedback is required since feedback is more difficult to introduce into
frequency dividers.

17.6. Storage Circuits.—The energy-storage element in most elec-
tronic counters of this type is usually a condenser. Since E = CVz/2 or

‘U’ticf’w,
i

*
t

*
EA EA

Negative steps. (6) Positive steps.
FIG. 17.13.—Exponential step circuit.

r

1

(a)

FIG. 17.14.—Waveform of exponential steps.

V = ~2E/C the voltage V defines the energy E for any value of capacity
C. The use of a condenser has an advantage in that the energy may
be stored for relatively long periods of time and a condenser is the most
stable storage element with respect to temperature and aging effects.

Exponential Voltage Steps.—A simple and effective energy-storage
circuit is shown in Fig. 17.13. The type of switch employed determines
the choice of voltage step polarity. In these circuits CZ is the energy-
storage condenser and Cl is a relatively small condenser for adding energy.

In Fig. 17.13a EA is a fixed positive voltage and E. is the amplitude of
the trigger pulse (positive or negative). Figure 17”14 shows the voltage
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waveform on CZ for the circuit shown in Fig. 17.13a. If ~B is the critical
voltage of the recycling switch connected to Ca six counts are required to
give one output pulse. The steps that would exist if the switch did not
operate are dotted in; the number n of each step is indicated on the
diagram.

When the recycling switch is operated, E is returned to E. where it is
held by the diodes. Step 1 is generated when a pulse EC is applied to the
input. Since E = E. just before the pulse, the upper diode conducts

c1
immediately and a negative step &El of amplitude EC —

c1 + C2 appwrs

on C,. On succeeding pulses (until the voltage on C, is recycled) Ec
must drop to E before the upper diode conducts. Hence the voltage
change for the nth step is

c,—“-’AE”=‘Ec+ ‘E’– ‘“-’)]cl +c,
(5)

This expression holds for positive or negative input pulses.
Since AE is proportional.to E the general expression for E. must be of

the form
En = Ae-k” + B. (6)

The constants A and B are determined by the boundary conditions, and
K is determined by Eq. (5) and the continuity equation

En = Em–1 + m_,AE.. (7)

After the determination of A, B, and K, Eq. (6) becomes

()— ‘hereK=104w‘8)

c, n
‘“=Ei+Ec–Ec C1+C2

which, being general, gives the voltage after any pulse whether the pulses
are uniformly spaced or not.

In order to permit Cz to charge completely, it is essential that the
trigger supplied to this circuit be of long enough duration, that it have a
large controlled amplitude, and that its source impedance be low. Ideally
the trigger should be rectangular but other types will suffice providing
the termination is rapid enough to prevent overlapping of successive
triggers.

If E is held at E, at the end of each cycle the circuit can be made
completely self-compensating for variations in the supply voltages by
making E4, EE, and E c vary in proportion to the supply voltages. The
critical components are condensers and the effects of temperature on the
circuit are not serious.

The most serious difficulty experienced with this circuit is maintaining
the variation of E, proportional to that of E.. Both Eb and E. should
be as large as possible to minimize the effects of variations in the amplitude
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selection process. Equation (8) shows the amplitude of the last step is

considerable smaller than the initial one unless E4 — EB <<Ec. Also

since it is not desirable to reduce llA — EB, the trigger height must be
made large and even then only partial compensation can be obtained.
This reduction in step amplitude with count constitutes a major limita-
tion of this type of circuit. B+

In most cases the counter may be ad-

@

Switch
justed by adding a trimmer condenser to
Cl. If the value of the trimmer condenser c’
required is too large the adjustment may T

---
E

be made by varying E,. This latter - pulse

J

Ea

method is less desirable since some of the
available voltage is sacrificed. ~c’ =

Linear Steps of Voltage.—Waveforms v
of this type are described in Chaps. 2, 7,

I I
FIG. 17.15.—Linear step circuit.

and 8. In Fig. 17” 13a, if the voltage E is
fed to the grid of a cathode follower whose cathode supplies E., the result

is the circuit shown in Fig. 17”15. The circuit in Fig. 17. 13ZI may also

be modified in the same manner. If the gain of the cathode follower is
unity E._l = EA and Eq. (5) becomes

c,
.–,AE. = Ee —

c, + c,’
(9)

and all steps are of equal amplitude.
The allowable tolerance on the variation of EB is increased and the

Switch
requirement for a very large trigger is removed.

&

However, the clamping action of the lower diode

is removed by the cathode follower making the

c~
initial value of E depend on the electronic switch
unless a third diode is added as a clamp.

,.c’ ‘=; ~
Negative linear steps may be generated by a

constant-current pentode as shown in Fig. 17.16.

It !
T

Rr Rc The amplitude of each step is ~
c, o

ip~t,where

T is the duratiop of the trigger. This circuit-v
- Wtoff -v generates very linear steps with a high-impedance
FIQ. 17,16.—Linear etep trigger; however, both the width and amplitude

circuit.
of the trigger must be controlled. Although the

tube has dathode degeneration the value of
/

o= iP dt is still subject to

tube variation and only partial cancellation for variations in supply
voltage is possible. The count may be adjusted by varying the grid and
cathode return voltages, the trigger amplitude, or Rc.
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Positive linear steps cannot be generated by integrating cathode

current. If C2 is connected to the cathode rather than to the plate, it is

extremely difficult to maintain constant screen potential and, conse-

quently, use cannot be made of the constant-current characteristics of
the pentode. Although this method is not recommended it is sometimes

employed with triodes to generate nearly linear steps.

Linear steps may be obtained from the circuits shown in Fig. 1713

if C2 is used as a Miller feedback condenser as shown in Fig. 17.17.

- Trig.
High gain E

inverhng
amplifiir

7f

\ 1

FIG. 17.17.—Miller feedback linear step circuit.

The steps in E are positive and have an amplitude equal to E. %J where

ET is the trigger amplitude. The electronic switch may operate at either

end of Cs, or this function may be performed by trigger action in the

amplifier (see Fig. 1722). In any case it should be remembered that

both of these points are at a low impedance due to the negative voltage

feedback in the amplifier provided by C,. The negative feedback also

stabilizes the operation of the amplifier. The amount may be adjusted
by varying c1 or the threshold of the amplitude selector.

- Trigger - Feedback

-i
c1

=

v
J 1

FIQ. 17.18.—Conventional feedback.

Methods of Introducing Feedback.-F’eedback is accomplished by

duplicating the circuit that feeds the pulses to C, to provide a separate

input for the feedback pulse. The circuit shown in Fig. 17.13a modified
in this manner results in the circuit shown in Fig. 17.18. In this circuit

Cl may be adjusted to give a step on C, at the time of a feedback pulse

equal in amplitude to n“ steps produced by pulses through CI. This is

exactly equivalent to feeding back n“ pulses through Cl for each pulse
actually fed back through C:, The adjustment of Cj then provides a
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convenient means of changing the over-all counting ratio of a chain of

dividers in unit steps.

In most applications the diode VA may be replaced by a resistor since

the feedback occurs infrequently. The value of the resistor must be

large enough to prevent differentiation of the fedback pulse and small

enough to allow C; to recover completely between fedback pulses. The

removal of the diode does not interfere with the clamping of the voltage
on C72as this function is still performed by v~.

The addition of feedback in this manner is equally applicable to the

circuits shown in Figs. 17.15 and 17.17. The same type of modification

may be introduced into the circuit shown- in Fig. 17.16 by adding a

second constant-current pentode to introduce the fedback pulse.

Methods of Reading the Count.—If the grid of a cathode follower is

connected to the point in the cir-

cuit where the step-voltage wave-

form appears, the count may be

read from a meter connected to

the cathode of the cathode follower

provided the meter is correctly

calibrated.

It will be noticed that if this

procedure is followed with either

of the circuits shown in Fig. 17.13,

the meter must have a nonlinear

calibration. The use of a cathode

follower for meter isolation permits

linear step operation without addi-

+ 300v
Em

~ Tri~er 6D4

240JlJJf

loo#/,Lf

+1OOV — —
FIG. 17.19.—Thyratron counter.

tional tubes and gives a linear calibration.
The use of energy-storage counters in applications where it is neces-

sary to count the number of pulses in an interval of time is severely
limited by the leakage of charge from C2 since the reading of the count

drifts while no pulses are being received. If C’, is small the drift maY be

so rapid that it is impossible to obtain a reading.
17.7. Energy-storage Counter Circuits. Thyratron Counter c~rcu~ts.

A counter circuit employing thyratrons and the energy-storage circuit

of Fig. 17.13 is shown in Fig. 17.19. In this circuit Rl, R2, and Ra are

all small-value resistors and C3 = C2/2 in most cases. Negative steps are
generated on the cathode by the incoming triggers until the critical

firing voltage of the tube is passed. At this time C3 has charged to E,,
through R=; consequently Cz will rise to + 100 volts, and (73 will drop

200 volts to approximately +100 volts because of the charge-sharing

action of the condensers.

After this act ion is over the thyratron deionizes since the only current
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it can now draw is through RP and this is not sufficient to maintain the
discharge. C~ must then recharge to E,p through R= before the tube

fires again. The condenser C3 performs two functions in this circuit: it
prevents the tube from raising its cathode temporarily to EPP, and it
provides a 200-volt negative pulse which may be used as a trigger for a
subsequent counter. During the period of conduction bythe tube the
peak current is limited only by Rl, Rz, and R~, the primary limiting
being done by RS. The resistors RI and R, are not necessary but maybe
inserted to obtain low-impedance positive or negative pulses of short
duration.

The resistance R= should be greater than 60 K for triodes and 150 K
for tetrodes to permit deionization, and Cs must be greater than 200 ppf
to allow a plasma to be formed in the tube during conduction.

Although this circuit employs the energy-storage system shown in
Fig. 17.13, it maybe used in conjunction with those shown in Fig. 17”15 or
Fig. 17.16. The action of the thyratron switch will be unaffected except
that the positive rise of Ec, will not be limited by the diode but will be

equal to (EPP — Ez) .&&~ where Ez is the firing voltage.
2 3

One of the chief advantages of this circuit is that the extent of the
sudden rise of Ec, and the sudden drop of Ec, is unaffected by the type
of trigger, the adjustment of the counter, and interaction from other
circuits. This is due to the fact that the plate-to-cathode voltage of the
tube always drops to about 12 volts during the period of conduction.

The maximum allowable spacing for n pulses is determined primarily
by C, and the cathode-to-heater resistance (RM~) of the tube, since Ec,
decays with a time constant of R~xCZ. The minimum spacing between
pulses must be greater than the deionization time, and the minimum
spacing for n pulses must be great enough to allow7Cs to recharge to EPP
through R,. Since the deionization time is never less than 20 ysec and
Rp >60 K and C3 >200 ppf, the requirement on minimum allowable
pulse spacing seriously restricts the use of this circuit. 1

The time delay between an nth input pulse and an output pulse is
generally only a few tenths of a microsecond; however, for incorrect
values of the count adjustment it may become several microseconds.

Feedback may be introduced by the circuit shown in Fig. 17.18.
If feedback is applied immediately after the counter has fired and while
the thyratron is still ionized, the effect of the feedback is totally unreliable.
For reliable operation it is necessary to apply the feedback after the tube
has deionized. In the case of a series divider chain a convenient method
of doing thk is shown in the block diagram of Fig. 17”20. The output

I Satisfactory operation using 6D4 tubes has been obtained with a frequency of
6ring of the thyratron up to 20 kc/see.
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of the counter chain generates a gate which is applied to a time selector.
Thk circuit selects the next puke to be applied to the chain that is to be
fed back to the first counter. The feedback then occurs at the time of
the next pulse after the one that fired the chain, and hence the tube in the
first counter is deionized.

The circuit shown in Fig. 17,19 will count by 10 reliably in field use
and by 20 in laboratory use. The count may be adjusted by means
of a trimmer condenser on C~or by varying the d-c grid voltage to change
the critical value of the cathode voltage.

If all the voltages in this circuit vary proportionally, nearly complete
cancellation against variation in supply voltages may be obtained, the
tube drop being negligible. The amplitude of the incoming trigger
may be made to vary in this manner by generating it in a similar circuit
with the same voltage supply. The voltage to which the lower diode is
returned should be obtained from a bleeder to + E.., and the effects of. .
variations in firing voltage of the
tube cancel in any tube with a
constant control ratio. Varia-
tions in heater voltage are mani- ?ulses

fest in variations in tube drop and
control ratio and the latter of 1
these is the more serious. A I (
counter of this type counting by
ten will maintain its count with a +
~ 50 ~. variation in EDPand with Fm. 1720.-Feedback in thyratron counter

heater voltage from 4.3 to 7.5 volts. chain.

The use of triodes such as the 884 or 6D4 is preferred as they deionize
in about 20 psec, RP need only be greater than 60 k, and triodes usually
have less heater-to-cathode leakage. With tetrodes such as the 2050

or 2D21 the deionization time is about 50 psec, and RP should be greater
than 150 ohms. However, tetrodes have much steeper grid-cutoff char-
acteristics and can be fired reliably with smaller triggers.

The tube may have a life well over 1000 hours if the following pre-
cautions are taken. Resistor R, should be increased to 50 k and I?a to
1 k ohms. R. must be large enough to prevent grid-to-cathode arcs, and
R, must limit the peak current to 0.3 amp.

Blocking-oscillator Counter Circuits. —Blocking oscillators are described
in detail in Chap. 6. It is only necessary to replace the bias circuit
by an energy-storage circuit to provide a counter. Figure 17.21 shows
a blocking oscillator of the type described in Sec. 69 and the energy-
storage circuit in Fig. 17.13. The energy-storage circuit in Fig. 17.15
can also be used, as can blocking oscillators of any other type. In
general it is unwise to use negative steps and to place the energy-storage



622 COUNTIXG [SEC. 177

circuit in the cathode since the blocking-oscillator tube can draw some

current before it fires and this current interferes with the last step applied

to the cathode before the blocking oscillator fires.

When blocking-oscillator counters are arranged in a chain each

counter may be triggered from the tertiary winding of the plate trans-

former of the preceding counter. 1

Unfortunately the value of the maximum negative voltage on C, is a

function of the portion of the fall of the last step on which the blocking

oscillator fires. This action can give rise to the same type of instability

+
6-251Ulf 100

+

200 v 6AL5 —c~
+ 6SN7

I’-1000
J.lfif

==
‘Egg

-105 v
Fm. 17.21.—B1ocking-oscillator counter.

as that experienced in blocking-

oscillator frequency dividers.

Another undesirable character-

istic is the reaction of the firing

of one counter on the one that

precedes it. This is a common

characteristic of blocking-oscil-

lator counters and frequency divi-

ders (see Chap. 16 fordiscussion).

As a result of the interaction

between counters and the varia-

tion in the maximum negative grid

swing the proper adjustment of

any counter is dependent on the

adjustment of the rest of the

counters inthechain. Inall cases

extreme care is necessary in design to minimize these undesirable
characteristics.

The maximum allowable time interval for n pulses is determined by
C, in conjunction with the heater-to-cathode resistance (R~~) of the
upper diode, since Ec, will decay exponentially with a time constant
equal to C~R~~. The minimum allowable spacing between pulses is
determined solely by the recovery of Cl; the minimum allowable spacing
for n-pulses is determined only by the tube dissipation.

The time delay between an nth input pulse and an output pulse is
the same as for a normal blocking oscillator and is generally only a few
tenths of a microsecond.

1When countersare connectedby plate coupling, Cl and C~load the plate of the
preceding counterduringthe conductionperiodof the upperdiode. This loadinghas
a markedeffecton the performanceof the blockingoscillatorand limits the sizeof Cl
to a small value. When exponentialsteps are employed, the current through the
upperdiOdeis determinedby the number of the step and, consequently,the loading
on the precediugcountervarieswith the numberof the count. This effectmay be so
seriousas to causevariationsin the count from cycle to cycle.
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Feedback presents no special problem and any of the conventional
methods may be employed, since the normal time delay in the counter

+ 300 v

‘,~$ok
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+25 v X
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4k
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~me constant R1(C1+strays) anode of V2

L
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Time constant & (Cl+strays)
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Anode of V3 -1OV
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FIG. 17.22.—Phantastron stepping counter.

chain is sufficient to allow Ec, to reach a stable value before the feedback
is applied.

The counting rate may be adjusted by means of a trimmer condenser
on Cl or by varying the voltage to which the lower diode is returned. In
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either case, n should not be greater than five for field use or ten for
laboratory use.

The negative voltage to which the grid is driven when the blocking
oscillator fires is a function of heater voltage, ~pP, and the characteristics
of the particular tube. In general the variation of Ec., is not proportional
to variations in EPP If stability for variations in heater voltage and
IIpP is required, a third diode is employed to clamp the negative excursion

of li’c, to some voltage that varies proportionally to EPP.
Phantastron Counter Ci~cuit.—Figure 17.22 is a phantastron counter

circuit employing Miller feedback in the manner described in Fig. 17.17.

The functions of (71, C2, V,, and V2 of Fig, 17,13b in the energy-storage

system are performed by Cl, C2, l’s, and T’4. Condenser CZ is also the
feedback condenser.

The operation during a complete cycle is shown by the waveform
diagrams in Fig. 17.22. The negative input pulses are inverted by VZ,
and Cl couples a small amount of energy through V3 to CZ. Feedback
through C’z from the plate of VI to the grid prevents the grid from rising
very far with each pulse. However, each pulse reduces the-plate poten-
tial so the plate voltage waveform is a series of negative steps. When
the plate has dropped to the level of the suppressor, the transconductance
of VI is so low that the positive pulses on the grid are no longer fed back
through Cz. Hence the grid goes positive with the last pulse. This
cuts off the plate current since the cathode also rises with the last puke
and since the suppressor, at a fixed potential, cuts off the plate current.
The plate voltage then rises and the circuit is recycled. I

The size of each step in the plate voltage is proportional to C,/C,
and to the plate supply voltage of V2. . Hence the counting ratio can be
varied either by Cl, CZ, or by the plate potential of VI. The minimum
time between pulses is determined by R,CI and can be made very short by
including a fifth diode ( Vs) on the plate of Vt to limit the positive swing
of the plate voltage on VZ. The maximum time for n pulses is deter=
mined by Rn&’z, where Rz= is the heater-to-cathode resistance of Vs.

17.8. Combinations of Counters.—In many applications it is desirable
to count a large number of pulses or to obtain an output for every
nth pulse where n becomes large. In energy-storage counters the value
of n must always be less than 20 and in most cases not greater than 10
to meet stability requirements. In sequence counters, n is usually 2 and
never larger than 3 for hard tubes and never larger than 10 for gas tubes.

Cascading Counters.—When counters are connected in cascade-that
is, the output of one is the input of the next as in Fig. 17.23—the over-all

1The operation of phantastrons is explained in more detail in Chap. 5. In the
step counter, plate current must be initiated by a trigger through V, after recycling.
This trigger can be supplied from an external source so that the circuit can be used to
signal the time of arrival of the rrth pulse after the trigger.
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scaling or dividing ratio N is the product of the individual counter scal-
ing ratios.

N=n,nZ””” n,. (1)

If the counter chain is used to count a given number of pulses rather
than to divide a continuous pulse train it is often necessary to know the
remainder as well as the quotient. If there is a method of determining
the number of times the counter
chain has recycled (for instance, a

I
1 2 3 *—

a
r

mechanical counter) and a method
Fm. 17.23.—Seriesdividerchain.

of determining the number of pulses
stored in each counter (for instance, neon count-indicating lights), the
total number of pulses received is given by

where the prime indicates the number of ‘‘ held” counts in the counter
with appropriate subscript. The last term in Eq. (2) is the number of
times the counter chain has recycled.

As the over-all counting ratio is the product of the individual counting
ratios rather than their sum, it is possible to achieve a great saving in
the number of circuit components. It should be noted, however, that
thk is possible only when the over-all counting ratio can be factored into
nl .nz. .. n,. Thus the counter chain establishes a decimal system

if the n’s are all 10.
Parallel Counters .—Count er

circuits may be arranged to oper-
ate in parallel as indicated in Fig.

— 1724. In this case the pulses to
OtiDW be counted are fed directly intoInput

each counter. The outputs of all
the counters are fed to a coinci-

Fxe. 1724.-ParaUel dividers.
dence circuit that gives an output

only when outputs are received from all counters simultaneously.

The over-all counting ratio of this system is equal to the lowest

common multiple of nl, nz, n3, etc. If each n is broken down to its prime
factors and no prime factors of any n are repeated in any other n, the
over-all counting ratio is again nl . n2 . n~ . . . n,.

In this circuit, the time delay between the nth pulse and the output
is approximately equal to the largest time delay of any of the counters.
If, however, the counters are connected in series, the over-all time delay
is equal to the sum of the time delays for all the individual counters.
The decrease in over-all time delay achieved by connecting the counters
in parallel is a major factor in some applications.
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If energy-storage counters are employed, the parallel connection has
another advantage over the series connection. When counters are
connected in series the energy must be stored in the rth counter until
nl .na.ns.. . n, pulses appear at the input of the system, but when
the counters are connected in parallel, the energy need be stored only
until n pulses appear at its input where n is the counting ratio of that

particular counter.

Parallel operation has disadvantages other than the restriction placed

on n,, n,, n,, etc. The system provides only an output pulse for every

nth input pulse and does not give a direct indication of the number of

pulses that have been received at any time. The circuit is also consider-

ably complicated by the coincidence circuit, which becomes involved if

a large number of counters are employed.

Feedback in Cascaded Counters.—Equation (1) shows that the over-all

counting ratio of a series of cascaded counters is given by

nl .n2. n3. .. n,,

where the values of the n’s are integers and are generally not greater
than 10. This places a serious limitation on the flexibility of this type

of counter circuit as we may desire

‘n-”’ ‘otbefactoredinthismanner

an over-all counting ratio that can

In numerous cases it is desired to
Feedback utilize a single counting circuit to

FIG. 17.25.—Series divider chain with feed-
back.

give any one of a series of over-all

counting ratios by changing the

circuit, in which case some of the desired counting ratios are unobtainable

because they cannot be factored.

It is sometimes found advisable to construct a counting circuit in

which the value of n for all individual counters is the same. Equation (1)

gives the over-all counting ratio for a system of this type as n’. This

places an even more serious limitation on the obtainable counting ratios.

Many of these difficulties may be circumvented by the addition of

feedback loops.

Feedback in Energy-storage Counters.—A counter chain of energy-
storage countezs with feedback is shown in Fig. 17.25. In this diagram
the entire counter chain is broken down into three parts: those counters
that precede the feedback loop, the ones within the feedback loop, and
the ones that follow the feedback loop. Let the counting ratios of these
subdivisions be represented by n~, n~, and nc respectively, and let nj
be the counting ratio of section B without feedback. The effect of
feedback in this type of counter chain is the same as if n; pulses were
added or subtracted from the input of section B every time an output is
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obtained from section B. Consequently, it is seen that n~ = nB t nj’

or ?tB = ?&+ — ~~. Therefore the over-all counting ratio for the whole
chain is

n = n~nEnO = n.mc(n~ — n~)l. (3)

If section B is composed of only one counter this is the samd result
as would be obtained by changing the counting ratio of this stage.
However, section B may be any number of counters in series, and n~ may

therefore be very large. Feedback provides a means of changing the

over-all counting ratio of section B-in unit steps.
If feedback is employed from the output of the entire chain back

to the input—that is, nA and nc equal unit y—Eq. (3) becomes

~ = nl — ~~f. (4)

In this case the over-all counting ratio may be changed in steps of unity.
Practical circuit considerations do, how-
ever, place an upper limit on the magnitude
of n’ and for this reason circuits may have
multiple feedback loops. In this case Eq. -
(3) is still valid if the feedback loops are Feadback

n-= + 1
considered separately and if n; represents
the counting ratio without the feedback
loop being considered. The value of n for
a circuit of this type may then be found
by considering the feedback loops as being Feedback

n-= -1
added one at a time and assigning n; its FIG. 17.26.—Ener~ feedback.

successive values.
If multiple feedback loops are employed in addition to varying the

counting ratios of the individual counters, any desired over-all counting
ratio may be obtained. Moreover, if the number of individual counters
in the chain is varied, a wide variety of over-all counting ratios may be

obtained even if severe restrictions are placed on the values of nl, nn, etc.
It was stated that the effect of the output pulse of section B (see

Fig. 17,25) was to produce the same effect as if n pulses were either
added to or subtracted from the input of section 1?. This effect may be

“ accomplished in either of two ways. Considering the first counter in
section B and referring to Fig. 17”2 the feedback pulse may be made to
add or subtract n“ increments of energy from the stored energy (see
Fig. 17.26) or the fedback pulse may change the threshold value at which
the stored energy is removed (see Fig. 17.27). The result in either case
is to change the counting ratio of the first counter in section B from n

to n – n“ during the cycle when the fedback pulse is received.

I The term n; is positive if pulses are added, and negative if they are subtracted.
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Feedback in Sequence Counters.-This same type of feedback may be
employed in a chain or sequence-operated ring counters by utilizing
the output pulse of section B (see Fig. 17.25) to turn “on” a particular
unit of the first counter in section B (see Fig. 17.1). In this case, n“
equals the number of the unit turned on and must always be positive.

There are other types of interconnections possible in a counter chain
of this type since one may obtain the output that is to be fed back from

—————

M
Feedback
n=+l

,_——-—___ ,.

‘27_/m
Feedback
~=-]

Fm. 17,27.—Threshold feedback.

any unit of a ring counter, and the feedback may be used to turn a unit
of a counter “off)’ rather than “on.)’ In the latter case; the pulse will
be effective only if it is applied when thk particular unit is “on.” The
use of either of these interconnections necessitates the use of multiple
feedback loops. In some instances pulse selectors may be inserted in
the feedback loops to produce the same effect. The number of these
combinations possible are, however, too numerous to analyze.
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CHAPTER 18

MATHEMATICAL OPERATIONS ON WAVEFORMS-I
1

BY D. MACRAE, JR., A. H. FREDRICK, AND A. S. BISHOP I

The operations to be considered in this chapter are addition, sub-
traction, differentiation, and integration. These operations have in
common the property of being performable, at least approximately, by
means of networks of linear passive elements. To present lower output
impedance or provide more accurate computation, feedback amplifiers
may be used. These operations are thus special cases of the process of
linear waveform-shaping discussed in Chap. 2.

Although the methods of performing these operations are similar,
there are some obvious differences among the operations. In addition
and subtraction, waveform shaping is usually not desired; differentiation
and integration, however, represent attempts to shape the input wave-
forms in particular ways. Addition and subtraction can be done very
accurately by means of linear passive elements, whereas in the case of
differentiation and integration with passive networks accuracy is obtain-
able only at the expense of decreased output amplitude.

In this chapter some of the applications of these operations will be
pointed out; general circuit types for performing the operations will be
described; some of the equations governing the action of these circuits
will be derived; and practical circuits with design data will be given.

ADDITION AND SUBTRACTION OF VOLTAGES AND CURRENTS

18.1. General Considerations. Uses of Addition and Subtraclion.—
Addition and subtraction are operations that are frequently used in
electronic circuits although in many cases the operations performed are
not considered to be addition and subtraction. A number of operations
accomplished entirely or in part by addition and discussed elsewhere in
this volume, are the following:

1. Signal mixing cd d-c, audio, video, or radio frequencies usually refers

to the addition of similar waveforms at approximately the same
frequency. Examples are heterodyning in receivers, addition of
input to a fraction of output in feedback amplifiers, addition of a
carrier to a modulated wave for demodulation (Chap. 14), the
addition of waveforms to produce deflection or intensity modula-

629
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2.

3.

4.

5.
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tion on cathode-ray tubes (Chap, 20 of this volume and in Vol. 22
of the Series, Chap. 4), and the production of sum-waveforms
such as staircase waveforms or trapezoids (Chap. 8).
Addition of a d-c level to an a-c wavejorm is done, for example, in
varying the bias of variable-gain tubes in AVC circuits, and in the
addition of a d-c modulating signal to a carrier (Chap. 11).
Injection oj triggers or synchronizing pulses into relaxation oscil-
lators is treated in Chap. 5 for multivibrators, in Chap. 6 for block-
ing oscillators, and in Chap. 16 for frequency dividers using relaxa-
tion oscillators. A typical problem is the addition of pulses to an
exponential recovery waveform.
Amplitude discrimination or comparison (Chap. 9) may be accom-
plished by subtracting one signal from another; the difference
then indicates the sign of inequality, or a time index may be pro-
duced at the instant of zero difference.
Time selection by addition (Chap. 10) may be performed by adding
a rectangular waveform to the waveform of which a part is to be
selected and applying the resulting waveform to a nonlinear
element which has no response below a certain input level.

Characteristic Problems.—In some of these operations a generalized
sort of addition in which the output is a linear function of the inputs
rather than simply their sum or difference is performed. Thus if the
inputs are el and ez and the output e., the general operation considered
can be represented by

e. = ael + be~.

The constants a and b will be called the “weighting factors” for the
operation. This generalized addition also includes subtraction, that is,
the case in which a and b have opposite signs.

The accuracy of the summation of voltages or currents is not of
prime importance in the operations listed above, as it is in the process of
addition for electronic computation. There must still be consideration
of the dependability of the operation performed, however, and this
usually introduces accuracy requirements that must be met by pro-
cedures similar to those used for more accurate circuits.

In some applications (time selection, for instance) one of the input
waveforms is rectangular and therefore has only two significant values.
In this case the requirement of linearity with respect to this variable no
longer exists.

Addition may be followed by limiting; one example is signal mixing
at the input to a cathode-ray tube, in which case the sum must be limited
in order to avoid “blooming” on the tube face. Addition is sometimes
preceded by limiting; an example of this occurs in time selection, when
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I

I

a rectangular wave is added to a series of pulses and it is desired to
reject pulses that do not coincide with the rectangle but are of greater
amplitude than the rectangle.

The waveforms to be added may be shaped by the adding device.
In some cases this is desired, for integration or differentiation maybe
used to accentuate or subdue certain features of the input waveforms.
In other cases undesired shaping occurs, as whena rapid rise is slowed
down or the amplitude of a narrow pulse is decreased because the adding
device has insufficient speed of response. Undesired transients may also
be excited in an adding network by an input waveform with a sharp edge.

The interaction of the inputs and outputs with the adding device
and with each other must be considered, for example when an undesired
pulse might trigger a multivibrator or blocking oscillator. The inter-
action between two sources may
be measured in terms of the transjer

R

EG -

El

admittance which gives the ratio of R
the current” increment produced at E2

one input to a voltage increment at R Eo=%Wf+E2+E3)
E3

the other input in question. In the ~
case of linear networks the reci- ~ —

procity theorem shows that this Fm. 1S.1.—Example of parallel adding

factor is independent of the order
network.

in which two terminals are taken; it may therefore be called a “mutual
coupling factor. ”

Methods oj Addition and Subtraction.—The properties generally desired
in an adding or subtracting device are that it produce the sum or differ-
ence of the inputs with little distortion or with the desired shaping; that
it have high input impedance relative to the waveform sources, and low
output impedance relative to the load; that the output amplitude be not
attenuated excessively with respect to the input; that the interaction
of the sources through coupling in the device be tolerable; and that the
device be simple and easy to construct.

The simplest method of addition involves the use of linear passive
networks. A parallel adding network in which resistances are used to
add three voltages is shown in Fig. 18.1. Capacitances or any like
impedance elements may also be used in this way. A network of this
sort inevitably introduces attenuation.

If it is desired to use networks for subtraction, it is usually necessary
to employ an additional inverting element such as a tube or transformer. ]

1It is also possible to invert a sine wave by the use of networks; an example is the
uaeof three resistance-capacitance stages in a phase-shift oscillator. See Ginzton and
Hollingsworth, “ Phas&shift Oscillators,” Proc. I. R,E., 29, 43 (February, 1941). See
also Sec. 4.4 on phase-shift oscillators.
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Transformers provide a floating output whose polarity can be reversed,
and thus permit subtraction directly without attenuation.

Single vacuum tubes may be used for addition and subtraction if the
inputs are to different electrodes. With inputs to grid and cathode, for
example, approximate subtraction is performed; a multigrid tube with
inputs on the control grid and the screen will produce an approximate
sum. Combinations of vacuum tubes with a common cathode or plate
load can also perform the operation of addition.

The use of feedback with vacuum tubes makes possible more precise
addition and at the same time provides less mutual coupling than does a
parallel adding network with passive elements alone.

These methods will now be considered in more detail. In Sec. 18”4
there is a tabular summary comparing the various methods from the
standpoint of the properties desired in adding and subtracting devices.

18.2. Linear Passive Networks. General Equations.-The super-
position theorem as applied to resistive networks states that any output
voltage or current is a linear function of the inputs. The mesh or nodal
equations 1 may be used for calculation of-the weighting factors. These
equations show that any purely resistive network may be used for
addition. Similarly, a network of pure capacitances or inductances will
produce an undistorted sum of several waveforms. In practice there is
difficulty in obtaining such networks; at high frequencies, stray capaci-
tances may have effect in resistive adding networks; inductances have
resistance and stray capacitance which may prevent ideal operation;
capacitive adding networks may produce distortion if the waveform
sources have resistive output impedance.

It is possible to obtain undistorted addition, however, in another
way: parallel adding networks in which bath element is a series RC-com-
bination, or in which each is a parallel RC-combination, may be used,
provided the time-constants are the same. Thus in a parallel adding
network if there is stray capacitance from the output node to ground, its
effect may be compensated by making each element in the network a
parallel RC-combination. This is done by inserting a small condenser
in parallel with each resistive branch, and a resistance in parallel with the
stray capacitance, in such a way that the RC-products are all the same.

More generally, the condition necessary for undistorted addition of
any waveforms is that the operational expressions in the transfer func-
tion of the network cancel and thereby leave a ratio that does not involve
p. If feedback amplifiers are used to produce a “ virtual ground,” such
cancellation can be obtained with networks that do not involve the same
types of elements; for example, an IJLdifferentiator might cancel the
effect of an RC-integrat or, except for constants of integration,

1For a detailedtreatmentof linearnetworkanalysis see Vol. ltl, Chap. 1.
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The mesh or nodal equaiims for a network may also be used for
calculating the impedance between any pair of inpu% or output terminals,
and for calculating the mutual co@ing between the inputs. This
method wil be used below in connection with resistive adding networks.

Parallel Addin.o Networks.—hluch voltage and current addition is
accomplished in parallel, series, or bridge networks or in networks resolv-
able by equivalence theorems to these
forms. The networks which will be
considered first are those that are
made up of like elements-—usually
resistances but occasionally capaci- r’)m

tances—and are u~ed to add wave-

I-----’---i

z~ Zz
forms whose frequency spectra are in 322
roughly the same regiou.

A parallel adding network is shown
in Fig. 18.2. The input voltages El,
B2, ..., En, and the output voltage
Eo,aremeasured with respect to a com-

LEnA

mon reference node, usually g-round.
Each input voltage has associated
with it a source impedance Zj and has

~Eo ~
F]e. 15.2.—Parallel adding network.

in series with it a network demerit
having impedance Zi. It is eommnient to define for %hejth input node
an admittance

~f.~
.zj + z~

In terms of this admittance the nodal analysis gives

The weighting factor for any particular input Ek is then

If, for example, there are n identical branches,

(1}
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equal, the weighting factor for each voltage will be I/n. If it is desired
to combine three voltages in the ratio 1 to 3 to 4 or

Eo = const. X (E, + 3E2 + 4Ea),

it is necessary to let the ~k’s have the ratio 1 to 3 to 4, or the impedances
zk + Z~ have the ratio 1 to ~ to ~. According to Eq. (6), the correspond-
ing weighting factors will then be ~, ~, and $.

300k
The loading impedance seen

El

~=

at the kth input is equal to the

100k
E2

sum of the series Z~ and the

i’5k
parallel combination of the other

E3
Eo = ~B(E,+ 3E2+ 4E3) impedances:

& 1
= z,,= z, + —.

2

(2)
F1~. 183.-Adding network with specified Fj

weighting factors. j-k

For the ratio 1 to 3 to 4, a possible circuit (Fig. 18”3) is

Z, = 300 kilohms
Z, = 100 kilohms
Z~ = 75 kilohms.

Neglecting the internal resistances z~, the loading resistance presented

to the first generator of internal impedance ZI is then

z, +
1

Y, + Ya [
= 300,000+ ~o_6(:+ *,

1
ohms = 343 kilohms.

The mutual coupling factor (transfer admittance) between one source
and another is the ratio of current produced through the second source
to the voltage at the first which produces it. This ratio maybe expressed
for the kth and lth sources with the aid of Eq. (l). The contribution
of the lth source to the current passing through the kth source may be
found by multiplying the contribution of the lth source to the voltage at
the output node by the admittance of the kth branch:

i=l

This is a symmetrical expression, its value being unaffected by the inter-
change of the subscripts k and 1; hence the use of the term “mutual.”
[For a network consisting of n equal impedances, the transfer admittance
is F/n.]
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The voltage produced across the internal impedance of the lcth
source is

u
4=1

where the last factor is AE1multiplied by its weighting factor from Eq. (1).
Suppose that inthe previous example (Fig. 18.3) itisdesired to find the
effect of El on Ea, and that ES has an internal impedance [2s] which is
5 per cent of the total impedance z~ + 28. Since the source El has a
weighting factor +, the voltage produced across Z3by a voltage AE1 at the
first source is given by

z~ z~

Z3 A~3 Z3 ~ P,

[

El

AEl = 23+23 3

z
Fj

j=l

3

z~ 22
Et

= 0.05 X ~ = 0.006 = 0.6 per cent Load

of the voltage change at the first ZL
source. If the coupling is excessive ----- ------
in a parallel adding network, it may
be reduced by lowering the cor-
responding weighting factor or the ‘J

z. Zn
En

internal impedance of the generator.
A convenient way of reducing

FIG. 184.-Series adding circuit.

weighting factors is to introduce an impedance between the output ter-
minal and ground. By this means all the weighting factors may be low-
ered together and their relative values left unchanged.

The addition of currents in parallel networks can be treated similarly
to that of voltages because any voltage generator E with a series impedance
Z is equivalent’ to a current generator E/Z with a parallel impedance Z.

Series Adding Networks.—Flgure 18.4 shows a series adding network
for voltages. All the sources except one must be floating with respect to
the reference node. In this case the weighting factors are all the same:
the output voltage is equal to

(E, +E, +.. +E.)Z.
2,+2,+. .+2. +21+2, +.. .+2” +2.”

When the load impedance Z. is very large, the output is the sum of the
inputs ‘ivith each weighting factor equal to unity. Transformers are
most frequently used for series adding; a schematic circuit is shown in

1See,for example, H. W. Bode, NetworkAnalysis and Feedback Amplij% Design,
Van Nostrand, New York, 1945, p. 12.
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Fig. 18.5. D-c voltage supplies such as batteries, tachometers, or
rectifiers with floating reference levels are also used. In any of these
cases the weighting factors may be varied by means of potentiometers
across the outputs of the voltage sources.

Because series addition may be

*
FIG. lS.5.—Addltion by means of trans-

formed.

Bridge Adding Netwo7k.—Figure

done conveniently with alternating
voltages, modulation-demodulation
methods may be used to add d-c
voltage differences when the d-c
levels are inconvenient for the use
of resistive networks Two such
methods are shown in Fig. 18.6; in
case (a) series addition with trans-
formers is used, and in case (b) float-
ing rectifiers are used.

18.7 shows a bridge adding network.
The principal advantage of using bridge networks ~ that t~e mutual
coupling between the inputs may be eliminated if the bridge is balanced
and the inputs are at pairs of opposite corners of the bridge. Here
again a floating voltage source is required for one of the inputs.

AC

E3

Y E.= E, +Ez +E3

(a)

FIG. 1S.6.—Carrier methods of adding

AC

Y

E~ Mod.

-1

1
.

E3 - Mod.

d-c voltages independent of level.

The input impedance of a balanced bridge at either pair of terminals
(E, or Ez) may be calculated by series-parallel analysis on the assumption
that no current flows in one input branch as a result of the other input
voltage, Thus for purposes of analysis one branch may be considered
an open circuit or short circuit.

A useful special case of the balanced bridge is the equal-arm bridge
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shown in Fig. 18.8. This circuit permits relatively easy analysis and
because of its symmetry may be used ~vith a balanced voltage source
such as a push-pull amplifier. The 2)Ialysis suggested shows that the
loading impedance at either input is simply Z. The output voltage and

z,

El Z3 ‘is z

I
FIG, lS7.-Balanced bridge. FIG. lSS. -Equal-arm bridge.

the weighting factors may be found by setting up the mesh equations as
indicated in Fig. 18.8:

(2Z + .@, – Zi, – 2Zi, = E,
–ZZ, + (2.Z + z,)i, + 222, = –E2

–2zil + 2zi2 + 4zi3 = o.

The output is Eo = i~Z. Solution of the equations gives

[ 1Eo=: &+L. 2+2,
(4)

Moreover, it may be seen from the above equations that the mutual
coupling is zero, since the minor
formed from the coefficients of i, and
i, in the second and third equations,
which is the coefficient of El in the

solution for ~Z, vanishes.

Addition of Dij’erent Frequencies.
If the waveforms to be added are of
sufficiently different frequency, paral-
lel networks may be used in such a way
that the weighting factor for each R

input is nearly unity. An example =
is the use of an RC coupli~g network
to add an a-c voltage to a d-c voltage 1

in a variable-bias amplifier as shown Ez (&)

in Fig. 189. Since for d-c voltages Fm. 18.9.—~Ccouplingnetwork.

the condenser is an open circuit, the weighting factor for the bias voltage
is unity; for a-c voltages the condenser is a short circuit, and if the grid
leak resistance is much greater than the output impedance of the source,
this weighting factor is also nearly unity.
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The injection of triggers and synchronizing pulses into relaxation
oscillators (Chap. 5) is another case in which the frequency spectra of the
two waveforms to be added are in different regions. Resistance-capaci-
tance coupling networks are also commonly used to perform this addition,
the synchronizing pulse being fed in through a condenser to the grid of a
multivibrator and superimposed on an exponential recovery waveform.

Transient Response.—A limitation of adding networks—especially
when the input waveforms have sharp edges—results from the possibility
of undesired transients. These transients may be due to the presence of
stray capacitance or to interaction between reactance in the sources or
load and the resistances of the network.

A type of waveform which is often affected by the transient response
of the adding circuit is one having a short rise time, either a rectangular
waveform or a narrow pulse. The output rectangular waveform may
not rise rapidly enough, and as a result may not define precisely the
desired time interval; a short pulse maybe decreased in amplitude by the
effect of a time constant in the adding network. In each case the limita-
tion results from the time required to charge the stray capacitance. The
capacitance to be considered will vary between wide limits, depending
on construction practice and on the output circuit. As an example, sup-
pose that a resistive network is to be used to add l-vsec pulses to rec-
tangular gates having a rise time of 0.1 psec. The adding network will
be assumed to consist of two 100,000-ohm resistances, and to have a
capacitance of 20 ppf from the output terminal to ground. For each
waveform there is a circuit which is equivalent on the basis of Th6venin’s
theorem and which has half the output resistance (i.e., 50,000 ohms) in
series with a generator producing a waveform of half the amplitude. The
corresponding time constant is (20 X 10–12 X 5 X 104) sec. = 1.0 Psec.
The gates will reach 90 per cent of peak value in 2.3 psec (the network will
have a similar effect on the trailing edge); the pulses will reach only 63 per
cent of the peak’ amplitude in 1 ~sec. If a sharper rise or greater output
amplitude is desired, it may be necessary to lower the mixing resistances.
The extent to which these resistances may be lowered is limited by the
loading of sources which may occur when the mixing resistances
are low.

For some purposes, when an extremely short rise time is desired, a
resistor in the mixing network may be bypassed with a small condenser
and rapid changes thereby permitted to pass through. This device is

used, for example, in multivibrators. It increases the mutual coupling
for rapid pulses however. Better performance can be obtained by also
inserting a resistance in parallel with the stray capacitance; each branch
of the network will thus consist of a parallel resistance and capacitance,
and if the time constants are made equal the distortion will be minimized.
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Another sort of undesired response is the overshoot that occurs when
an RC coupling network is used to add bias to pulses or rectangles. This
overshoot is particularly obj actionable in high-gain video amplifiers. 1
It results from the tendency of the coupling condenser to discharge
rather than maintain its charge for the duration of the waveform.

A third type of undesired transient is the shock-excited oscillation,
which may exist if the network has an underdamped resonant frequency
and if rapid changes occur in the operation of the circuit. These condi-
tions are present, for example, when a transformer is used for subtraction
and the load is a diode rectifier (see Fig. 18~10). The sudden start of con-
duction in the diode produces a train of damped oscillations in the trans-
former secondary and thereby
slightly increases the rectifier out-
put voltage.

Some general methods of re-
ducing the effects of transients are
(1) reduction of stray capacitances
by improved layout or choice of
different components; (2) in the
case of stray capacitances, reduc-
tion of charging time by lowering
the resistance through which the
capacitance charges; (3) in the
case of oscillation, damping by
means of resistance; (4) compensa-
tion by means of additional net-
work elements.

i I
I

tL-- IL-J
1,

I-4-4
Damped oscillation

appearing across transformer

(sine wave)

FIe. 1S 10,—Transient oscillation produced
.by transformer and diode.

It is not possible to obtain immediately useful solutions for the
response of a network to general transient voltages or currents since each
input function and set of initial conditions determines a different solution.
The general transient behavior of networks’ is described in Vol. 18,
Chap. 1 of this series; the Laplace-transform method can be used to
determine the response of a specific network to a specific input waveform.
The effort involved, however, may be great, and it will be wise to consider
whether an exact transient solution is needed. Often it is merely neces-
sary to obtain an approximate solution if it can be shown that the net-
work is adequate for the specific problem.

The following rules are useful in determining whether a network
behaves adequately for specific transient conditions when addition with-
out distortion is desired:

I Vol. 18, Chap. 3, “High-gain Pulse Amplifiers.”
ZThese equations apply only to linertr networks. Often source generators and

loada do not meet this requirement.
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The network must have a uniform pass band accommodating the
highest and lowest frequency components of the input waveform.
The network should not have any underdamped resonant frequen-
cies.
The source loading and mutual couplings must not exceed the
driving capabilities of the source.
The network must be capable of driving its load in any of its states
if the load is nonlinear.
If a transient exists, its amplitude must be sufficiently reduced
before the sum is to be observed.

Waveform shaping by deliberate use of transients can be performed
simultaneously with adding. The coupling network of Fig. 18,9, for
example, will differentiate the input El if the time constant RC is small
relative to the interval of variation of El; it will also integrate lilz over

intervals small relative to the time constant.
18.3. Addition and Subtraction by Means of Vacuum Tubes.—In the

design of adding circuits with passive networks, it is sometimes dificult
to lower input mutual couplings to the required degree without decreasing
the weighting factors to a point where the sum voltage is unreasonably

I_L_l_
Em. 3S.11,—Double input vacu.

urn tube.

Mu(tiple-input Vacuum

small; at other times it is difficult to obtain
the required bandwidth or transieni re-
sponse without increasing the source loadlng
excessively. Vacuum tubes provide means
for isolating the network from [the source
voltages and for changing impedance levels
between %he network and the source volt-
ages. They may also be used directly as
adding devices or in feedback loops for ad-
dition. If the inputs are to grids that are
not drawing current, they can be affected
by the adding circuit only through inter-
electrode and stray capacitances.
Tubes.—-Circuits utilizing multirde-intmt. .

tubes are suita~le for adding with moderate or low accuracy, depending
on the particular tube or circuit used. Double input triode, tetrode, and
pentode amplifiers, in which the control grid and cathode are the input
terminals, are moderately linear. An example is shown in Fig. 18.11; in
this case E. is the amplified difference between Ii’l and Ez. The magni-
tude of E. and the input impedances of El and Et may be calculated
on the assumption of linear tube characteristics (see, for example, Vol. 18,
Chap. 11). When a triode is used for subtraction by letting the control
grid and cathode be the two input terminals, the low input impedance at
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the cathode (approximately I/g.,) makes it necessary to supply the

cathode from a lo~~--impedance waveform source. In time selection a

low-impedance rect:~ngular wa~-eform is sometimes used as a gate in the

cathode circuit. .$ p~rticular example is a type of blocking-oscillator

frequency divider in which input pulses are effectively added to thE grid

recovery waveform by introducing negative pulses in the cathode circuit.

In generai, each grid of a Vacuum tube can receive a signal voltage
that is capable of altering the flow of plate current. However, the
relationship between the plate current and the various inputs may be
far from linear. Generally, an operating point that permits all grids to
affect the plate current can be found, provided the input signals are not
too large.

Parallel-plate Addition .—The parallel-plate adding circuit shown in
Fig. 18.12a has the advantages of high input impedance and almost zero

+

+

(a) Actual circujt

ol.%’, %2 53 q= RL

=

(b) Equivalent circuit

FI~. 18.12.—Parallel-plate adding circuit.

coupling between inputs (except for capacitance effects). The weighting

factors can be altered by means of input potentior,eters although these

potentiometers increase the source loading, or by adjusting the amplifier

gain by means of cathode resistors. The parallel form of the equivalent-

plate-circuit theorem may be used to put the parallel-plate adding circuit

of Fig. 18.12a in the form shown in Fig. 18.12b.

In this equivalent circuit the total current

gm,el + gm2e2+ o “ - + g~nen

flows through the parallel combination of the plate resistances and the

load resistance. If the reciprocal of the plate resistance ~ti is written

Yj, and the load admittance Y., the output voltage is
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(5)

For pentodes the Yj’s are usually small enough to be negligible relative
to Y~(rP >> R.); consequently

n

eo = RL
z

gmjej.

j=l

If the gn’s are alike, the weighting factors are all equal.
For rapid addition of waveforms low input capacitance is usually

desired. For this reason pentodes are preferable to triodes. It may be

Epp

R~

~Eo ~

L
=

Fm. 18.13.—Differential amplifier.

desirable to perform more precise addition with relatively slow wave
forms, however; in this case cathode degeneration maybe used to make the
operation less dependent on tube characteristics (gn variation). In this
case triodes are preferable because cathode degeneration in pentodes
produces undesired transfer of current between the screen and the plate. 1

Cathude Coupling.—A combination of two amplifier tubes with a
common cathode impedance, shown in Fig. 18.13, is known as a <{cliffer-
ential amplifier. ” Such a circuit involves feedback as does any circuit
with impedance between cathode and ground. This circuit produces a
voltage proportional to the difference of El and Ez, The theory and
practical details of this circuit are given in Chap. 9 and Vol. 18, Chap. 11.
The output voltage difference is given by the equation

(6)

I For a discussion of this effect, see Chap. 7.
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subject to the assumption that the triodes have identical linear character-
istics given by

epk + ~eok,
ip =

rP

If a single-ended output is desired, the voltage with respect to ground
may be taken from either plate. In this case the two inputs have slightly
different weighting factors (Vol. 21, Chap. 3 of this series), but by intro-
duction of a constant-current triode in series with the cathode resistor
the weighting factors may be made more nearly equal. The difference
in weighting factors is a measure of the common-mode variation, since

‘a+b)(e, – e,) +cbel — be2 = —
2

~ (el + e,).

Over the same range of inputs for which E. measures the difference
of El and Ez, the cathode voltage +EVP
Ek measures approximate ~ly half

+p+

------

their sum (plus a constant).

This adding property is a special ~, e2 ej e.
case of a general common-cathode --- --- --- ---

adding property, shown in I?ig.
18.14, By means of this circuit as

many voltages as desired may be
-__--__e~

added by connecting the cathodes l?~

of the triodes together. For the ——
circuit of Fig. 1814, straight-for- Fm. 18.14.—Addition using common cathode

ward analysis assuming linear
resistor.

characteristics shows that for variational voltages

if ~ is large. (7)

This is essentially the same result as for a passive parallel network with
n equal resistances except that there is no mutual coupling between
sources other than that due to interelectrode capacitances. The output
impedance is very low-approximately 1/ (ngm). The weighting factors
may be varied by inserting resistors between the cathodes and the com-
mon output node; this, however, increases the output impedance. The
amplitude of each input voltage is limited to approximately the grid base
if linear operation is desired.

Parallel Adding with Feedback .—One of the most useful methods of

addition uses negative feedback in connection with a passive network.
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In the circuit of Fig. 18-15, a parallel adding network is connected to add
a number of inputs to the output of an amplifier; the sum of these voltages
is the input to the amplifier grid. 1 An expression for the output voltage

can be derivedz by means of Eq. (6) for the parallel adding network and
the equation

eO= Aei

for the action of the amplifier. This expression is

e. =

n
— ze iYj’

i= 1
% >

zI’-j +Yf

Y, –j-] ~

(8)

where the Yi’s are the admittances in the respective input branches as
before, and YJ is the admittance in the feedback branch. For sufficiently
large values of A, a simplified expression may be written:

(9)

The weighting factors are nearly the same in magnitude as for parallel
adding, but negative. An amplifier of this sort can thus be used to
produce the negati~e of a voltage sum, or to invert a voltage prior to
subtraction (Sec. 2.5), The input admittance for the jth source is
approximately 17jif A is large, since the grid node is nearly at a constant
potential. High impedances (or low Yj’s) may be used without the
danger of bad transient response; the input capacitance of the first stage

I The operation of this circuit is discussed in Sec. 2.5 for the case of a single input

voltage.

2A similar derivation taking into account the output impedance of the amplifier

is given in VOL 18, Sec. 92 of this series.



SEC. 18.31 ADDITION AND SUBTRACTION BY VACUUM TUBEA’ 645

has hardly any effect since the grid voltage changes very little. This
may be considered to result from the high input admittance at the first
grid, (1 – A) Y/. Stray capacitance from portions of the resistors to

ground, however, still has effect.
The mutual coupling factors may be derived in a manner similar to

that in which these for the passive parallel-adding network were derived.
The current increment in the kth branch resulting from a voltage incre-
ment in the jth is

Substituting the weighting factor Ae./Aej from the approximate Eq. (9)
gives an expression for the coupling,

Aik – YjYk = –z,
Ae; = A Yf AZiZ~”

(lo)

Because this mutual transfer admittance tends to zero as A increases,
the inputs are nearly independent.

A circuit of this type then gives an output practically the same as
that of the passive parallel-adding network, but inverted in polarity.
The feedback circuit has the advantage that the output amplitude may
exceed that of the input. If a multistage feedback amplifier is used for
extremely sharp pulses, delays within the amplifier itself may have the
effect that the first grid is not returned to its equilibrium voltage until,
for example, 0.1 psec after a step function at the input. During this
time the amplifier may be overloaded.

An advantage of this circuit as compared with other vacuum-tube
addhg circuits is that it requires only one amplifier, regardless of the
number of inputs to be added. If a large number (n) of similar inputs is
used, the loop gain goes down as l/n, and extra gain may be necessary.
For an example of a circuit of this type see Fig. 19.27.

Instead of an a-c or d-c amplifier, a carrier amplifier (see Chap. 9) may

be used for this method of addition. For example, a mechanical modula-

tion-demodulation system with amplification may be used as the amplifier

in Fig. 18.15.

Another amplitude-discrimination device that may be used is the

“magnetic amplifier. ” 1 The speed of computation of this device is also
limited by the frequency of the a-c carrier.

Subtraction by Vacuum Tubes.—It is possible to subtract voltages

by means of vacuum-tube circuitsz having high input resistance. Two

I H. S. Sack et al., “Electronic Computers for Division, Multiplication, Squaring,

etc., ” NDRC 14-435, Cornell University, 1944; see also Sec. 11.7 of this volume.
2J. W. Gray and D. MacRae, Jr., ‘‘ Differential to Single-ended Potential Con-

verters,” RL Report No. 457, November 1943.
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such circuits designed to operate with d-c voltages are shown in Fig. 18.16.
The first (E3g. 18.16a) is a symmetrical circuit producing two outputs
which vary as (El — EZ)/2 ~nd (E2 — .E1)/2 and have an additive con-
stant voltage. Over a range of about 80 volts for each input, the ou$put
is accurate to within 0.5 per cent of the peak output variation; change of
tubes varies the d-c level by less than one per cent. If calibration
potentiometers are provided for va~ing the 750,000 ohm resistors, the
effects of tukte change and re~istor unbalance can be compensated for
laboratory purposes.

The second circuit (Fig. 18”166) operates over a range of about 140
volts for 131 snd 100 volts for 3.72. The output potentiometer tap may

+ 250 “
+ 250 v

200 k

200 k

=

(~) Symmetricalcircuit & Asymmetrical circuit

FIG. 18.16 .—Difference-to-potential converters.

be adjusted to vary the weighting factors of EX and Ei. The accuracy
of computation is similar to that of circuit (Fig. 18.16a); the principal
source of error (1 to 2 per cent) is a drift of the constant d-c level, but if
calibration controls are permissible the residual errors from linearity
are less than 0.5 per cent. of the output range. As compared with differ-

ential amplifiers, these circuits have the disadvantages of requiring
adjustment and not providing amplification. For amplitude discriraina-
tion, differential amplifiers are prefmable, but for fairly accurate sub-
traction over a wide range of inputs, these circuits depend less on tube
characteristics.

Combinations of the methods dkcussed may of course be used for
addition and subtraction. A combination series-parallel network may
be used, for example, when ody one of the waveforms to be added is
available from a floating source; series addition may also be used in the
input or feedback path of an amplifier to produce addition or subtraction.



SEC. 1.%4] SUMMARY 647

18.4. Summary.-The following methods of addition and subtraction
have been discussed: (1) Linear Passive Networks: parallel, series, bridge.
(2) Vacuum-tube Circuits: multiple input, common plate, common
cathode, parallel adding with feedback. Some general conclusions may
now be stated which will indicate what methods are appropriate for
particular applications. The use of vacuum tubes introduces problems
of maintenance that might not otherwise arise, but stability problems,
except for slow drifts, may be solved by the use of feedback even though
vacuum-tube parameters may vary considerably (Chap. 3).

In Table 18,1 the various passive networks” are compared from the
standpoint of desirable properties. In order to express the input and
output impedances and the coupling admittances conveniently, values
are given for the case when all inputs are alike; the impedance Z is
defined here to include the internal impedance of the source.

Subtraction with resistive networks always requires a separate
inversion of one input.

The effect of resistive networks on pulses or step functions depends
on the output impedance of the network and the input impedance of the
following element. An important source of delays is stray capacitance,
either input capacitance of vacuum tubes or strays from components and
wiring to ground.

The most significant data in Table 18.1 are that a parallel network
requires no floating inputs, and that a bridge network or a series network
operating into infinite impedance has no coupling between inputs.

TABLE 181 .—COMPARISON OP PASSIVE ADDING NETWORKS

Property

Number of possible
inputs

Floating inputs
needed

Weighting factors

Mutual transfer ad-
mittance betweer
inputs

Input impedance

Output impedance

Parallel

Any number

None

Easily adjustable;

1/n if inputs are

alike
1

a

Approx. Z

Approx. ~

Series

Any number

AU but one

Easily adjustable;
may be all unity

Decreases with in-
creasing load; zero
if load is an open
circuit

nZ plus load; in-
finite if load is an
open circuit

nz

Bridge

Two

One (may be push-
pull resp. ground
if bridge is sym-
metrical)

Adjustable

Zero if bridge is
balanced

Approx. Z

Approx. Z
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Table 18.2 shows a similar comparison for vacuum-tube adding
circuits. In all the circuits listed in the table, inputs are measured with
respect to ground.

TABLE18.2.—CO~PArUSONOFVACUUiW-TUBEADDINGCIRCUITS

Property

Number of in-
puts

Weighting
factors

Transfer ad-
mittance
between in-
puts

Input imped-
ance

Output im-
pedance

Possibility of
subtraction

Multiple input

Limite~ b-ynum
ber of elec-
trodes

Depend on tube

~~ for grid and
cathode inputs
low for grid-to-
grid

1
at cathode;

G
high for mids
unless the elec-
trode draws
current

Approx. r=

Yes, with cath-
ode input
— .—

Common plate

Any number;
each input re-
quires one tube
section

Adjustable if se-
ries resistors
are used

Zero with ex-
ception of in-
terelectrode
capacitance

Due to interelec-
trode capaci-
tance (large)

Approx. ~

Yes, direct to
plate

Oommon cathodt

.kny number;

each input re-

quires one tube

section

Adjustable if se-

ries resistors

are used

Zero with ex-

ception of in-

terelectrode

capacitance

Due to interelec-
trode capaci-
tance (small)

1

‘ah

No

Parallel adding
with feedback

Any number; ad-
ditional inputs
do not increase
numberof
tubes
Easily adjust-
able; depend on
network

1
m

A = gain of
amplifier; 2/ =
Zj)

~

Zmt
zz-

[Zout = output
Z without feed-
back)

Yes, direct to
plate

DIFFERENTIATION AND INTEGRATION

18.5. Methods of Differentiation and Integration.-The circuits to be
considered in Sees. 18.5 to 18.7 are those that produce waveforms approxi-
mately proportional to the derivative or integral of the input waveform.
The required-accuracy varies considerably among the applications; more
elaborate circuits are required for higher accuracy. Emphasis will be
placed on purely electrical devices; a number of mechanical and electrw
mechanical devices are available, 1 but their response time is generally
much longer than the duration of the waveforms considered in thk
volume.

There are a number of applications in which only certain properties

1See, for example, Vol. 21, Chap. 4.
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of the derivative or integral are desired, and the operations need not be
performed with high precision. For example, if it is desired to produce
pulses from a periodic rectangular waveform, an RC “cliff erentiating”
circuit can be used for this purpose (Fig. 18,17). If the duration of the
pulse is not of critical importance, a relatively large time constant may
be used; in this case the departure from true differentiation is considerable.

The process of filtering to remove alternating components from wave-
forms may be done by means of an RC integrating network, This is

common] y used with rectifiers. It may also be used to produce an

approximate y triangular waveform from a rectangular wave (Fig. 18.18).

Input waveform Differentiating netwofi Output waveform

—-i-cri +

FIG. 18.17.—Differentiation of a rectangular waveform.

Here also the requirement may be not accurate integration, but only
reduction of ripple by a specified amount.

One important application of accurate differentiation and integration
is in automatic computation (Vol. 21, Chap. 4). Integrating circuits
are used to produce triangular and parabolic waveforms (Chaps. 7 and
8), and differentiating circuits afford a convenient method of testing
the accuracy of these waveforms (Chap. 20). The differentiation of
triangular waveforms is used to produce rectangles in “ self-gating”
triangular-waveform generators (Chap. 7). Accurate integrating circuits

Input waveform Integrating network Output waveform

FIG. 18.1S.—Integration of a rectangular waveform.

.
have had considerable use in automatic-tracking devices (Vol. 20, Chap.
8).

The most common methods of performing differentiation and integra-
tion make use of the fact that the current through a condenser is pro-
portional to the derivative of the voltage across it. These methods
employ, first, the simple RC-networks mentioned above; second, circuits
using a resistance and a capacitance with feedback (Fig. 18.19a and b)
for higher accuracy. In each case negative feedback tends to hold the
grid at a constant potential; if the grid did not move at all, the output
would be exactly proportional to the negative derivative or negative
integral of the input. Inductances and resistances may be used in a
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similar way (Fig. 18”20); the resistance of inductors introduces errors,
but the differentiation is satisfactory for many purposes. Another
method of performing approximate differentiation, which is of interest
but not widely used, involves a delay line. The effect is to subtract
from the value of a waveform at time t its value at some previous time
t – At; the result is then a differencing process resembling differentiation.

m’” ~ ‘-“~’‘g ‘
R e9

Amplifier

1*
v ~jH ‘c ‘mi’er ~— — —

(a) Differentiator. (b) Integrator.

FIG, 1819.-Feedback circuits for differentiation and integration.

18.6. Theoretical Approaches. Fourier ilnalysis.—The response of

any linear net work, and of cliff erentiat ing and integrating networks in

particular, to an arbitrary input waveform may be expressed in terms

of the response to sine waves of all frequencies. A more convenient

expression is possible if the response to the complex exponential ei”t is

considered; in this case the phase- and amplitude-response functions of

the network are given together by a complex transfer ratio. The ratio

of output to input amplitude for a perfect differentiating circuit would

then be

m e. ~ (eiu’)
—.
e<

— = jcl.1.e,ut

* L *_ This implies that the amplitude re-
FIG. 18.20.—RimpleLR differentiating

network. sponse of a differentiating circuit
should be proportional to frequency,

and the phase response should be a constant 90° phase lead. The response
of an RC “differentiating” networli of the type shown in Fig. 18.17 is

PO R jaRC— ——
ii—

R+&
1 + juRC’

J6JC

which is nearly equal to juRC for small values of oR(7.
making the time constant RC small, however, and

Thk necessitates

a corresponding

decrease in the output results. The effect of the network corresponds to
that of a perfect differentiator (the numerator of the fraction) plus an
RC integrating network (the denominator).
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Similarly, the response of a perfect integrating circuit is

and that of the RC integrating network of Fig. 18.18 is

1
jwc = 1

R +O+c
1 +juRC’

which is nearly equal to l/joRC for large values of uRC. Again the
region of accurate operation corresponds to small output. This can be
remedied by amplification, but a more stable output can be obtained if
feedback is used.

If the input waveform is periodic, the output may be calculated by
multiplying each of the Fourier components of the input by the cor-
responding value of the transfer ratio and adding; if the input is not
periodic, an analogous process may be carried out using the Fourier
integral. 1 Either of these procedures usually involves considerable labor.

Laplace Transjorm.—A similar result may be obtained by taking the
Laplace transform’ of each term in the differential equation of the net-
work; the result is an algebraic expression giving the ratios of the trans-
form of the output to the transform of the input in terms of the complex
variable p. This expression has the same form as that arrived at by
Fourier analysis, except that p replaces ju. The output waveform may
be found by multiplying the transfer ratio by the transform of the input
waveform and finding the inverse transform. This procedure is com-
monly done with the aid of tables of direct and inverse transforms.

The transfer ratio of the RC “differentiating” circuit of Fig. 18.17 is

(11)

where s (e.) = La@ace transform of output waveform.
C(ei) = Laplace transform of input waveform.

This may be compared with the transfer ratio of a perfect differentiator;
the latter is simply p.

1See, for example, E. A. Guillemirr, Communication Netwurks, Vol. II, Wiley,
New York, 19351pp. 461470.

ZSW Vol. 18, Chap. 1 and Sec. 2.7 of this volume.
s The following anaiysis applies only to zero initial values of e or i.
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For the RC “integrating” circuit of Fig. 18.18 the transfer ratio is

S(eo) 1
‘= I+pRC’J3(ei)

(12)

as compared with 1/p for a perfect integrator.
Analysis ojFeedbach Differentiator and Integrator.—The differentiating

circuit of Fig. 18.19a may be analyzed by combining the three equations 1

e. = -Geo
e. — eg
—=-i

R
and

1
ei —eO=—

c /
i dt,

where i is the current flowing through the RC from the input terminal to
the output terminal. The result is

e. ~,+G+l——.
G* GRC /

e. di.

By application of the Laplace transform, the transfer ratio is

J2(eo) @—. —
J2(f%) G+-l-

Pi-~ (13)

This has the same general form as the ratio for an RC “cliff erentiating”
network without feedback [Eq. (11)], The time constant is effectively
divided by G + 1, however; this would ordinarily imply a corresponding
decrease in the output amplitude, but the factor ( –G) in the numerator
effectively compensates for this decrease. The result is an improvement
in accuracy corresponding to the decreased time constant, without the
attenuation of the output that results from decreasing the time constant
of a simple RC-network. It is assumed here that G is constant for the
application at hand. Variation of G with frequency is a further source
of error in the differentiation of rapid waveforms.

The effect of this circuit may also be considered to be that of a perfect
differentiator with gain ~, followed by an RC integrating network with
a time constant RC/(G + 1).

The integrating circuit of Fig. 18. 19ZImay be analyzed in a similar
manner. The transfer ratio is

1In the following derivation, -G iz used for the gain of the amplifier without
feedback.

z The response of amplifiers to pulses ie sometimes better expressed in terms of
rise time and overshoot. 8ee Vol. 18, Chap. 3.
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S(eo) G
‘=–l+PRC(G+ l)”$ (e;)

(14)

Comparison of this expression with that of Eq. (12) shows that the use
of feedback has effectively multiplied the time constant by G + 1, and
at the same time multiplied the output amplitude by ( –G). The result
again is an increase in accuracy such as would have been obtained by the
use of a simple RC-network with
a larger time constant, without
the attendant decrease in output
amplitude.

Superposition Integral.—A con-
venient physical picture of differ-
entiation and integration may be
obtained by means of the super-
position theorem,l as applied to a
succession of voltage impulses fol-
lowing one another in time. This
theorem expresses the output volt-
age of a network as a function of

1 1

A t —k
(Variable of
integration)

Fxa. 1S ,21 .—Replacement of input waveform
by step functions.

the input voltage and of the response of the network to a step function.
If the output voltage of the network in response to an input step

function is A(t), the output in response to an arbitrary waveform e,(t)
can be expressed in terms of A(t), provided the input waveform is
replaced by an infinite number of infinitesimal step functions, as shown
in Fig. 18.21. The amplitude of the step at time ~, for example, is

-$ e,(~) - 0%. The output waveform is then obtained by superimposing

the effects of these step functions; it takes the form of an integral. If
the output voltage at time t is desired, the effect of a previous step dei at

time A is ~ (x) o A (t – X)dx; consequently, the response is

e.(t) = ei(0)A (t) +
\
~~ei(A).A(t – X)02, (15)

where the term ei(0) A (t) takes account of any initial step in e~. Inte-
gration by parts makes possible the alternative expression

1See,for example,V. Bush, Opwatiomzl Circuit Analysis, Wiley, New York, 1937,

p. 56 ff.; M. F. Gardner and J. L. Barnes, Transients in Linear Systems, Wiley, New
York, 1942, p. 231 ff.; Vol. 18, Chap. 1, Radiation Laboratory Series. The same
reeult may be arrived at through the “convolution theorem” of Laplace transform
theory, but only the “physical” explanation is given here. Readers not interested
in the mathematical details may skip to the end of this derivation, where the results
are summarized.
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/

t d
eO(t) = ei(t)ll (0) + — A(t – X)a.ei(~) ~(t _ ~,o

(16)

In connection with differentiating circuits it is convenient to use the
form of Eq. (15). For a perfect differentiating circuit the response to a
step function, A (t), is given by the delta function. 1 This is simply a
weighting function which, if multiplied by a function and integrated,
causes the value of the integral to be equal to the value of the function
at the point where the delta function has a nonzero value. If a delta
function is used for A (t – A) in Eq. (15), then for t # O, the first term

drops out; the integral assumes the value of ~ ii(k) at x = t, so that

For either the simple RC “differentiating” network or the feedback
differentiating circuit, the transfer ratio has the form

d3(eo) Bp—. _
.C(ei)

P+;’

where B and T are constants, and the response to a unit step function2 is

A(t) = Be-;.

For small T this resembles a delta function in that most of its area is
concentrated in a small region along the t-axis. In the case of the feed-
back differentiator [Eq. (13)], B = –G and 1/2’ = (G + I)/RC’; as G
increases, the area under the curve remains nearly constant, but the area
of the function is concentrated more closely about t = O.

If this function is substituted in Eq. (15), the result is

/

‘d (1– })

co(t) = ei(0) . Be–i + — ei(~) . Be– ~ ~.
o d~

(17)

This means that the output voltage at time t is in error by an amount

depending on the weight given to the derivatives of the input voltage
at previous times ~ < t. The weighting function is shown in Fig. 18.22
together with an input waveform which is a linear sawtooth waveform

1Detined to be zero if z # Oand intinite at z = Oin such a way that
/

m a(z)dz =
—.

1. See for example H. S. Carslaw and J. C. Jaeger, Operaticnsd Methods in Applied
Mathematics, Clarendon Press, Oxford, 1941, p. 251.

~Provided that, in the case of the feedback differentiator, it is small enough not to
drive the tubes out of the linear region.
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startingatt = t,. Since theweighting function isafunctionof (t– h),
it is plotted backward along the k-axis from k = t. The deviation from
the correct output voltage at time t may be considered to be due to the
weighting of thesero derivative, at t < to,inthe integral of Eq. (17).

A delay-line circuit may be made to produce an output voltage equal
toei(t+ At) – et(t). The response to a step function is thena narrow
rectangle. This is another way of producing aweighting function that
has values only near t = Oandresembles a delta function.

The superposition integral in the form of Eq. (16) maybe used to
show the action of an integrating circuit.
integrating circuit to a unit step function
should be a linear waveform, that is,
A (t) = t. If this function is substituted
in Eq. (16), the result is

/
e.(t) = ~~ e;(il) flX,

for A(0) = O the term ei(t)A (0) vanishes
and the weighting function

The response of a perfect

J
ei (t)

-- _..L_–
It. It V&e

Weighting ~ I
function
A(t-h) \

,A

(d/d(t – X))li(t – A) +
I ~k

is identically equal to unity. For the I I
RC integrating network or the correspond-
ing feedback circuit the transfer ratio has
the form &

J3(eo) B FIG. 1S.22.— Weighting func-

l+pTm=—’
tion and differentiation of a unear
waveform. The voltage scales of e;
and e. are not necessarily the same.

where B and T are cOnStantS, and the The departure Of e~(t) from the de-

response to a step function is rivative corresponds to the portion
of the weighting function that coin.
tides with the zero-slope region of

A(t) = B(I – e-$. e;(t).

The weighting function is equal to the derivative:

B -N
~t A(t) = ~ (e ~).

If this function is substituted in Eq. (17), the result is

/

t ~ _@)
e.(t) = ei(X) . jj e T OX.

o
(18)

If T is large relative to the time interval of integration, the weighting
function is nearly a constant. For the feedback integrator, B = –G
and T = RC(G + 1); consequently for t<< T and G>> 1 the magnitude
of the weighting function is approximate y equal to the constant, 1/RC.
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Figure 18.23 shows the weighting function, plotted backward along the
k-axis as before, together with a rectangular input waveform. The
deviation of the output from the integral corresponds to the departure
of the weighting function from a constant. As the integration proceeds
to increasing values of t, the weight associated with the initial values
of the integrand gradually decreases, as if the integrator were slowly
forgetting the old input information. In the case of slow-acting inte-
grators this is caused more often by leakage in the storage condenser
itself than by the finite gain of the amplifier.

The superposition-integral treatment thus provides an explanation
for the errors of differentiation and
integration by networks and feed- A

back amplifiers, and a method of 0.9A
computation of these errors; this
treatment is applicable to any input 0.8A

waveform encountered in practice, 0.7A

‘g. ‘0::

IWeighting function 0.4 A

~=

d
_ ~(~-A) 0.3 A

0.2 A

O.l A
co(t)

A:

o
01234567

t in arbitary units

Fm. lS.23.—Weighting function FIG. 18.24.—Waveform resulting from
and integration of a rectangular differentiation of a step function by an
waveform. The departure of e.(t) RC-network, The time constants T are
from the integral corresponds to the measured in the same units as the hori-
departure of the weighting function zontal axis.
from constancy.

including those that cannot be described by simple algebraic expressions.
The explanation of the errors is this: a differentiator, by weighting past
derivatives in the output, “ remembers” values of the input derivative
that it should not have “remembered”; an integrator “ forgets” past
values of the integrand to some extent. The computation of errors by
means of these integrals has not been carried out to any great extent, but
it is believed that for small errors a convenient estimate can be obtained
by a series expansion of the weighting function in Eq. (17) or Eq. (18).

The behavior of the output of an RC “ differentiating” network may \
be associated with a “direct-coupling” term, for when there is a constant-
voltage input the output tends asymptotically toward that value rather

(
‘1
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than increasing indefinitely. Ifthere isaconstant nonzero input vol~age

to a feedback integrator, the output will start toward an asymptote of

approximately (–G) times the input, but the amplifier will usually

saturate long before this is reached.

Dij$erentiation and Integration of Typical Waveforms.-Figure.18 .24
shows the waveform resulting from ‘(differentiation” of a step functionl
by an RC-network: a sharp rise at t = O followed by an exponential
decay. The three curves shown correspond to time constants of 5, 1,

A

0.9 A

0.8 A

0.7 A

0.6 A
t%

0.5 A

0.4A

0.3 A

0.2 A

O.l A

n

4k

3k

e.

2k

k

“01234567
~in arbitraryunits

FIG. lS.25.—Integrationof a step function.

01234567
t inarbitraryunits

FIG. lS.26.—Differenti ation of a linear
waveform.

and 0.2 times the time unit on the horizontal scale. The result of inte-
gration ofastep function byasimilar network isshown in Fig. 18.25.

Thewaveform resulting from “ differentiation” of a linear waveform
isshown in Fig. 18.26. Thismethod isusedto check thelinearity of such
waveforms. The Laplace transform of this waveform hasthe same form
as that of the “integrated” step function. For “integration” by a
passive network the ratio of transforms has the form 1/(1 + p7’), and the
step function has the transform2 I/p; therefore, the transform of the
output waveform is 1/p (1 + p T). Similarly, the ({clifferentiation” of a

1A graphicaltreatmentof this operationis given by G. P. Ohman, ‘~Square-wave
DifferentiatingCircuitAnalysis,” Elecf.onics,18, S, 132 (1945). The input is assumed
to be a rapid exponentialrise. Shunt capacitance is considered,and a number of
graphsare given,

2The Laplacetransformsof waveformsdiffer from the Heavisideexpressionsby a
factor l/p.
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linear waveform of slope 1/2’ produces

pT 1 1

l+pT x ~T = p(l + pT)”

The difference is that in “ integration” the initial transient of the output
waveform is important, whereas in differentiation as a slope-finding
process the steady state to which the network settles is the desired output.
Figure 18.27 shows the result of “integration” of a linear waveform with
various time constants.

10k I /1

6k

5k

4k

e.

3k

2k

lk

n
“o 1 2 3

t in arbitraw L!nits

FIG. lS.27.—Result of integration of a
linear waveform with various time con-

y /
9k .

*- I II

1

3kh--t?7t

t
FIG. 18.28.—Differentiation of a parabolic

waveform.
utant9.

Figure 18”28 shows the result of “differentiation” of a parabolic
waveform. This procedure is used as a rough check on the accuracy of
parabolic waveforms. The transform of this waveform has the same
form as that of the integrated linear waveform.

In the case of integration the errors, which are always smallest at the
start, increase with time. For differentiation the opposite is true: a
short time is required before the output waveform reaches its correct
value, after which it maintains that value as long as the input derivative
is constant.

18.7. Practical Circuits.-The errors discussed above, which are due
to the departure of RC-circuits from perfect differentiators and inte-
grators, are important when feedback is not used. If a feedback loop
with sufficiently high gain is used, however, these errors become small
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relative to the errors caused by departure of components from the ideal
properties assumed in deriving the equations. In differentiating circuits,
stray capacitances cause a time lag around the feedback loop; such a

delay limits the rate of response of the circuit. If theinputis a rapidly

rising waveform, the amplifier may be overloaded at first; the flow of

grid current in the input condenser may introduce serious overshoot

effects. In integrating circuits, especially those operating over time

intervals of several minutes, the effect of dielectric absorption in the

integrating condenser may cause errors.1 Another important source of

error in such integrators is leakage across the integrating condenser.

Ifthetheoretical time constant (G+ l) RCissufficiently large, the limit-

ing effect will be determined by the
leakage time constant. Theleak-

+

age conductance may be decreased

by special mounting, insldation,

or cooling of the condenser. The ~.

effect may also be reduced by ad- ‘

justment of d-c levels in the cir- e.
cuit so that at the center of the

output range there is no voltage

across the condenser (Fig. 18.29).

If this circuit is used, the drift

will always be toward the center Leakage 1?

of the output range, rather than
FIG. lS.29.—Compensation for leakage

at center of output range. The potenti-
being always a decrease in voltage, ometer P may be adjusted to make the drift

as in the case of the single-stage
rate zero at the center of the range of output
voltage.

Miller integrator.

By means of a more elaborate circuit, compensation over the entire

output range maybe obtained. The leakage resistance of the condenser
contributes a current proportional to the voltage across the condenser; in

order to compensate for this it is necessary to withdraw an equal current

from the grid node. This can be done by means of an appropriate
resistance if a voltage is available which is proportional to the negative

of the voltage across the condenser. The circuit of Fig. 18.30 maybe

used for this purpose; the feedback amplifier connected to the plate of

the Miller integrator produces a voltage (–eP/k) which withdraws

through the adjustable resistance RL/lc a current equal to the leakage

current. The effect is that of a negative resistance in parallel with the

positive leakage resistance.

In feedback differentiators and integrators there are several methods

lSee Vol. 21, Chap. 4,
‘See E. L. Ginzton, “StabilizedN egativeImpedance,” Electronics (July–Septern.

her, 1945).
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which the designer may use to increase the loop gain and correspondingly
reduce the variation in potential of the first grid. The most obvious is
to use more than one stage of amplification. Another, shown in Fig. 18.32
below, is the use of a constant-current tube as the plate load of a pentode.

A third is the use of a large inductance in the plate circuit of an amplifier.

Examples of this method are given in Chap. 7 and in Vol. 21, Sec. 66.

Feedback Dijerentiators. —Figure 1831 shows a differentiating circuit
designed to operate with relatively rapid changes of the input voltage.
Its response time is of the order of magnitude of several microseconds;
this means that if the input waveform is triangular, the output waveform
will be a rectangle whose front edge is an exponential with a time constant

R~
(leakage)

e,

RA
k

Miller Cornn~cing
integrator

amplifier

f

FIG. lS.30.—Compensation for leakage in
storage condenser over entire output range.

+250 v

MC? 200

Input

t
i

10 k
-105 v

-105 v
Differentiating circuit

FIG. 1 S.31 .—Feedback-diff erentiating cir.
cuit.

of several microseconds. The first stage is a cathode follower, for the

differentiator has an input impedance approximately equal to that of

the input capacitance. The differentiator itself has one stage of ampli-

fication, followed by a cathode follower with a VR tube in the cathode

circuit to correct the d-c level. The adjustable 200,000-ohm-feedback

resistor permits variation of the over-all gain as the input-rise rate varies

from one waveform to another. With a value of 200,000 ohms in the
circuit, an input rate of 25 volts/msec produces one volt at the out-

put. Input and output voltage amplitudes of at least 50 volts can be

accommodated.

Figure 18.32 shows another design in which several improvements

have been made. The power supply provides a higher voltage (+575

volts). A decoupling filter is included in the plate circuit of the first

cathode follower. In addition to the rheostat gain control, a switch is
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provided so that either of two condenser values may be used. The gain
of the pentode amplifier stage is increased by the insertion of a constant-
current tube in the plate circuit. I The output tube is changed to a 6V6
for higher power and lower output impedance. The d-c levels in the
feedback loop are made consistent by feeding back from a tap on the
cathode resistor; this also produces higher output but lowers the loop
gain. Because of the different d-c levels at which the cathodes of the
tubes operate, separate windings are provided on the power transformer

.& “6AC7~ j100k y I I fzoo 1- “77

L---4

1 A
atmg circwt
—w—% —

+,,,,.,, ., ,“,

(b) %wersupply
FIG. lS.32.—Another feedback-differentiating circuit.

to supply heater voltage to the tubes whose cathodes are considerably
above ground potential. The 0.1 M resistance from the heater Winding
to the cathode of the 6V6 permits the heater to remain at the proper
d-c level without allowing appreciable stray pickup from the transformer
to reach the cathode. The condensers shown with dotted lines in the
grid circuit of the output tube are inserted to stabilize the loop. Wave-
forms produced by this circuit are shown in Chap. 20

Figure 18,33 shows a similar circuit2 designed to operate with less
power drain and to accommodate much lower rates of change of input

I For a detailed discussion of amplifier circuits of this type see Vol. 18, Chap. 1L
~This circuit is discuesed in Vol. 21, Chap. 4.
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voltage. Only positive output voltages (negative input rates) are pro-
vided by this circuit. The output voltage is increased by feeding back
only part of it; an input rate of on]}- 0.4 volt)min suflices to produce an
output of one volt. The network RIRzRs feeds back a fraction of the
output voltage and at the same time sets the d-c level to that of the first
grid. The input condenser must be chosen carefully, because in some
makes of condensers dielectric absorption causes errors in differentiator
operation.

Current feedback may also be used for differentiation and integration.
[f an amplifier has a capacitance in the cathode circuit and a resistance

+ 400 v

-L

5M

-150
4

FIG. 1833.-Example of feedback amplifier type of RC-differentiator.

in the plate circuit, for example, it will resemble a differentiator, for the
cathode voltage is proportional to the integral of plate current. The
feedback forces the cathode voltage to be approximately equal to the in-
put voltage; the plate current therefore varies as the derivative of the
input voltage. A number of other variations of the cathode-follower
circuit for differentiation and integration are given in Vol. 21,Chap. 4.

Bootstrap Integrators.—One method of reducing the error that is
characteristic of the simple RC integrating network is shown in Fig. 1834.
The input current may be made independent of the voltage on the inte-

grating condenser by adding the condenser voltage to the source voltage.

A circuit of this type, in which tile voltage difference between two ter-

minals is maintained constaut by feedback from one terminal to the other,

is known aS a “bootstrap” circuit, A floating source (certain types of
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detectors, for example) is necessary if this method is to be used. A further
refinement is to use a unity-gain amplifier instead of a cathode follower.

Figure 1835a shows another circuit type that makes use of feedback

from one terminal of an element to another. The feedback is from the

grid of the triode to the junction of the integrating condensers CIand C.a,
although the action of the circuit is not

such that a constant voltage is maintained
+

across a condenser. This circuit performs

approximately the operation of double

9

---

integration of an input current. It has

been used in automatic range-tracking N ~

loops,l the object being to provide” mem-
Output

ory” of position and velocity. In order to
make a tracking circuit “remember,” it is

necessary that during intervals when there
are no input data the output voltage shall =

continue from its last known value at a FIG. 18.34.—Integrator using float-
ing voltage source and feedback.

rate equal to that previously established.

This property makes it possible for tracking to continue when the inter-

mittent input data again appear.

The operation of the circuit may be described fairly easily, subject

to the simplifying assumption that the cathode follower is a unity-gain

+
+

i

3
---

C2

e.

C*
RI

R2

&
=

(a) Schematic diagram.

b

4.7 M

4

(b) Typical memory oircm~

Fm. 18.35.—Double-integrator memory circuit.

amplifier. In this case a relation between the input current i and the
output voltage eo may be found by straightforward network analysis:

(19)

If there is no input information (i = O, di/dt = O), the output voltage e.

1Automatic range tracking is discussed in Vol. 20, Chap. 8.

—
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will continue to vary linearly with a slope and zero determined by the
precedkg tracking operation. A more exact equation taking into
account the gain G of the cathode follower shows that the actual curve
is a slow exponential having a time constant (GRICl) / (1 – G). Although
the performance of the circuit as an integrator is good when there is zero
immt, a serious departure from the double integral is introduced when.,

B+

4

c

“& R ‘--
=

Fm. 18.36.—Miller circuit.

there is an input i bec~use of the linear com-
bination of i and di/dt on the right-hand side
of Eq. (19). In a tracking loop this departure
from double integration is not objectionable and
is often necessary for stability of the loop; this
circuit, however, is not suitable for precise
integration in computers.

Figure 18.35b shows a typical circuit-of this
type. A neon tube is incorporated in the input
circuit to prevent spurious signals from being

integrated during the intervals when there are no data. The neon tube
acts as an amplitude selector. The 4.7-megohm feedback resistor keeps

the potential difference across the neon tube small during these intervals.

The resistances used are typical in that R, is usually considerably greater
than RZ. An input condenser can be used because the current i is
supplied in pulses.

+350V

J
+ 200 v

Y

R2 V3 27 k

~ *
Po#ve

VI v lsowf ‘R91 --- ‘Utput
2 c1 ==-

‘T” : ‘*

120k
10k R, .

-5V -140V
Fxm 18.37.—Diode switch for establishing starting level of integrator. The VR91 is a

British tube type.

Miller Integrators.-A number of feedback-integrating circuits
designed to produce specific waveforms are discussed in Chaps. 7 and 8.
One of the most generally applicable circuits and one of the simplest
is a singl-stage amplifier with capacitive feedback from plate to grid
(Fig. 18.36). This is known as “the Miller circuit” because of the
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resemblance of itsoperation to an effect described byJ. M. Miller,l which

concerns a similar feedback resulting from the grid-plate capacitance

of a triode. The analysis of Eq. (14) is applicable. In the generation

of periodic waveforms it is frequently desirable to start the output wave-

form from a predetermined level.z Figure 18.37 shows a method by

which this can be done. Normally V, is cut off and Vz is conducting.
The plate of Vs is then set at a potential determined by the resistive
feedback network consisting of RI and Rz. When a positive gate is
impressed on Vl, current begins to flow through the integrating condenser

C, (150 p~f) and thereby generates a negative sawtooth waveform at the

plate.

An important application of the Miller integrator is in automatic

tracking. 3 Figure 18.38 shows two such circuits used for this purpose.

+3

+350 v
f T

0.004 0.05

900 k
i—

10 M

-2V

v

22 k

4

wntml
Fm. 18.3S.—Integrators from Oboe tracking circuit, The VR65 k a British tube type.

The network between the two integrators contains an additional con-
denser necessary to the stability of the feedback loop of which these
circuits are a part.

Figure 18.39 shows an integrator designed to operate over longer
periods of time. The principal feature which makes this possible is the
mounting of the resistance and capacitance and other input components
in a hermetically sealed container to minimize leakage. The second
differential-amplifier stage is provided with positive feedback by the
resistors from each plate to the opposite grid. The positive feedback
must be carefully adjusted, however, for ‘‘ over-regenerat ion” produces
errors. A push-pull output was desired for this particular application;
positive and negative output voltages, symmetrical with respect to
ground, are produced. A switch is provided for adjusting the starting

1J. M. Miller, “Dependence of the Input Impedance of a Thre&element Vacuum
Tube upon the Load in the Plate Circuit,” Nat. Bur. Standards Sci. Paper 351.

2See Chap. 7.
aVol. 20, Chap. 9.
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level, or integration constant. The output rate is 50 volts/hr for an

input of 2.3 volts. Critical factors in the design of circuits of this type

are grid current, which must be small relative to the input current; and

differential tube drift, which may produce undesired integration. In

this circuit a change of grid current of 0.00056 pa, or a differential drift

of the 6SU7 of 23 mv, will give an error of 0.5 volt/hr.

Magnetic Amplifier.-A nonlinear core of magnetic material’ may
be used in place of a differential amplifier as an amplitude discriminator.

+300 v
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. I

~_-----_J
I I
I

.:240 k :;5.1 M

I
I +50 to -50V b
I 42M iI

-e
1e,
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Vitam~n Q

,+ I

~ > Slew
I
I,_ lM: 1 :; 220k lM: ; 2,7M:;

I 1
L - ----- —--- -— ---l

-300V ~
Fm. 18.39.—Electronic integrator for slowly changing output voltages. The dotted line

includes components that are hermetically sealed.

One winding supplies a carrier frequency to the core, and several other
windings carry currents whose sum is to be made equal to zero. If
there is a net d-c flux in the core, a second-harmonic output is produced;
this is used as an error signal in a feedback amplifier which restores the
d-c flux to zero by adjusting one of the currents. By the use of a con-
denser in series with one of the d-c windings, differentiation or integration
is possible. The carrier frequency limits the speed with which differ-
entiation can be performed. Tests of a differentiating circuit of this
type with an exponential input having a time constant of about 0.3 seo
showed a mean error of 0.6 per cent of maximum output.

1H. S. Sack et al., NDRC 14-437; H. S. Sack et al., ~’Use of a Specially Designed
Magnetic Amplifier in Computing Circuits, ” Cornell University, May 10, 1945. See
also Sec. 11.7 for a more detailed treatment.
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CHAPTER 19

MATHEMATICAL OPERATIONS ON WAVEFORMS-II

BY F. B. BERGER AND D. MACRAE, JR. I
19.1. Introduction.-The operations to be considered in this chapter

are multiplication, division, squaring, and the extraction of square
roots. These operations are di5cult to perform with linear circuit
elements, even with the aid of feedback amplifiers. The methods used,
therefore, involve either nonlinear or multivariable elements.

In selecting devices for these operations, the designer usually has a
choice between accuracy and speed of computation. The most accurate
multiplying methods use electromechanical devicesl (e.g., potentiometers)
and feedback systems with carrier waveforms (Sec. 19.5). Either of
these methods may give accuracy of the order of magnitude of 0.1 per
cent of the range of output, but both are limited in speed of response-
the electromechanical devices being limited by inertia to response in
about 10-2 see, the carrier-type amplifier being limited by the period
of the carrier waveform (response times as low as 10–6 sec have been
obtained). On the other hand, there are multiplying devices having
“instantaneous” response (within a few tenths of a microsecond), such
as logarithmic circuits and multiple-input vacuum tubes. The accuracy
obtainable with these devices depends directly on the characteristics of
the elements used and is rarely better than about 1 per cent of the range of
output. The variation of characteristics with temperature and with
change of elements is an additional source of error.

Among squaring devices there is also a choice between accuracy and
speed. Sections 19.6 to 19.9 will be concerned chiefly with “ instantane-
ous” squaring; this is done, for the most part, by means of the nonlinear
characteristics of vacuum tubes: The best accuracy measured has
been about 0.5 per cent of the range of output, and careful calibration is
required to realize this. “ Noninstantaneous” squaring may be done
with considerable accuracy but less speed by means of a repetitive
parabolic voltage waveform generated by integration (Chap. 8); a
voltage varying as the square of an input may be produced from it by
time selection.

An aspect of the problem that might be considered further is the
development of vacuum tubes having more nearly the desired character-

1Vol. 21, Chap. 3.
667
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istics. Another subject that remains to be investigated is the nature of

fundamental limitations on computing speed in these devices. For

devices making direct use of tube or crystal characteristics, the speed is

probably limited by stray capacitances; for carrier-type multipliers the

maximum carrier frequency may be limited by stray capacitive coupling

from one circuit element to another.

MULTIPLICATION AND DIVISION

19.2. Relation of Multiplication and Division to Other Operations.—
The process of amplitude modulation is in many cases a process of multi-
plication in which the carrier amplitude after modulation is proportional
to the modulating signal and to the amplitude of the input carrier. In
other types of modulation the output amplitude is proportional to the
product of input carrier amplitude and some prescribed function of

y Input

el~ Multiplying output Subtracting ~ e3
#2

Divisor circuit e. circuit Oividend

1, t
f

Amplifier

Qu$ent
o g~n

FIG. 19.1.—Division performed by the use of a multiplying circuit and a feedback loop.

input signal—for example, the output of a synchro is equal to ei sin O,
where ei is the input voltage and o is the shaft rotation. Any precision
modulator of these types may, therefore, be considered as a multiplier.
Electrical and electromechanical modulators are discussed in Chaps. 11
and 12 respectively.

Squaringl is a special case of multiplication in which the multiplier
and multiplicand are equal or proportional. Thus multiplying devices
may be used as squarers. Conversely, squaring circuits may also be
used as multipliers by means of the relation

(z + y)’ – (z – y)’ = 4xy. (1)

Logarithmic devices may be used for multiplication by means of the
relationship

log z + log y = log Xy. (2)

A multiplying device may be used to divide, by means of feedback,
as shown in Fig. 19.1. The output of the multiplying circuit is eO= kelez;
the operation of the amplifier is described by the equation A (e. – es) = ez.

1Squaringand the extraction of square roots are diecussed in Sec. 196 to 19.9.
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These relations give
e3

C32= —J (3)
kel –~

which for large A is approximately equal to es/kel. A similar method

is discussed in Sec. 19% where square-root extractions accomplished by

this type of circuit and a squaring unit replaces the multiplying unit of

Fig. 19.1.

With the use of logarithmic devices, division may be performed

analogously to multiplication by means of the relationship

logz –logy = log;.

19.3. Multipliers Using Tube Characteristics. -In order to make a
vacuum tube serve as a multiplier, the output signal must be proportional

I 1 kg),

“E11’i
ep 100 200

Plate volts

(a) Ideal characteristic. (b) 6K6 characteristic.

F16. 19.2.—Multiplier characteristics.

to each of two parameters independently—for example, if a triode is used,
the plate current should obey the relation

ip = lceflep, (4)

which is illustrated in Fig. 19.2. No available triode satisfies Eq. (4)
over a very wide range of values of the variables. For the 6K6 con-
nected as a triodej in the range where eP is less than 25 volts and e~ is
between O and +20 volts, Eq. (4) is approximately satisfied if eo is
measured from an appropriate reference level. Figures 19.3a and 19”3b
show two ways in which this property can be utilized to get an output
voltage proportional to the product of two independent input voltages.
If a circuit of type a is used, input e~ must be able to supply the tube
current and the transformer must have a response suitable for passing
the output waveform without undue distortion. The output transformer
must have a 1ow-impedance primary winding, to avoid superimposing
the output voltage on the plate voltage. Circuit type b is essentially a

I
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cathode follower, 1 VZ, with the multiplying tube VI as the cathode
impedance. This circuit, eliminates the difficulty encountered in type a
by making it possible to measure the output at a different point from the
e~-input. The cathode of Va (plate of V,) will assume a voltage approxi-
mately equal to ez; the plate current through VI (and V2) is then

proportional to elez. The source of input voltage el must have low

impedance if the grid is to be operated at positive potentials. The circuit

may be used for d-c inputs as well as for a-c inputs.

Other tubes, for example the 6L6 and 6J’6, roughly satisfy Eq. (4),

4%

+

(b)
Fm. 19.3.—1Multiplying cirruits em-

ploying a vacuum tube for which iP =
ke,e=. (a) Transformer-coupled output,
(b) cathode-follower type.

but none are very good over a wide
range.

A second relationship that is
approximately satisfied for some
tubes and that may be used for
multiplication is

~P= aeo,e~,, (5)

where i= is plate current and e~land

e., are the voltages on two grids of

the tube. Of the available mul-
tigrid tubes the 6S.47 and the 6AS6
most nearly satisfy Eq. (5), e,, and

e,, being the voltages on the first

and third grids respectively. z In
the case of the 6AS6 it has been

found that more accurate multiplication is possible if the voltage e,, is

measured with respect to eO,—that is, the relation satisfied is more nearly

i= = aeg,(eg, — eg,).

19.4. Logarithmic Devices. -Contact rectifiers and diodes have been
found under some conditions to have very nearly exponential variation
of current with voltage, or logarithmic variation of voltage with current.
According to Eq. (2) these devices can be used for multiplication. After
two logarithms are produced and added, the antilogarithm of the sum
must be computed. This may be done either by employing an expo-
nential characteristic directly, or, if this is inconvenient, by using a
feedback loop.

A fundamental limitation of logarithmic devices in waveform multipli-
cation is their inability to handle inputs that go through zero. A possible
but untried remedy for this is to add constants to the inputs until the

1For theory of cathode follower see Vol. 18, Chaps. 9 and 11.
2See Sec. 19.7 (multigrid squarers), Fig. 19.19.
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resulting quantities are positive throughout the region to be used, then
to multiply and subtract out the undesired terms.

Obviously, by adjustment of scale factors, a logarithmic multiplying
device can be used to compute the function x“yb, where a and b are
arbitrary real exponents. The difficulty in practice is to keep it from
doing this since careful calibration is required to set the exponents at the
desired values.

Contact Rectifiers.-1t has been observed that the impedance of cer-
tain contact rectifiers follows the law E = r log i over a substantial range
of their forward characteristics. Commercial copper-oxide rectifiers of
various makes and sizes were found to follow that law consistently for a
current range of 1 to 50 above a potential of about 0.070 volt per con-
tact layer. Certain microwave mixer-type crystal
detectors follow the logarithmic law through a cur- Ab
rent range of at least five decades, from the lowest
measured value of 1 pa (with 0.16 volt) up to
about 10 ma (0.50 volt) in any circuit, and up to
about 0.25 amp. if the linear contribution to the
IR drop in the semiconductor is canceled.

The simplest electrical circuit for obtaining EO

logarithms is the voltage-divider circuit shown in
Fig. 19.4. The output of this voltage divider is
strictly logarithmic only if—

1. The ohmic resistance Ri within the rectifier 1
is negligible compared with the logarithmic

a
z

contact resistance Z.
19.4.—v0ltage2. The source, or series resistance Rs, iS large ~~~e~l E, is the .h~i~

compared with Z. component of the recti-

3. The load, or meter resistance R~,
fier resistance; Z is the

is large logarithmic contact re-

compared with Z. sistance; R. = source re-
sistance; R~ = meter re-

An alternative circuit for the production of ‘istance
logarithms is the bridge circuit shown in Fig. 195. For convenience,
symmetry will be assumed, with Rl = Rz, R3 = R4, 23 = Zk.

Nonlinear bridges of this type are known to have an output-vs.-input
characteristic as plotted in Fig. 19.6 for negligible load current (R~ = cc).
All curves were plotted with R, = R2 = 100 ohms, with 23 and Z, each
consisting of two layers of O.85-in. 2 copper-oxide rectifiers in series, and
with values of R S = R 4 varied from O to 100 ohms as indicated. The
larger are these resistances, which are in series with the rectifier contacts,
the higher is the input voltage at which the bridge balances (Em = O).

I This material is taken from H. E. Kallmann, ‘‘ Three Applications of Nonlinear
Resistors,” Report Ja-5, Part III (Oct. 19, 1945).
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In particular, when RL = RZ = Rs = R4, the output voltage Em
no longer goes through zero. It then presents an exact replica of the
voltage on the copper-oxide rectifiers, rising logarithmically with rising
bridge input. This result will be seen more clearly if the curve

FIG. 19.5,—Bridge circuit.

R3 = Rc = 100 ohms

is replotted on a semilogarithmic scale as in Fig.

19.7. The straight line indicates a strictly loga-

rithmic relation over an input range of 34 db.

An evident merit of the bridge circuit is that

the residual resistivity Ri of the contacts can be

allowed for in the adjustment of the resistances

Rs and R,. As in the voltage-divider circuit,
the output of the bridge circuit departs from
the desired law at the low-current end of the

range when Z gTows comparable to R.
Logarithmic circuits lend themselves to combinations for the purpose

of electrical multiplication or divi-

sion. Figure 19+3 shows, as an

example, the combination of two

logarithmic bridges. Their out-

puts are connected in series and

fed, with opposite sign, to a meter,

12,=R2=100Q
R5>1500 Q

E
Z3 =24=2 layers 0.85 sq in

+0.4 Copperoxide rectifier
&=R4=

+ 0.3 100 a

*S +0.2 R3 =R, =?5 Q
s
g +0.1

o
Ofi 25Q 50 n

-0.1
0 +0.5 +1.0 +1.5 +2.0

VoltsE.

lo Volts in

8 -
6 -

‘1 /

———---- ———— —-—_-

4

2

:L
0 0,2 0.4 0.6 0.8 m

Fm. 19.6.—Charaoteristics of bridge
circuit.

FIQ. 19.7.—Logarithmic plot of bridge
characteristic.

which thus reads the difference of their output currents. The current is
then

()EOIiml — imz = fllog Eol — Alog E02 = Alog — ,
Eo,

which is proportional to the logarithm of the ratio of the two bridge
inputs. The meter may thus be calibrated directly in decibels of quo-
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tient with a linear scale. Two small resistors p with adjustable taps
are shown in Fig. 19.8 for the initial adjustment of bridge balance. A
model with each R = 200 ohms, each Z one layer of 0.85-in. z copper
oxide, p = 5 ohms and a meter for
0.1 ma full scale with R~ = 1800 ? db

ohms was found reliable within +
+ 2 per cent of full scale for either

T
input voltage varying from 0.14 R

volt to 7 volts—that is, up to
ratios of - t 35 db. (For the E‘
temperature-sensitivity of crystal
characteristics, see Chap. 3.)

If circuits of this sort are to be ~
used to obtain the product of FIG. 19.S.—Combination of logarithmic

bridges for division.
rapidly varying waveforms, it is
necessary to compute automatically the antilogarithm of the output
current.

+ &

x

FIQ.

a’ - log y

v

Exponent
adjustment

=
~ adjustment
=

+

t
Differential

+ amplifier

Level
adjustment

output W =
=

19.9.—Use of logarithmic diode characteristic for multiplication. The grid voltage
of each triode varies logarithmically with grid current.

Diodes.—For a diode at low-current values the variation of current
with voltage is very nearly an exponential. By the use of a large series
resistor the current may be made the independent variable, the voltage
output then being a logarithmic function of current. This property
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has been usedl in a multiplying device; the grid-cathode current charac-

teristic of a triode is used to produce a logarithmic variation of grid

potential, and the grid-plate characteristic to amplify this variation.

Three such devices may be combined in a feedback loop as shown in

Fig. 19.9. Errors may result from variation of contact potential of the

diodes, or from variation of heater voltage.

19.6. Multiplying Devices Using Carrier Waveforms. ~ariation o~

JVaveformz.-One method of multiplication is to vary the amplitude and

duration of a rectangular waveform. If the bottom of the rectangle is

b’
VOinput (standard reference) Gain control

I

500/~( sec

controlled
oscillator

b
2CXlkc/see

oscillator

200 kc/ sec
AVC

controlled
amplifier

500 R
Misalignment

kc /see Rectifier integrating

filter amplifier

R

Veriable
gain VI input

amplifier

Outt)ut

J (AVCcontrol)
V2 input

FIG. 19.10.—Block schematic of “ carrier” multiplier circuit.

held at zero potential, the average or integral of the waveform is pro-
portional to the product of amplitude and duration. Several computers
using this principle have been designedz at Cornell University. A feed-
back circuit is employed in such a way that some errors cancel out.
Multiplication of two voltages has been accomplished with errors of
0.2 per cent or less of maximum output. The inputs cannot, however, go
through zero.

A similar procedure using triangular waveforms could conceivably
be used to produce the function zy, the amplitude being varied as y and
the duration as z.

Gain Control Using Feedback at Carrier Frequency.—A multiplying
circuit developed at TRE makes use of a variable-gain amplifier whose

1For a more detailed treatment see Vol. 21, Chap. 3.
z H. S. Sack et al,, “ Electronic Computers for Division, Multiplication, Squaring.

etc. ” NDRC 14-435 Cornell University, 1944; Vol. 21, Chap. 3.
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gain is controlled in accordance with an input signal by means of a
feedback loop. A block diagram is shown in Fig. 19.10. A standard
reference signal of 500 kc/see is put through a variable-gain amplifier.
The 500-kc/sec output component of the amplifier is compared with one
of the input signals, VI, and the difference is integrated and fed back to
control the amplifier gain. The result is that when the loop is in equi-
librium the gain of the amplifier is proportional to V,. A second signal
VZ modulates a 200-kc/sec wave, which is also fed to the input grid of

2

+

t

F1~. 19.11.—” Carrier” multiplier circuit. The tube types indicated are British.

the amplifier. The output at 200-kc/sec is then proportional to the

product V,V~. The two outputs of the amplifier are separated by tuned
circuits. Figure 19.11 shows a circuit of this type which was found to
operate satisfactorily. The two signals entering the variable-gain ampli-
fier (VR53) are regulated in amplitude (the 500-kc/sec signal amplitude
being kept constant, the 200-kc/sec signal varying proportionally to V,)
by means of feedback loops in which the output is rectified and varies
the gain of a tube. Additional RC-networks are provided to stabilize
the AVC loops. The “misalignment amplifier” is a Miller integrator’

I For a discussion of the use of integrators in feedback loops see Vol. 20, Chaps, 8
and 9.
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(Sec.18.7). Controls are provided for the region of operation of the
integrator and for the sensitivity of the entire feedback loop. For
proper operation it is necessary that the variable-gain amplifier remain
in its linear region—that is, the output signals of the amplifier cannot
exceed about 50 volts. The output measuring VIVZ is rectified and the
d-c output is taken from a cathode follower. The output level is adjust-
able by variation of the level of the final rectifier; thus the output can be
set to zero at zero input.

The chief advantages of this method of multiplication are that it
does not depend to a first order on tube characteristics, and does not
require special tubes. A similar method has been used at Bell Telephone
Laboratories to linearize the characteristics of the 6AS6 as a multiplier.
Time selection rather than frequency selection might be used in a multi-
plier of this sort; one pulse train might set the gain of the amplifier, and
another measure the second input signal.

Multiplication by the Method of Coincidewes.—A method making use
of probability may be used to compute the product of any number of
inputs. It is a well-established result of probability theory that if
several events occur with a random distribution in time, the probability
of simultaneous occurrence of all of them is the product of their separate
probabilities. Thk result maybe extended to periodic waveforms whose
periods have no common divisor. In particular, if rectangular waveforms
of independent frequencies are superimposed, the time during which all
the waveforms are positive will be proportional to the product of the
duty ratios of the waveforms. One method of making use of this
principle is to adjust the d-c levels of the rectangular waveforms which
are to be added in such a way that a tube will be turned on only during
the time when all the input waveforms are positive. The result will be
that the average current drawn by this tube is proportional to the product
of the input duty ratios.

It is first necessary to produce at each frequency rectangular waves
of variable duration. This may be done by means of a time-modulation
device and a prf generator (see Chaps. 5 and 13). The method actually
used in the equipment constructed was to generate a triangular wave
(see Fig. 19.12) and to select a portion of it by means of a variable bias
level. The resulting amplitude-selected wave was converted to a square
wave by amplification and limiting. The duration of the positive portion
of the rectangular wave then varied linearly with the input bias level.

These rectangular waves were added by means of a resistance net-
work and the sum fed to the grid of a pentode (Fig. 19.13). The d-c

1This method of multiplication was described by Professor A. C. Hardy of M.I.T.
at the M ,1.T. Physics Colloquium on Jan. 31, 1946. It was used iu connection with
the solution of three simultaneous third-order equations (Vol. 21, Chap. 3).
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levels were so adjusted that the tube conducted only when all three waves
were positive. When this coincidence occurred the tube was driven to
zero grid bias. The current flowing in this case could be adjusted to a

tmedetermined value by means of the screen potential. The average
current in the tube then measured the product of the inputs.

The three trains of rectangular waves
used to multiply three quantities in this
equipment were generated at frequencies of Triangular waveform and

approximately 18, 21, and 24 kc/see. The variable bias level

computation of a product could be com-
pleted in approximate y 500 ysec. The er-
rors of computation in a computer using 24
of these devices ranged from 1 to 4 per cent 1--- T-+

of maximum output. 1 These figures for
~T = duty ratio

speed and accuracy, however, are not deter- Corresponding rectangular
waveform

mined by fundamental limitations; the design
FIC. 19.12.—Generation of

was so made that the performance was rectangular wave of variable

satisfactory for the Problem at hand. Fur- ~“ration”
thermore, these figures do not include errors due to “time modulation.
Reference should be made to Chaps. 5 and 13 for more precise methods of
performing this operation. The principal accuracy limitations seem to be
those resulting from linear time modulation and from variation with time
of the current through the vacuum tube at zero grid bias. If the input

Bias level
Rectangle nn. +

(z)
— generator (z)

- waveform

Rectangle “ ~R< .
(Id— --—

generator (y)

U Timed uring which input
waveforms coincide

Fm. 19.13.—Superposition of rectangular waves for multiplication.

variables are measured by the averages of the corresponding rectangula~

waves, the time-modulation errors are irrelevant.

A distinguishing characteristic of this method of multiplication is

1These results were obtained from work done at the research laboratories of the
Interchemical Corporation, New York City.
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that any number of inputs may be used. Moreover, the operation of
multiplication itself does not depend on the characteristics of vacuum
tubes or nonlinear elements. The method does not, however, provide
for a change of sign of the inputs.

SQUARES AND SQUARE ROOTS

19.6. Circuits for Producing Squares and Square Roots.—By a

squaring or square-root-extracting circuit is meant a circuit the output

of which is proportional to the square or square root respectively of the

input signal. The duration of the waveforms used in these circuits

ranges from about 30 psec to several thousand microseconds. The

response to very rapid input rates is limited chiefly by stray capacitances.

Most of the circuits to be discussed are amplifiers whose output

signals are proportional to either the square or the square root of the

input signals. For these circuits the input is usually to a grid, and the

input impedance is high. The peak input signals range from 3 to 50 volts,

depending on how much of the tube characteristic may be used. The

errors of these circuits when properly calibrated range from 0.5 to 10 per
cent of maximum output. The circuits that depend directly on vacuum-

tube characteristics require calibration controls, for the output may vary

considerably with heater voltage or aging, or from one tube to another.
Squaring and the extraction of square roots maybe done by means of

other mathematical operations. A multiplying circuit in which the
inputs are equal has an output proportional to the square of this input.
Similarly, a dividing circuit in which the “ quotient” and “divisor” are
somehow made proportional to each other serves to extract the square
root of the “dividend.” A voltage waveform proportional to the square
of the time elapsed since its start may be produced by actually squaring
a waveform in which the voltage is a linear function of time, but it may
also be obtained by integrating the linear waveform. 1 By means of
time selection a voltage proportional to the square of a time interval
may be obtained from a parabolic waveform.

A squaring circuit can serve as a frequency doubler (Chap. 15),

Cosz cut= + + * Cos Zcd.

This equation may be used for squaring if two sine waves are available,
one of which has twice the frequency of the other. By amplitude com-
parison of a cosine waveform with an input variable z, a time interval
proportional to the inverse cosine of z may be defined. This time interval
is then used for time selection of the double-frequency sine wave, and a
voltage proportional to the amplitl~de of the double-frequency sine wave,
or to 2X2 — 1, is generated.

I See Chap, 8; and Chap. 4, Vol. 21.
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Uses.-The ground-range sweep for a radar cathode-ray-tube display
requires a hyperbolic voltage waveforml

e=a~tz—hz
9

where a and h are constants and t is time. One method of generating
thk waveform has been to take the square root of a delayed parabolic
wave of the form tz — hz.

Whereas the ground-range sweep application requires computation
of a junction within the repetition interval of the radar, other applications
may require only a single value of the function.

Another use for quadratic amplifiers is in “triangle-solving” com-
puters;2 voltages are given which are proportional to two legs of a right
triangle, and it is required to generate a voltage proportional to the
hypotenuse. Methods other than
quadratic amplifiers, however, are gen-
erally more suited to thk application. 3

Approximate square-root response
for video amplifiers is sometimes desir-

/

!
ip

able in radar applications. 4 In the
synthesis of certain radar displays5
quadratic functions are employed.

I

19.7. Squ@ng Circuits. Direct Use

of e~+”pCharacteristic. -If the grid volt-
age e, of a triode or pentode is plotted Jo o

I
against the plate current i= at constant

e~ ——

plate voltage, the curve resembles that Fm. 19.14.—Typical i= – et curve.

shown in Fig. 19.14. The characteristic curve may be expressed by the
I seriese

1P = a + @(eu— eO)+ 7(ec —.eo)z + ~(eg — eo)3 + . . 0 , (6)

where a, ~, -y . . . are constants of the vacuum tube and ea is a reference
value from which the input is measured. A similar expression is possible
for a triode with a constant plate load. The linear term ~(e, – e,) maY
always be eliminated by proper choice of e~ (i.e., by a shift of the zero of

1See Sec. 8.5 to 8.7.
z The above example (hyperbola) may be considered as a special case of ‘[triangle

solution.”
JSee Vol. 21, Chap. 6.
4This is to compensate for the quadratic response of a square-law detector.
J M. A. Starr, RL Report No. 678.
8See, for example, M. I.T. E.E. Staff, Applied Electronics, Wiley, A’ew York, 1943,

P. 672 ff. (3 = ‘~; ~ = i ~; etc.
P P
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the horizontal axis). If a vacuum tube could be found such that all con-
stants beyond ~ were zero, then its characteristic could be put in the form

in = a + ~(e~ — eo)z. (7)

Thk tube could be used as a squaring circuit: an output signal pro-

EPP

J&l

R

output
EPp-~pR

---~in~q - :::

eo
+

ein=eg-eo

FIG. 19.15.—Simple squarer

por~onal to i= could be ‘obtained
across a plate resistor, 1 this output
signal being a constant plus a signal
proportional to the square of the
input signal (see Fig. 19. 15). If the
required range of operation of
the squaring circuit for a given ap-
plication is from e., to e,,, where the
range ea, — ea, is not large relative
to e,, — eO,it is not difficult to find
a tube that will come rather near
satisfying Eq. (7) over the required
range (see Fig. 19.16). This condi-

tion is equivalent to saying that the region of operation shall not be near
the vertex of the parabola. If this restriction cannot be imposed, as in the
case where e~ — ea must go to zero, no tubes are available that will meet
the requirements.

The plate-current characteristics as a function of screen voltage for
pentode~ or tetrodes with fixed grid
bias can, of course, be expressed by
equations analogous to Eqs. (6) and
(7).

If the characteristic of a vacuum
tube cannot be expressed by Eq. (7)
for the range of operation desired, but
can be expressed by the equation

iP=a+@(eo — eo) + ~(e, – e~)z, (8)

methods can be devised which elimi-
nate the contribution of the linear
term and permit operation near
efl = eo (i.e., near the vertex of the
parabola). If the proper amplitude
of input signal is subtracted from

I

1’

I

~P

— Actual

--- Eq.7

1

e.
~-

FIG. 19.16.—Approximation to ideal
characteristic by actual curve.

the plate signal, the resultant voltage will be, within a constant value,

1For a pentode the i= vs. e~curve is practically independent of ePover a wide range
of values for e~; for a triode Eq. (6) may be considered as determined with a gives
plate load.
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proportional to the square of the input signal. Figure 19”17 illustrates
a way of doing this, provided both Rz and lit are much larger than R.

The output impedance will of course be correspondingly higher.
Suitable Tubtw.—0f the tube types available a few are much better

suited to this application than the others. The desirable feature in a
tube is that the iP vs. eq characteristic have a parabolic shape. Since

9~ = diP/deO, it follows that O* wili be a linear function of e. for those
tubes that are of interest here. This relationship is one that may be
detected reasonably well by inspec-
tion of g~ vs. e. curves in a book of
tube characteristics.’ Figure 19.1S
shows the curves for a 6B8 pentode.
It is seen that g~ is approximately
a linear function of e~ over the range

EDP
t

&

FXQ. 19.1 7.—Linear compensation.

1400

1200

1000
~
g 3~
.E
$ 60Q

400

200 ‘-

-20 -15 -lo -s o
@gin volts

FIG. 19.18,—611S cbaracteristica

of e, from –8 to – 15 volts. Some recommended tube types w-e listed
in Table 19,1.

TASLE 19.1

Type Characteristic. of interest Remarks
—

6BS ~Pvs. eg small iinerw contribution; 7 v useful grid
swing

1!S5 iP vs. ev small linear contribution; only 2 or 3 v
useful grid awing

6SN7 iP vs. eg fair with 10 k plate resietor
6D6
6U7G }

tP vs. eaU 40 v Ewing usable

38 ip vs. eg 80 v swing usable
Sylvania 1205 3PVS, eti small linear contribution

1 See, for example, RCA Tube Handbook HB-3.
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In designing a squaring circuit of the simple type just discussed, one
must consider that the shape and position with respect to the origin
of the characteristic curves varies from one tube to another. 1 It is
found that for the 6SN7, for example, both the shape and “cutoff” of
the tubes vary considerably with the sample (see Chap. 3). .For the 6B8,
on the other hand, the shape is reasonably consistent, with the curve
shifting within a range of about a volt along the e~axis from tube to tube.

It should be pointed out that the plate voltage-plate current char-
acteristics of some triodes (e.g., the 6SQ7) are approximately of the form
ip = ~(eP — e~)2 and thus can be used for squaring (see Sec. 19.8).
Also for some pentodes’ e, is, except for a constant difference, almost

+ 250 V +250v
4 4

L 4+”7
%

VI ‘-- e in+150V
62A’

ega.= :---
.= --

125 k
30 k

125 kl ‘d
25

.= 1, awg.11 !~

.s

1$
VI

1’ Pla;e current
2

/

-6 -4 -2°
eg~ in volts

(a) Circuit diagram. (b) Performance of circuit.

FIG. 1919.-. Multigrid squaring circuit. Circles are experimental points for the slope of
an — e“, curve,

proportional to the square of the plate current measured from an appro-

priate reference value.

JIultigrid Squarer.—In Sec. 19”3 the multigrid tube as a multiplier is
discussed. To operate such a tube as a squarer places similar but much
less stringent restrictions on the characteristic. If the g- of the tube is
varied in proportion to the change in e~, if the change in plate current
is proportional to Ae~, times g~, and if e~, and e~, are proportional, then
A& = kAe~l,when k is a constant.

Tube types that have been found most suitable for this application
are the 6SA7, 6AS6, and 7A8. Figure 19”19 demonstrates a typical
circuit and a curve showing the accuracy attained in that case. The
derivative of the output, which should be a linear function, is compared
with a straight line.

1The effects of variation of tube characteristics are discussed in Vol. 18, Chap. 11,

“ D-c Amplifier. ”

2For example, 6B8, 33, 6Y6G.
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Push-pull Squaring Circuit.—A principle that has been used in elec-
tronic wattmeters’ has been successfully applied to a squaring circuit.

If in Fig. 19.20 the input voltage to tube VI is defined by e., – eO= eti,
Eq. (6) may be rewritten

iP, =a+@eti+-fe~+~e$ +cef . . . . (9)

If now e,, – e~ is made equal to —eh —that is, if the grid of Vj is driven
from the reference voltage, e,, by an amount equal in magnitude but of
opposite sign to the signal on the grid of Vi—we have

ip,=a–~eti+~e~-defm+cefm- . . (lo)

If the plate currents of VI and Vz flow through a common plate resistor

R, as in Fig. 19.18, the common plate voltage e, will be

eP = EPP — iR = EPP — 2R(cx + ye~ + ee~. . . .). (11)

It is assumed in Eqs. (9), (10), and (11) that the plate voltage does not
materially affect i=; this will be true if Vi and V2 are pentodes, if R is
very small, or if the constants are deter-
mined for the tubes operating together
(Fig. 19. 18). In the last case, even
when there is interaction, it can be shown
from symmetry considerations that the
output will be a function containing only
even powers of eti.

If a tube is used for which c and all
succeeding coefficients of even power
terms are small enough to be ignored,
Eq. (11) gives for the a-c output voltage

AeP = –2RyeL’, (12)

EPP

J
J-——

FIG. 19.20.—Push-pull squaring cir
Cuit.

which shows that the change in output voltage varies as the square of
the input signal. The tube types listed in Table 19-1 are those best
suited for use with this @pe of circuit.

It is to be noted that the present circuit, as contrasted to those
dkcussed above, will give an output signal proportional to the square
of im input signal of either sign, the circuit of Fig. 19.17 being the only
other mentioned so far which has this property.

D-c tests were made on pairs of 6B8’s with the suppressors tied to
the cathodes, with 105 volts on the screens, and with a 300-volt plate

I H. G. Reich, Theory and Application oj Electron Tubes, klcGraw-Hill, ATew York,

1939, pp. 582–5S3.
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supply. With 11.1 k as plate resistor, for a typical 6B8 it was found’
that

ip = 0.265 + O.lOIAeO + 0.051 (Ae.)2 (13)

where Aea is measured in volts and i~ in milliamperes. The reference
potential e, for this tube was – 12.6 volts. The absence of interaction
was measured as follows: the static characteristic for another 6B8 was

o~
-6 -4 -2

0 Points for individual tubes

A Points for push.pull circud I /
/

1 6B8
Rp=ll.l k

Curve for

I

tx
o +2 +4 +(

eg in volts measured from reference level of -12.6 v

Fm. 19.21.—Output vs.-input for push-pull squaring circuit.

determined; the expected output of the pair, connected as in Fig. 19.20
and driven push-pull, was Calculated. “Actual measurements & that
pair connected in that way were made. Figure 19.21 shows that the
calculated and observed results are in excellent agreement. This means
that the plate currents add with little interaction. Over a range df f 5
volts for the input, the output varied parabolically to within ~ per cent
of maximum output.

1Thie was done by fitting the measured characteristic curve at, three points.
The term in (Ae,){ was unfortunately omitted.
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A circuit designed to accept an input signal consisting of a triangular
waveform of from 100- to 3000-psec duration and of” 5 volts of peak
amplitude is shown in Fig. 19”22. One of the most difficult problems
encountered in circuits of this type is that of proper zero-set—that is, of
adjusting the biases so that the minimum output signal corresponds to
zero input signal (as measured from the reference level). The electron-
ray tube (’<magic eye”), 6E5, ( VE,in the figure), afforals a simple means

+300V +

20 I

-f 1 n-v

‘ok I’okWI I I
1r 4

R
---------

v,
6B8 --

SW 1

I

(~- Accurately center tapped 6,3 v _

secondarv windine

?

---------
y

6s8--

!0 k I

@

+300V
0.1

1.0M

\ ‘-- 1.0M
6E5

~f~- _ “

4 h

300 1.0
.“

~ :_:
%&7Input ~ 2 + 6SN7 _

“-’~-7Q
1.0

10k 10k
-105v

V5 R2
50 k 200 k

50 k Sw. 1 is shown in
normal position.
Throw to zero set.

-105V

FIG. 1922.-Push-prdl squaring circuit; detailed diagram.

of properly adjusting the biases; RI and Rz are adjusted until the “V”
of the “magic eye” is maximized with the 6.3-volt sinusoid driving the
cathodes push-pull and with the normal input signal at zero level. This
corresponds to a minimum 6B8 plate swing, which obtains when the
effective grid biases are equal. The triodes V~ and V4 constitute a

push-pull amplifier with Vb serving as a very high impedance common-

cathode load. It has been found since the design of this circuit that a

triode with cathode degeneration is preferable to the pentode V5 as a

constant-current tube. The reason for this is that transfer of current
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between the plate and the screen effectively decreases the impedance
seen at the plate. A screen battery might’ also be used to reduce the
effect.

19.8. Square-root-extracting Circuits. Direct Dependence on Tube

Churacteristice.-One method of constructing an amplifier whose output
voltage is proportional to the square root of the input voltage makes use
of the fact that for some pentodes the plate current varies roughly
as the square root of the plate voltage. Such a circuit is shown in Fig.
19.23, where Vz is the pentode the iy vs. ep characteristic of which is
being relied on, and V, is a cathode follower that serves to make e,,
approximately equal to eim. If i. for V2 is proportional to ~e~,, then the

EPP

4-

R
eOti

VI---
ein

+

v~
.=: E—- 99*

+E9U’

Ekk
FIG. 19.23.—% – i= square-

root-extracting circuit.

EPP

+

Fixed bias ‘-- v
2

ek2=eOti

~

$ein ‘--

IRI

‘kk
FIG. 19.24.—e, —iP simple
squav+root-extracting circuit.

cathode current in VI will also be proportional. Actually, however,
since the best eP-t”=curves obey the ideal square-root relationship over
only a small range, this method is of only very limited usefulness. For
example, the eP~”Pcurve of the 6L7 at e~ = —5, from O to 50 volts input,
fits a parabola to within 10 per cent of maximum output. Additional
errors are caused by variation of tube characteristics.

Another equally direct method makes use of the fact that for some
tubes the change in plate current varies approximately as the square
of the change in grid voltage [see Eq. (7)]. If current is made the
independent variable and if voltage is made the output or dependent
variable, a square root is produced. In Fig. 19.24 the tube having the
parabolic characteristic is Vz. The plate current of VZ is controlled
by the constant-current tube V, so as to be proportional to e,.. The grid-
cathode drop of VS assumes the value consistent with this value of plate
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current. Since e,, is ilxed, ek, is the desired output signal. Inasmuch
as for all tubes tried the contribution to plate current of the term that is
linear ine, [see Eqs. (6), (7), and (8)] isnotnegligible, this amplifier has
an output signal only very roughly approximating the square root of the
input signal.

Methods Employing Cancellation oj Oo?d-pwxr Terms. -An elaboration

of the method just discussed, which is capable of much greater precision,

consists of replacing the quadratic element ( VZ in Fig. 19.24) by a push-
pull squaring element of the type discussed under “ Squaring Circuits”
(see Fig. 19.25). The greatest drawbacks to this circuit are the difficulty

Em
+

r
----- ----- ----- ---

1
I
I /

I
I

Non-inverting I

amplifier of ;
VI

t eoti gain 2 I
I I
I
L ----- - ----— ---- --

E 74
Block replaces ~

of Fig. 19.24

‘Ekk

FIG.19.25.-Square-rootixtracting circuit with push-pull quadratic element,

in maintaining the proper grid biases for the squaring pair and the
necessity of a noninverting amplifier” of gain 2 in order to achieve the
push-pull operation.

The inadequacy of the’ simple circuit shown in Fig. 19.24 led to the
development of a circuit that can make use of tubes for which Eq. (8)
is true-that ii, instead of requiring that AiP be proportional to the square
of Ae,, it requires only that

Aip = @(e, – eo) + -y(e, – eo)z. (14)

This will permit more freedom in the choice of eo.
The discl~ssion will refer to the circuit shown i.nFig. 19.26. Rewriting

Eq. (8) in terms of Ae~,,the grid-cathode voltage of Vz, the plate current is

Aip, = B( –Ae~2) + y(– Ae~,)2. (15)
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The voltage at the grid of VI is given by

Ae,, = ei. + b( –Ae~,),

and for the cathode follower VI

Aip, = Aip, = $, ignoring screen currents.

Substitution of Eqs. (15) and (16) into this last relationship yields

RAip, = – RDAe,, + Ry(Aek,) 2 = ei~ – bAe,,.

(16)

(17)

If now the attenuation factor b is chosen to be equal to Rfl, Eq. (17)
reduces to

which shows that the circuit response is of the desired form.
Figure 19.27 shows a practical circuit embodying the principle just

discussed. It is designed to accept waveforms of duration of about

Ew

t

Fm.

-%k~
\—...--..

‘asT ’992 ttenuato Adding Input

in “U’ circuit -ein

a% ‘g’ u !:% I
signal)

t
-Ekk

19,26.—Square-root circuit employing as quadratic element a tube for which Aip =
f9ei. + -Ye’l..

100 psec. The output for a 40-volt input signal is about 40 volts in ampli-
tude. As an example, if the input is a parabolic waveform (em = kdz)
of 100-psec duration and 40-volts amplitude, the output will be a saw-
tooth waveform (e.., = k,t) of the same duration and peak amplitude.

The cathode follower V, has its grid bias established by R,, the diode
insuring that the effective bias is independent of input waveform (see
Chap. 3 for a discussion of d-c level restoration). The quadratic element
is the 6D6 (VI), the screen voltage-plate current characteristic of which
is approximately expressed by Eq. (15) for a fixed grid bias. The cathode
follower V, affords a low-impedance output circuit and supplies the grid
bias for V,. The high-frequency response of the circuit is improved by
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urnng the cathode follower, which isolates the cathode of VI from other
stray capacitances.

Tube V, serves as the adding circuit discussed in connection with
Fig. 19.26. The resistance RS is adjusted to secure the proper bias for

output Input

1 TF------ ------, -------- -------
; +105v +300v 1 +300v ! I +300v
I

,LUR

3 9
.“” .

20k 1 Adding R3
Q&:: I 4

circuit
‘105vJ –105V

J---- ---- ----- ----- ----- -.

I

I
I
I

I
I
I

I

I
I

I
I

I

~ 1
I

0,02 I
I

92
6SN7 ‘-- :

Cathode I
follower I

I

L -105v----- ----- ----- ---- ---- -i
F1o. 1927.-Square-root-extracting circuit.

the adding tube. The variable input resistor R5 serves as the attenuator

shown in Fig. 19.26. The capacitance C, can be shown to compensate

Dartiallv for the stray capacitance
~rom th”e cathode of ‘V, t;ground.

Another method of designing

a square-root-extracting circuit m
consists of using feedback in such

a way as to force the output of

a squaring circuit to be equal to

the signal whose square root is

sought—the input to the squar- ‘ti’

ing ‘circuit then being the de~ired F1~. 19.2S.—Block diagram of feedback
square-root-extractingcircuit.

output signal. Consider the block
diagram of such a circuit shown in Fig. 19.28. Assume a perfect
squaring circuit that gives an output signal —CZ# with an input
signal x, where a is a constant. Let the input signal, the square root of
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which is desired, be y. An adding circuit is employed to give a signal
equal to the difference between the magnitude of the input, y, and the
output az2 of the squaring element. This difference, amplified by a
factor A, is supplied to the input terminal of the squaring circuit, but this
input signal is also z. The amplifier output, z, is then determined bv the
condition that

z = .4(U — az2).

By rewriting in the form

y=azz+~,

it is readily seen that for sufficiently large gain,
neglected, giving for the approximate output

as desired.
More exactly, Eq. (20) yields

/~
‘=–”k+y~’+

(19)

(20)

A, the term x/A can be

(21)

~.
a

(22)

If the input waveform is parabolic (y = btz), the output will be approxi-
mately linear. For relatively large values of t the actual output is nearly

FIG,

1 !
-ZiX z—

19.29,—Output of feedback square-root circuit.

a straight line parallel to the ideal output function (Fig. 19,29); the out-
put waveform is effectively delayed in time by a small amount.

A practical circuit is shown in Fig. 1930. The 6B8’s, V, and V2,
constitute the quadratic element (Sec. 19.7), which is driven push-pull
from the plates of the differential amplifier V~ and V4. The cathode
resistance RI is chosen so that the amplifier is not driven beyond the

range over which it is nearly linear. The diode return potentials – El
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and –Ezareadjustable around the level of –12 volts. The circuit was
generally operated with a negative parabolic waveform (e = –kt’) of
30-volt peak amplitude and 100P sec duration as the input. Optimum
operation under these conditions is achieved for —Ec. within a volt or
two of ground, with R, between 5 and 15 k, and with R, = 10 k. If the
loop gain is made too great (e.g., if Rs exceeds 25 k), the circuit oscillates.

10v amplitude +300 v
output

+1Q5 v

5M
-lo5v~ —

v%

*63H6

-El 0.01: =

Input 0.01
(Neg. waveform
30 v amplitude)

IM

Ecc

L
=

-105V

FIG. 19.30.—Feedback push-pull square-root circuit.

The designer should be cautioned that the establishment of the d-e
level of the input waveform to a square-root-extracting circuit is very
important. At the start of the waveform an error of 1 per cent of the peak

amplitude will result in a 10 per cent error in the output (~~ = ~).
19.9. Other Quadratic Elements. Magnetron. —Consider a simple

magnetron consisting of a long straight wire emitter surrounded by a
coaxial cylindrical plate, both placed in a uniform magnetic field directed
along the electrode (Fig. 19”31). If the current as a function of the plate
potential for a given field HI is measured, it is found that the current
increases from almost zero to a saturation value for a small increase in
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plate voltage, the higher the field strength the higher being this critical

or “cutoff” voltage (see Fig. 19.32). It is found that the relationship

between the magnetic field strength and the plate potential at “cutoff”

is expressed by an equation of the form 1

V.. = kH2. (23)

Since the field is proportional to the current in a solenoidal coil producing

the field, the magnetron together with the solenoid can form the nucleus

I
— Emitter

— Plate
Ii

111

III

H
IL ~

FIG. 19.31.—Magnetron.

tl

‘m
v—

FIG. 19 .32.—Magnetron current vs. plate
potential.

of a quadratic circuit. The chief difficulty with such a device is encoun-

tered in trying to secure a magnetron in which the i vs. V curve (Fig. 19.32)

is steep enough and for which the cutoff is complete enough. It is

difficult also to produce rapid changes in the magnetic field H.
Crystals .—The nonlinearity of the voltage-current curve for crystals

may be utilized in various ways. 2 For example, the circuit shown in

(a) Schematic circuit. (b) Idealized characteristic.

FIG. 19.33.—Crystal circuit with idealized nonlinear characteristic.

Fig. 19.33a may give roughly a square-root or cube-root response, the

exact nature of the response depending on the crystal used. Figure

19.33b shows the response of the circuit in Fig. 19.33a for a 1N21B

1See, for example, G. P. Harnwell, Principles of Electn”cdy and Electmmzgnetism,

McGraw-Hill, New York, 1938, p. 285; J. G. Brainerd et al., Ultra-High-Frequency
Techniques, Van Nostrand, New York, 1942, p. 312.

2See Chap. 11; also Sec. 19.4, “Logarithmic Devices. ”
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crystal. 1 This circuit has a pass band extending up to about 1

Me/see.

Thermistors, varistors, diodes, photoelectric cells, and other devices

involving nonlinear relationships between the parameters have been

used as the basis of circuits designed to give various nonlinear responses

(Chap. 3).

19.10. Testing of Circuits Producing Squsres and Square Roots.—For

direct-coupled circuits designed for operation with slowly varying input

signals, quadratic circuits may be tested simply by measuring with d-c

instruments the output voltages corresponding to a series of input

voltages. By plotting the square of one variable against the other

variable or by plotting the log of one against the log of the other, the

quadratic nature or departure therefrom may be ascertained.

In the case of circuits designed for rapidly varying input signals,

however, this procedure is not necessarily applicable. Methods are

available (see Chap. 20) for accurately measuring the input and output

waveforms. For some applications and in most preliminary design

work, the more rapid testing methods of Chap. 20 are useful.

1For characteristic see Vol. 16, Chap. 2,



CHAPTER 20

OSCILLOSCOPE TECHNIQUES IN WAVEFORM MEASUREMENT

BY BRITTON CHANCE

20.1. Introduction.-The testing and calibration of the circuits
described in the previous chapters require apparatus for the viewing
and measurement of the waveform. The properties of the cathode-ray
oscilloscope are of outstanding importance in the study of these circuits.
The following material will attempt to summarize oscilloscope techniques
of proved usefulness or extreme novelty that have been applied in the
course of the development of the circuits described in this book. In
doing so, the material of this chapter anticipates the content of Chap. 7,
Vol. 20, and Vol. 22 of the Radiation Laboratory Series. But in nearly
all cases the treat ment of the subject material differs great] y. Further-
more, the description of complete oscilloscopes is deferred to the appropri-
ate chapters in Vol. 21, Part IV.

20.2. OsciUoscopes and Meters.—The two-coordinate intensity-
modulated display, the good frequency response, and the high input
impedance of the electrostatic cathode-ray oscilloscope make it extremely
versatile for the display and measurement of a large amount of informa-
tion. On the other hand, it is insensitive, inaccurate for direct measure-
ment, fragile, dangerous in view of the high voltages employed, expensive,
and bulky. Conventional meters when used with vacuum-tube input
circuits have extremely high input impedance, are sensitive, accurate,
relatively rugged, and compact. The frequency response of ordinary
meters is low, and they do not permit the observation or measurement of
more than one quantity at a time. Furthermore, their operation is
adversely affected by the extremely low and variable duty ratios encoun-
tered ‘in pulse techniques, polarity effects, and confusion due to lack of
time selectivity. The intidequate frequency response and the resulting
lack of time selectivity make the ordinary meter unsuitable for measure-
ments of rapid and complex waveforms. If external time-selective
circuits are added to a vacuum-tube metering circuit, however, the equip-
ment becomes nearly as complex as the oscilloscope. Even then metering
circuits lack the most useful attribute of the oscilloscope-its apparently
simultaneous display of many waveforms. Further discussion of these
devices will therefore be omitted. However, their usefulness in stand-
ardized test procedures based on meters should not be belittled.

694
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20.3. Amplitude Measurements. Direct.—The amplitude of a rec-
tangular waveform may be measured by comecting the waveform
directly to the vertical plate of an oscilloscope. The deflection sensitivity
of the 5-in. tube, although roughly twice that of the 3-in. tube, is only
between 60 aud 70 volts/in. for type 5CP1 operating with an accelerating
voltage of 2 kv (for a single plate), Although the sensitivity may be
increased by reducing the accelerating “voltage, the consequent loss in
focus and intensity greatly offsets this advantage, and therefore wideband
amplhication of the input waveform is employed where necessary.

The input capacitance of the deflecting electrode brought out through
the base is approximately 7 ppf. Those tubes having the deflecting
plates brought out directly through the side wall of the tube (5JP1) per-
mit a reduction of this value to 3 ppf.

The electron current to the deflection plate may limit the permissible
value of the source resistance for low-frequency signals. Usual speci-
fications on this characteristic indicate that a 10-megohm resistance in
series with one deflecting plate should give less than a 10-mm deflection.
A conversion of this specification to equivalent current gives approxi-
mately 2 pa, a factor that must be taken into account in narrow-band
amplifiers employing large plate resistors.

In the absence of stray magnetic fields, the linearity of the deflection
characteristic of an oscilloscope can usually be relied upon to be some-
what better than 1 per cent. A much more significant error is likely to
be the variation of deflection sensitivity with accelerating voltage or the
variation of the zero point of amplitude measurement due to variations
of the spot-positioning voltages. The drift of the spot with time or
with mechanical vibrations is not known, but it is usually essential to
check the zero point of amplitude measurements every time the oscillo-
scope is used.

Often the amplitude of a particular member of a pulse train is required,
and in this case a linear time base is applied to the horizontal axis of the
oscilloscope in order to give time selectivity as shown in Fig. 20.1. This
figure clearly demonstrates that the amplitude of the separate parts
of the waveform may be easily determined. Thk measurement repre-
sents a distinct improvement compared with the operation of the vacuum-
tube voltmeter which would, of course, give only the amplitude of the
third pulse if it were peak-reading or the average amplitude of all four
if it were average-reading. In the cathode-ray-tube display variations
in duty ratio aflect only the intensity of the trace; polarity is immediately
indicated; and confusion with other parts of the waveform is eliinated
as indicated in the figure.

Sub.stitution.-The amplitudes of the pulses of Fig. 20.1 may be
measured by substituting a steady potential that has a known value and
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is adjusted to be equal to the amplitude of any particular pulse to be
measured—for example, the first. Also the amplitudes of the other
pulses may be determined directly in terms of the deflection sensitivity
calibrated in this manner.

Subtracti&.—A more convenient method is indicated in Fig. 202,

Fm. 20.1.—oscilloscoPe display of wave--
form amplitude.

where a voltage of polarity opposite

to that to remeasured is connected

to the opposite de fleeting plate and

adjusted until the amplitude of the

input signal is returned to the base

line (the position of thetrace in the

absence of signal). The accuracy

of this procedure is, of course, inde-

pendent of the deflection sensitivity

of thecathode-ray tube and depends

upon the equality of the sensitivity

of thetwoplates, the linearity of the

potentiometer, and the accuracy of

the voltmeter. These three factors-are stable and accurate.
Amplitude Selection.—Instead of depending upon subtraction between

the two plates of the oscilloscope, amplitude selection may be used and

an example is shown in Fig. 20,3. The particular configuration is

A
3ignal
input

=

~ me base ~ -J&)
waveform

+E
PP

VI

wave form

Fm. 20.2.—Amplitude measurement by Fm. 20.3.—Amplit.de measurement by
subtraction. selection.

operative for positive signals only. The bias of the cathode of VI is
adjusted so that the peak of the input waveform is selected and is dis-
played on the oscilloscope. The point at which the waveform disappears
from the dk.play indicates that the potentiometer has been moved through
am amount corresponding to the peak voltage of the desired waveform.
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The potentiometer should, of course, be of low impedance compared with
R1. Amplitude selection with thermionic diodes is accurate only for
signals of the order of 200 or 300 volts since errors of ~ volt may be
expected. Amplification of the waveforms to a high level is, therefore,
desirable. A reversal of the diode connections will give operation suit?ble
for negative signals.

Amplitude Discrimination. -If itis desired to indicate the equality
of two voltages, they may be directly connected to the plates of the
oscilloscope and subtraction will be accomplished; equality of the voltages
is indicated by the fact that no displacement of the spot occurs on their
connection. Greater sensitivity may be obtained by. employing those
amplitude discriminateors described in Sec. 9.22 that have appreciable gain.
Care must then be taken, however, lest the variation of the level of the
two signals alter the balance point of the amplitude discriminator. The
plates of the cathode-ray tube are insensitive to level as far as balance is
concerned, but considerable defocusing will occur if the level of one pair
of plates deviates much from the potential of the other pair or of the third
anode.

Several examples of the use of the cathode-ray tube for subtraction
of two waveforms have been indicated in Chap. 11, where the differential
output of modulators is displayed on the screen. A typical example is
shown in Fig. 11.2.

Summar~.—For signals producing an appreciable deflection on the
oscilloscope, there is little to choose between subtraction and selection.
Smaller signals require amplification previous to subtraction or selection.
But amplification may follow the la
much more sensitive indication of
equality of the two voltages, and
differences of a few millivolts may be
detected. Under these conditions,
the stability of the amplitude selector
and of the reference voltages may
become the limiting factor.

20.4. Time Measurements. Di-
rect Display s.—If a triangular wave-
form is applied to the horizontal
plates of an oscilloscope, the duration FIG. 20.4.—Measurement of wave-
or spacing of portions of a wave- form duration by display on a linear time

form connected to the vertical plates base”

may be obtained as indicated in Fig. 20.4. The &flection sensitivity

along the horizontal axis may now be represented in time units per

division, and time-delay measurements between any two points may be

made directly. The deflection sensitivity in time units maybe computed
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from the known slope of the waveform (volts/~sec) and the deflection
sensitivity of the oscilloscope in volts per division. A subtraction method
similar to that shown in Fig. 20”2 may be employed to return the rise or
fall of the pulse to some reference line on the vertical scale; in this way
the effects of variation of deflection sensitivity are avoided. But the
other important variable in this case is the slope of the timing waveform,
and this may be calibrated by the method described in the next paragraph.

Substitution of Fixed Pulses.—A train of fixed pulses of known period
may be substituted for or superimposed upon the unknown waveform,
and its duration may be obtained by interpolation as indicated in Fig.

rx:20;nfucurate method the delayed pulse of an

accurately cahbrated time modulator

can be set to the edges of the wave-
. .

Fm. 20.5.—Measurernent of the dura- form as in Fig. 20.5. Its duration
tion of a rectangular wave by setting a is, therefore, read directly in time
movable mark to the trailing edge. units. A survey of the large num-
ber of methods for accurately setting the coincidence of marker and pulse
is given in Vol. 20, Chap. 7.

Time Selection and Discrimination. —Instead of matching the overlap
of the pulse from a time modulator and the unknown waveform upon the
cathode-ray tube, these two waveforms may be connected to a time
selector (Sec. 10.3) and the outputs displayed upon the cathode-ray
tube. Similarly, the inputs may be connected to a time dkcriminator
(Sec. 14.5), and the output of the discriminator connected to the vertical
plates of the oscilloscope. The first method gives no appreciable gain in
accuracy as compared with direct display. The output of the second is
more often indicated on a meter and is, of course, more sensitive, provided
adequate amplification follows the discriminator.

Expanded Sweeps.—Occasionally greater accuracy may be obtained
through expansion of the time base. If, for example, the waveform to be
measured is initiated by one of a series of crystal-controlled pulses,
another member of this pulse train may be selected just previous to the
termination of the unknown waveform and made to initiate the display
waveform. The number of pulses intervening between the start of the
unknown waveform and the start of the display waveform is counted,
perhaps on a cathode-ray-tube display, the time increment from the
start of the expanded display to the termination of the unknown wave-
form is added, and a highly accurate total value of the time interval is
obtained (see Sec. 13.3; also Vol. 20, Sec. 7.24).

Much “more convenient than the selection’ of one of a member of a
train of fixed pulses is the employment of a high-frequency circular sweep.
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The unknown waveform is initiated in synchronism with the circular
sweep, and the terminal portion is displayed by means of a radial-
deflection cathode-ray tube (3DP1). The integral number of oscillations
to the termination of the input waveform is determined by dmect display
on a linear time base or by means of a cmde time-modulation circuit,
employed to intensify the particular cycle of the circular sweep on which
the termination of the unknown waveform is displayed. The remaindeb
of the time delay maybe obtained by direct interpolation on the face of a
cathode-ray tube that is provided with a circular scale. Circular sweeps
of a variety of frequencies may be obtained by the methods of Chaps. 4
and 15, of Vol. 20, Chap. 7, of Vol. 21, Part IV, and Vol. 22. Lower-
frequency circular sweeps may be employed to obtain the integral value of
oscillations of a sweep of higher frequency. The advantages of the circular-
sweep system are the accuracy of the scal~roughly 0.5 per cent, the
independence of the scale factor from changes of accelerating voltage, and
the ease with which the sweep may be generated. Although the deflection
sensitivityy of type 3DP1 is extremely low—roughly 100 volts for ~ in.,
the input capacitance is only 2 ppf. The calibration of the circular sweep
is much simpler than that of the linear sweep, and simply adjusting the
pattern to appear circular gives a display linear to 0.5 per cent. It is,
however, necessary to ensure that the display and scale are concentric.

The deflection sensitivity of the central electrode is unfortunately a
function of circular diameter, and, for a given circle diameter, a nonlinear
function of deflecting voltage. The display is therefore of little use for
amplitude measurement, but is wholly satisfactory for time measure-
ments. A typical display is shown in Fig. 20.13.

Pulse-sharpening Circuits.-For the precise measurement of a slowly
varying waveform, it is essential to obtain sharply rising pulses marking
its initiation and termination in order to obtain accurate measurements
on expanded sweeps. Practical pulse-sharpening circuits are given in
Sec. 9“14, for example, the Multiar circuit. The influence of pulse-rise
time on the accuracy of measurement is described in Vol. 20, Sec. 7.8.
Usually a timing accuracy of one twentieth of the rise time of the pulse is

obtainable.
20.5. Waveform Measurements.—The linear, exponential, or hyper-

bolic character of voltage or current waveforms may be determined by
oscilloscope displays.

Direct Displaqs.—A well-known method for the determination of.-
waveforms involves direct display against a linear time base as shown in

Fig. 20:6. The accuracy of the resultant curve depends not only upon

the linearity of deflection but also upon the linearity of the time base.

At best the accuracy of this method does not exceed 2 per cent. If the

unknown waveform has a shape other than linear—for example, para-
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bolic—it maybe compared to a suitable overlay having this character-
istic. In both cases, parallax between the trace and the scale must be
avoided. Scales applied by direct inking or by optical projection are

FIG. 20.6.—Waveform determination by
display on a linear time base.

most satisfactory.

Fixed Time Indices.-If, for ex-
ample, the unknown waveform is
applied directly to the horizontal
plates of an oscilloscope, and if tim-
ing indices of a fixed spacing are
applied to the vertical plates, a con-
stant spacing will verify linearity of
the waveform as shown in Fig. 20.7a.
Figures 20.7b and 20.7c indicate that
other waveforms may be studied in
this manner but with considerably
more difficulty. This method is not,

however, independent of the characteristics of the cathode-ray tube

since the deflection linearity of the horizontal axis is still a determining
factor. In fact, this method is often used as a means for determining
linearity of deflection in cathode-ray tubes (see Vol. 22).

(a) (b)

(c)

Fm. 20.7.—Waveform determination by display on a linear time base and superposition
of fixed time markers; in (a) on a triangular waveform, in (b) on a hyperbolic waveform,
and in (c) on a sinusoidal waveform. In (a) and (b) the spacing of the pulses is approxi-
mately 2.4 psec. In (c) the spacing of tbe pulses is 12 psec.

Differentiation.-A simple and straightforward methodl of determini-

ng the character of triangular and parabolic waveforms depends upon

differentiation once in the first case and twice in the second case to obtain

1Unfortunately, the accuracy of the differentiators used for this purpoge is rarely
greater than that of the integrators used in waveform generation.
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a rectangular waveform of constant amplitude if the waveforms are in
accordance with the required functions. Single differentiation of a tri-
angular and a parabolic waveform is shown in Figs. 20”8 and 20”9. A
differentiating circuit of good transient response with sufficient gain is a

I!!!!!!U!!!!!4-U4-I1 I I IH!!HW?!!4-WU—I

FIG. 20.8.—Differentiation of a tri- FIG. 20.9.—Differentiation of a para-
anguhr waveform to obtain a rectangular bolic waveform to obtain a linear wave-
waveform. The constancy of amplitude form. The linear waveform may be differ-
of the rectangular waveform displayed entiated again to produce a rectanglo as
in the lower trace is indicative of the in Fig. 20.8.
linearity of the triangular waveform.
The sweep duration is approximately
120 psec.

sensitive indicator of the waveform. In addition to this, the deflection

of the oscilloscope may be calibrated in terms of speed of the waveforms

in volts\Psec, provided the values of resis~ance and capacitance employed

in differentiation are known. Such differentiation devices are described in

Sec. 18.7. Alternatively, a tri-
angular waveform of known speed
may be employed for calibration.
Although thk method of waveform
measurement is more sensitive
than that employing fixed pulses
described in the preceding section,
it has not been used so exten-
sively, and it is not so precise as the
methods that follow.

Amplitude Compai-&n.—l%e-

cision methods of waveform deter-

Center
electrode Index

‘*

Reference
voltage

FIG. 20.10.—Waveform determination by
amplitude comparison and time demodula-
tion. The unknown waveform muet be
synchronized with the circular sweep.

mination depend upon amplitude comparison and time demodulation (see

Sec. 9.8) as indicated in Fig. 20.10. The pulse output of the amplitude

comparator occurs at the moment of equality of its reference voltage

with the unknown waveform. The time delay with respect to the

initiation of the waveform may be determined by synchronizing it with

any accurate time-measuring system—for example, a circular-sweep
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display. The readings of the circular-sweep oscilloscope, which are
then plotted against the reference voltage, give an exact reproduction
of theinput waveform. Theaccuracy ofacircular-sweep timing system
is sufficient for these purposes (see Vol. 20, Sec. 7.18), and the over-all
accuracy of this method of measurement may be easily 0.01 per cent.

Time Comparison.—Akernatively, the voltage of the unknown wave-
form corresponding to a known time may be determined as shown in
Fig. 20.11 (see Sec. 14.5). In this case the unknown waveform is again
synchronized with an accurate time-modulation system. The pulse of
accurately known time delay with respect to the initiation of the unknown

waveform is connected to the time

~$”f~:--lJ::ato& ““t’”’

comparator which gives as a steady
wttage output the voltage of the unknown

I I

!
waveform at the moment of the

selector pulse. This output volt-

Selactolpulse age may then be measured by a
FIG. 20.1I.—Waveform deter~nation by voltmeter or a potentiometer. This

timecomparison.
method has, however, the drawback

that the output is of very high impedance and has a slight but perceptible
carrier content.

Summary.—For qualitative observations the direct display upon a
cathode-ray tube is satisfactory. But all quantitative measurements of
triangular and other waveforms made in this laboratory have been
carried out by means of amplitude comparison and display upon a
circular-sweep timing system. This is in every way an extremely pre-

cise, simple, and satisfactory method.
20.6. Frequency Measurements. Continuous Oscillators.—The fre-

quency of continuous oscillators may be readily measured by direct
comparison with the frequency of a standard oscillator. The two
frequencies are applied to the plates of the cathode-ray oscilloscope to
produce the Lissajous or roulette figures. 1 Where a circular sweep is
available, the unknown frequency may be applied to the center electrode.
The ratio of the two frequencies is equal to the quotient of the number of
waves displayed upon the circular pattern and the number of revolutions
that the cathode-ray-tube spot makes in completing this dkplay. This
pattern is difficult to interpret for large frequency ratios or for unstable
patterns.

Since a number of the oscilloscopes used in the calibration of timing
circuits contain accurate time-modulation circuits that may be externally
triggered (see discussion of DuMont type 256B, Vol. 20, Sec. 7.24), time
measurement may be used for a simple and exact method of frequency

1See H. J. Reich, Themy and Application of Electron Tubes, 2nd ed., McGraw-Hill,
New York, 1944, p. 644.
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determination as shown in Fig. 20”12. The sinusoid of unknown fre- ‘
quency is converted into pulses by amplitude comparison (see Sec. 9.8).
The spacing of these pulses is precisely equal to the period of the sinusoid.
If these pulses are connected to a scale-of-two, or, in fact, to the gate
generator of most oscilloscopes, thedisplay will be triggered at afract~on
of the period of the sinusoid. Afewpulses will, therefore, be displayed
on the time base, and the delay between them may be measured with an
accuracy of 0.1 per cent by the time modulation circuit. The calibration
of the latter may be referred to pulses from a crystal-controlled calibrat-
ing oscillator.

Pulsed Sinusoids.-The Lissajous pattern or other patterns employing
sinusoidal time bases have been found to be of little value for the fre-
quency measurement of pulsed sinusoids. Often the duty ratio of the
pulsed waveform is so low that the
intensity of the pattern is small.
Furthermore, starting and stopping
transients may very nearly com-
pletely obliterate the desired figure,
and the phase deviation in the
starting transient may be of con-
siderable interest. In addition, the
spacing of pulses derived from the
pulsed oscillator is usually required.
The most simple and accurate
method is to display pulses obtained
from the oscillator by amplitude
comparison upon a circular sweep
by means of radial deflection. The
adjustment is made most conveniently if the two frequencies are equal,
since the majority of the pulses from the pulsed oscillator coincide as
indicated in Fig. 20.13a. The following important data may be deter-
mined by this method:

\n
Sinusoidal inmd

A A
Output of amplitude comparator

Timing wave

FIG. 20.12.—Frequency determination by
time measurements.

1.

2.

3.

Alignment of all members of the pulsed oscillator ensures equality
of frequency to an accuracy l/200n, where n is the number of
pulses of the oscillator displayed on the circular sweep.
The delay of the output pulses with respect to the trigger pulse may
be measured.
The error of the first few pulses that is due to the starting transient
may be observed.

The indication is similar for integral multiples of the circular sweep as
shown in Fig. 20.14.

Another method of comparable sensitivity and time selectivity is
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(b) (c)
FIG. 20.13.—Frequency determination by display on a circular sweep. Figure 20.13a

indicates tbe output of an 82-kc pulsed oscillator, adjusted to tbe frequency of the 82-kc
circular sweep; (fI) indicates that the frequency of tbe pulsed oscillator is too high and (c)
indicates that the frequency of the pulsed oscillator is too low.

FIG. 20.14.—Disp1ayof pulses from a410-kc pulsed oscillat,orona82-kc sweep. The fre-
quencyof the pulsssis adjusted to an exact multiple of 82kc/sec.

indicated in Fig. 20.15. The sinusoids of unknown frequency are dis-
played upon a linear time base, and calibration markers are superimposed
by intensity modulation. For equal frequencies the calibration markers
intersect the sinusoids at the same point on each cycle. This method
does not, however, indicate the delay of pulses derived from the oscillator
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with respect to a trigger, and it does not indicate the error due to the
starting transient so clearly as does the circular-sweep method. Greater
sensitivityy is obtained if pulses derived from the unknown waveform
are displayed instead of the sinusoids.

(a)

(b) (c)

FIG. 20.15.—Frequency determination of a pulsed sinusoidal oscillator by display on
a linear time base in comparison with fixed intensity markers. In (a) the pulsed sinusoid
is too fast, in (b) too slow, and in (c) exactly on frequency. The frequency is S2 kc/s.ec.

20.7. Phase Measurements.—Rough measurements of the phase of
two sinusoids may be obtained directly by applying the two voltages,
separately adjusted to give equal deflection, to the plates of the oscillo-
scope. The direction of the major
axis of the ellipse gives relative
phase shift between the two volt-
ages as indicated in Fig. 20.16. The
accuracy of this method, of course,
depends upon the deflection line-
arity of the oscilloscope.

A method that employs this pat-
tern as the null indicator uses the
phase modulators of Sec.’ 13.16 to
reduce the phase shift between the
two sinusoids “to zero. The oscillo-
scope pattern is then a straight line.
The accuracy of this method is
limited by the phase shifter and at
best is approximately 1°.

FIG. 20.16.—Phase measurement by a
Lissajou figure. The phase angle @ is
equal to tan-l Yz/Y,, where l’~ is the
intersection of the ellipse with the ordinate
at X = O and Y, is the intersection of the
ellipse with the ordinate corresponding to
the maximum value of YX.

When pulses are derived from the two sinusoids by amplitude com-
parison, one pulse train may be made to trigger a time-modulation system
similar to that shown in Fig. 20.12 for frequency measurements. The
other pulse train is displayed upon the oscilloscope, and one of its pulses
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will appear upon the cathode-ray-tube display. The time-modulation
circuit may be used to measure the phase shift accurately. In this case
measurement may be good to 0.1 per cent or 0.4°. Considerably better
accuracy may of course be obtained with multiple-scale systems (see

Vol. 20, Chaps. 3 and 7).

20.8. Impedance Measurements.—The characteristics of an unknown

impedance may be directly determined by phase and amplitude measure-

ment. First, the two deflecting amplifiers of an oscilloscope are adjusted
so that they have equal gain (by adding a sinusoidal voltage and adjusting
the relative gain until a 45° line is obtained on the face of the oscilloscope).
An alternating voltage is connected to a variable resistor in series
with the unknown impedance. The variable resistor is adjusted until

(a) (b)

FIG. 20 17.—Determination of harmonic distortion of a pulsed oscillator by a frequency-
selective circuit. In (a) the distortion of the pulsed oscillator is negligible even though
the output displayed upon the scope has been considerably amplified. The effects of the
starting and stopping transients are clearly indicated. In (b) is indicated the output of
the selective circuit due to the distorted sinusoid of tbe upper trace, and the lower trace
shows, with no further amplification, considerable harmonic distortion.

the figure on the oscilloscope has equal horizontal and vertical amplitude.
Under these conditions the value of the resistance is equal to the unknown
impedance. The phase angle of the voltage across the impedance is
determined directly by measurements of the geometry of the pattern as
mentioned previously in Fig. 20.16. The advantages of this method are
that the measurements can be made over a wide range of frequencies and
that the technique is extremely simple.

20.9. Harmonic Distortion in Pulsed Sinusoids.-It is often of con-
siderable importance to measure the harmonic distortion of a pulsed
sinusoidal oscillator. None of the commercial harmonic analyzers is
suitable for these measurements since the harmonics generated in the
starting transient of the sinusoidal waveform would obscure those which
follow. If a frequency-selective circuit (twin-T) is added to the input
to the oscilloscope to discriminate against the fundamental frequency,
the output indicates the harmonics as shown in Fig. 20.17.



CHAPTER 21

STORAGE TUBES

INTRODUCTION

BY P. R. BELL, G. D. FORBES, AND E. F. MACNICHOL, JR.

21.1. General Definition of a Storage Tube.—A storage tube may be

defined as a cathode-ray tube containing a surface which maybe charged

by the electron beam to provide a record of information over the length

of one sweep, and which may later be discharged to obtain the stored

information in the form of voltage variations, or may be recharged by the

beam with a second set of information in such a manner as to obtain an

output containing only the difference between the first and second sets of

information.

21.2. General Methods, Applications.-Storage methods are used in
television pickup equipment of the Iconoscope and Orthicon varieties.
In these tubes the storage surface is charged by the electron beam, and
the charge is modified by photoelectric emission. The most satisfactory
photoemitters are metals or semiconductors. Hence the storage surface
must be broken into a mosaic of photosensitive particles to prevent
conduction across the surface. In the storage tubes described here,
photoemission plays no part. The metallic mosaic is therefore unneces-
sary and the storage surface consists of a plate of uniform highly insulat-
ing material. The only requirements imposed on this material are the
conditions that it must emit more than one secondary electron for each
primary electron striking it, and that it must have extremely high
resist ivit y.

In addition to the storage surface, the storage tube comprises an
electron gun, a deflecting system, “a secondary electron collector, and a
signal plate capacitively coupled to the storage surface. In operation,
electrons from the gun strike the storage surface and cause emission of
secondary electrons. These electrons redistribute themselves until a
condition of equilibrium is reached. Information is stored by modulating
one of the electrodes of the CRT when the surface is scanned by the
electron beam and recovered when the surface is again scanned. The
stored signal is recovered in the process of redistributing the charge on
the storage surface to fit the conditions imposed by the second scan.

Although the Iconoscope and Orthicon have been successfully used
707
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for several years, techniques for storage of electrical signals are still in
the early experimental stage. Most work to date has been directed
toward their use in pulse-to-pulse amplitude cancellation of radar video
signals.

Supersonic delay lines have been successfully used for this purpose,
but their use requires that the delay of the line be exactly equal to the
pulse-repetition interval of the radar, a condition difficult to maintain
in some systems. Supersonic lines also become very large and compli-
cated when low J?RF’s are used (see Vol. 20, Chap. 12).

Storage tubes have also been applied to equipment in which it is
desired to obtain output signals only when two signals have appeared
consecutively with the same delay with respect to a fixed reference pulse.
This application may be considered the inverse of pulse-to-pulse ampli-
tude cancellation and has been employed to increase the signal-to-noise
ratio in radar systemsl and to eliminate unsynchronized interfering pulses
from responder-beacon displays.

Some synchronization systems have been proposed in which it is
desired to compare waveforms at incommensurable recurrence frequencies
and on different time scales. The externally synchronized crystal-
controlled range-mark generator described later is an example of this use.
Several methods have also been proposed for using storage tubes to
record randomly occurring high-speed transients, which are then played
back repetitively at a slower speed for photography or observation.
Methods are also under development for using storage tubes as memory
devices in pulse-operated computers.

In most of the work described the storage tube is a standard electro-
static cathode-ray tube of the 3BP-, 3FI?-, or 5CP-type, with or without
phosphors. The glass wall of the tube and the phosphor are used as the
storage surface. Modulation has been applied to the grid, focus elec-
trode, second anode, and deflecting systems with varying results. A
special high-voltage Orthlcon-type storage tube has been used by Radio
Corporation of America.’ In this tube modulation is applied to the signal
plate. Before describing the results obtained with these tubes the theory
of operation of the storage surface will be discussed.

1Delay lines were actually used ior this purpose.

z At the time this chapter was written storage tubes were in a very early develop
mental state and their action was very imperfectly understood. Since that time a
great deal of work has been done. References: <‘A Storage System for Use with

Binary Digital Computing Machines” (a report by the Electro-Tmhnical Laboratories

of the University of Manchester, England). Haeff, “.4 Memory Tube,” Zlechnics,

20, p. 80 (1947); Forgue, “The Storage Orthicon,” RCA Review, 8, p. 633 (December
1947); McConnell, c’Video Storage by Secondary Emission, ” Pr-oc. IRE, 36, p. 1258
(1947). A storage tube designed especially for digital computation is described by
J. A. Rajchman in IRE Convention Paper #49, Febmary 1947.
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21.3. Theory of Storage Action. -Intensity Modulation. -There is no
comprehensive theory that explains the action of the cathode-ray-tube
storage device. Initsplace atentative physical argument based uponthe
observed experiments on these tubes and upon data on the secondary-
emission coefficient of glass has been evolved.

When a constant intensity electron beam is swept across a glass
surface in a storage tube, secondary electrons are emitted from the glass.
By this action and by the redistribution of the emitted secondary elec-
trons a charged condition of the surfacers obtained.

The secondary-emission coefficients of glass depend somewhat upon
the type of glass. For Pyrex, the secondary-emission coefficient at 200°
to 300”C is as shown in Fig. 21”1.1 It is assumed that this curve holds
roughly for the glass in an ordinary CRT at room temperature. The
secondary-emission coefficient is greater than one for the voltages used.
The spot-under the electron beam,
therefore, will receive positive
charge. Eventually the field due
to the positive charge will attract
as many electrons as escape to
other parts of the tube and steady
state potential distribution will
be attained. At this time no
further change of charge will occur
at the spot. Some of the second-
aries that are attracted back to the

O’L__._——
0 400 S00 1200 16002CO0 24002S00 3200

Acceleration m volts

FIG. 21. 1.—Ratio of secondarv electrons
spot strike the surface near the emitted to primary electrons stril&g Pyrex-

spot and, since the glass is an gla.sssurface plotted asafunction of-acceler-
sting potential.

insulator, they are unable to

escape. The result will be somewhat as shown in Fig. 21.2, which repre-
sents a positively charged spot surrounded by a negative hill of charge.

If the beam is caused to move across the surface, a different situation
is found. In front and to each side of the spot there is a negative hill of
charge, but behind it there is the distinctly positive track left by passage
of the spot. Some of the secondaries fall into this track and reduce
its positive charge. After a number of repetitions of the sweep, there
will remain a positively charged track with a more positive spot at its
end where the beam was suddenly shut off and no secondaries were
available to fall back into this portion of the trace and discharge it. Sur-
rounding this track on all sides will be the negative charge hill, so nega-
tive that no secondary electron will be able to reach the surface in that
region. The charged condition of the section of this trace along its
center is shown in Fig. 21.3a. When the next trace starts (Fig. 21.3b),

I The data for this curve were taken from C. W. Mueller, “ The Secondary Emis-
sion of Glass as s Function of Temperature and Voltage,” SC.D. Thesis, M. I. T., 1942.
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the beam suddenly charges the beginning of the track more positive, and
many of the secondaries escape to the anodes since a negative hill sur-
rounds three sides of the spot. When the beam has advanced well out
on the trace, electrons are falling on the trace both before and behind the
spot, but, since the passage of the spot leaves the trace in the original
condition, there is no output from the signal plate since there is no net
change of charge instant by instant, as shown in Fig. 21 .3c.

3ide view of
beam striking

storage surface

age
ace

x

Region of ,Region over

beam impact which secondaries
are scattered

Plan view of beam striking storage surface

n

Collector—— —___ . . _ __

Potential distribution over cross section X-X’

FIG. 21 ,2.—PotentiaI distribution around charged spot on storage surface.

As the spot approaches the very positive region at the end of the

trace, many of the secondaries fall into it causing a negative output
voltage, since more of the electrons of the beam appear to “stick”

somewhere on the surface (Fig. 213d). Finally, when the beam reaches

the end of the trace, the secondary electrons cannot fall ahead of the

spot on account of the negative hill at that point, and the output goes

positive, then falls to zero as the beam is turned off (Fig. 21 .3e).
If the electron beam is intensified for a short interval during the sweep,

the output voltage and charge conditions appear on the first sweep, as



~IG. 21 .3.—Charge and output pattern of storage surface under moving beam.

... ., ., .,, ,,. ,,, .,, ,, ., .. ,,



712 STORAGE TUBES [SEC. 21.3

shown in Fig. 21”3~. The increased beam current gives an increased
number of secondary electrons, and more of them fall on the charged
trace discharging it to a greater extent than the weak beam. More
electrons return to the surface near the beginning of this intensified
region because of the more positive trace close to the spot than near the
end of the intensified region where there is a less positive region of
trace behind the spot’ (Fig. 21.3g).

After the intensified pulse ends and the weaker beam passes over the
end of the less positive region left by the intensified beam, the output
voltage is positive because of the decreased tendency of the secondaries
to fall into the trace behind the spot. It falls to zero as the spot gets
far away from the intensified region (Fig. 21”3h).

I
Direction of
increasing
potential

Fm. 21 .4.—Model of potential distribution produced by moving beam on storage surface.

During the next sweep, when the beam spot approaches the previously
intensified portion of the surface, a positive output voltage is obtained
because of the decreased tendency of secondaries to fall into the less
positive region (Fig. 21”3i). When the beam is suddenly intensified this
time, there is a sudden change to a negative output voltage since the
greater flux of secondaries finds the trace behind the spot more positive

than it would be in the center of a long trace made by a beam of this

intensity. As the spot approaches the center of the intensified region,

the output voltage is more nearly zero since the charge on each side of the
spot has almost reached a steady state (Fig. 21.3j). The output has a
similar form near the other end of the intensified region, but in reverse
sequence (Fig. 21 .3k). During the third sweep the action is quite similar
to that during the second. h’early complete equilibrium is reached with
the result that the center of the intensified region produces little output.
If on the next sweep there is no intensity-modulated region, the output

1The large negative pulse in the output when the intensity of the beam is changed
b due to the charge induced in the pickup plate by the “electron cloud” passing over it.
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signal will contain a positive pulse with smooth edges because of the

smaller tendency for secondaries to return to the screen in the region

where the track is less positive (Figs. 21’31 and m); this is the main
stored signal. Thetrack is not returnede ntirelyt othenormalcharged
condition for the weak beam because of the slightly greater number of
secondaries produceda sthesurfacei schargedp ositively. The result will
be that on the following sweep another smaller stored output will be

obtained. A three-dimensional model of the potential distribution

on the storage surface after scanning is-shownin lllg. 21”4.

In some applications the cancellation of signals which do not vary

from pulse to pulse is desired, For this purpose deflection modulation

in ordinary cathode-ray tubes and signal-plate modulation in the ~DT-5

appear to be satisfactory (see Sees 21-4 and 21.5). In other applications
storage of the video signals without cancellation is desired. For some
purposes, such as pulse computation and time-mark generation, fidelity of
output amplitude vs. input amplitude is not important, In other applica-
tions good linearity is recluired. The most eifective norwanceling method
thus far used is grid modulation of the electron gun (intensity modulation).
The stored signal is a very nonlinear function of the modulating potential
because the beam current is a nonlinear function of this potential, and
because the stored signal is also a nonlinear function of the beam current.

21.4. Deflection Modulation,-When the electron beam is swept
across an insulator surface but is kept at constant intensity and is
deflected perpendicularly to the direction oft he sweep with a rectangular
pulse, only a very small output is obtained after the surface has come
to equilibrium (reached a steady state). This small output occurs at
the beginning and at the end of the pulse, and its form can be seen from
Fig. 21 .13b as the signal produced by the large, fixed-amplitude pulse.
When the pulse height is changed a positive pulse is obtained. ‘I’his
positi~e output is obtained every time there is a difference in deflection
dmplitude from trace to trace. It appears even when alternate traces
are identical, so that ordy two tracks are produced on the surface with
the beam tracing first one then the other. It is evident that the action
is distinctly different from that with intensity modulation, since in that
case there were two separate processes, each giving an output of opposite
sign depending upon whether the surface accumulated or lost a net charge.
Figure 215 is taken from an experiment in which amplitude modulation
was used. The output from the pickup plate is plotted as a function of
the separation between the two traces (clifference in modulation intens-
ity). The solid line shows the results when two paths are traced alter-
nately. The dotted line was obtained when the deflection was modulated
sinusoidally at a frequency incommensurate with the PRF. This
resulted in a pattern having many different traces that did not superpose.
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The presence of the two traces side by side must therefore affect the way

in which secondary electrons return to the storage surface so that second-
ary electrons will fall back into the region of the twoclosely spaced traces
although they are emitted from other parts of the trace ahead of and
behind the space occupied by the double trace. When the two traces
me more widely spaced, the probability of attracting extra secondary

1.- -— ——— —’---- -
/’ Ratio incommensurable

/

Frequency ratio at which the signak are applied

4 1
1 2 3 4 5 6 7 8

Maximum separation in mm of the two traces caused by
aPPIYingrectangular pulses of different amplitudes

(1 mm = 1 spot diameter)

FIG. 21.6.—Output of deflection-modulated storage tube asafurmtionof deflection-ampli-
tude difference between two successive traces.

electrons falls rapidly with increased spacing; there is, therefore, little
extra charge to be removed by the beam and to give positive output.
At considerable distances the field from a positively charged line bor-
dered by two negatively charged lines falls away as the inverse fourth
power of the distance away from the lines. The field produced by the
combination when measured at a moderate distance will decrease as the
spacing between the lines is decreased, even though the charges are
adjusted so that the field appears constant at a great dktance. Thk

effect might allow the closely spaced double trace to cause more second-
aries to return to it from distant parts of the screen than would return
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to the traces if they were at such a distance that one had little effect
upon the other.

The experimentally measured variation of output with separation of
the double trace (Fig. 21 “5) agrees qualitative] y with such a theory.

21.5. Signal-plate Modulation.— Modulation of the electrode behind
the storage surface has been attempted and appears to be successful
under certain conditions. In the first method tried, the signal plate was
modulated by the incoming video pulses while the charging current was
measured. If equilibrium exists between the beam and the emitted
secondary electrons, no charging current will flow. If the signal ampli-
tude changes, a pulse of charging current appears. This method was
unsuccessful because of the difficulty of removing the high-level video
signal from the low-level output.

Attempts have also been made to modulate the signal plate and
obtain the stored signal from the Aquadag coating on the inside of the
CRT. This method was unsuccessful for two reasons. First, most of
the secondary electrons emitted from the surface fall back onto other
parts of the surface; few of them reach the Aquadag coating directly.
Second, there is sufficient capacity coupling between the signal plate
and the Aquadag coating to produce a direct signal which is much larger
than the stored signal.

The only device which successfully uses signal-plate modulation is
the RCA type SDT5. Thk is a tube of the Orthicon type in which the
electrons are constrained to travel down the tube by means of an axial
magnetic field. Deflection is accomplished electromagnetically. Unlike
the ordinary Orthicon, the accelerating potential is high enough to cause
a secondary-emission ratio greater than unity. The tube operates as
follows: An unmodulated electron beam is made to trace across an
aluminum-oxide insulator surface behind which there is a metal back
plate and in front of which there is a fine wire-mesh screen through
which the electron beam penetrates. The signal to be stored is applied
between the back plate and the wire screen (screen on ground end of
signal). The incident beam charges the spot it strikes to about the volt-
age of the wire mesh. If the spot is more positive than the screen,
most of the secondary electrons produced return to the spot making it
more negative, If the spot is mors negative than the screen, most of
the secondaries are accelerated toward the screen. Because of the action
of the axial magnetic field, the emitted secondary electrons travel back
down the tube in nearly straight lines. Those electrons which are not
collected by the screen travel the entire length of the tube and are col-
lected and amplified
the electron gun.

When the video

by a five-stage electrcm multiplier which surrounds

signal changes, the spot now under the beam is
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charged to a new potential with respect to the back plate, but it is charged
to the same potential with respect to the wire mesh. Wnen the surface
is retraced by the beam, the surface touched by the beam is point by
point the same potential as the wire mesh (assuming complete equilibrium
on the first sweep) if the video signal is exactly the same as before. If,
however, at some point the video signal is not the same height as on the
previous trace, the insulator surface will be above or below screen poten-
tial and more or fewer secondaries will have to leave to restore the voltage
of the surface to screen potential. The secondaries penetrating the
screen are amplified by the electron multiplier and appear as an output
signal.

The output current is constant and proportional to primary beam
current as long as the insulator surface being hlt is at screen potential,
but it increases or decreases when the surface is differently charged and
is restored to screen potential by the action of the secondaries.

For some purposes this is a satisfactory tube, which gives a good can-
cellation ratio even on sweeps that are very long compared with the pulse,
but complete equilibrium is not established on each trace; some tubes
require perhaps six traces to reach a steady state. This charging time
is undesirable in applications involving cancellation although it may be
desirable for some other purposes.

21.6. Focus Modulation.-Focus-modulation storage has been tried
briefly with only moderately successful results. In this method the spot
area is changed by the video signal, and the output signal is obtained
from a pickup plate behind the insulator surface being scanned by the
beam. When the same set of signals is applied on successive sweeps,
the output contains some pulses that occur at the beginning and end of
the signals. The output obtained when a modulated pulse is used as a
signal is larger than these pulses, but the difference is only about two to
one in voltage, although under some conditions a difference of ten to
one has been obtained. The ten-t o-one cancellation was obtained when
the storage surface was surrounded by a short solenoid. The field frcm
this solenoid apparently changes the distribution of the secondary elec-
trons that return to the surface.

21.7. Frequency-modulated Carrier with Intensity Modulation.—
Where the stoked signal must reproduce the input signal with good fidelity
it has been proposed to impress the video signals upon a high-frequency
carrier by means of frequent y modulation. The frequency-modulated
carrier would then be applied to the grid of the storage tube producing a
series of spots of variable spacing on the screen. The stored car.ier
would then be recovered by retracing the surface with a constant-interwity
beam. The output carrier is then amplitude limited to get rid of ampli-
tude variations and applied to an f-m discriminator which demodulates
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it. The output signal should then be a faithful reproduction of the
original signal. The principal disadvantage of the method lies in its

requirement of a higher rate of sweep on the CRT. The minimum

resolvable signal on the storage surface will be at least a spot width

long. If a carrier is used, it must be several times the frequency of the

highest frequency component in the stored signal. A resolvable spot

must be produced for each cycle of the carrier, so that the sweep speed

must be several times that which would be required if the signal were

stored directly.

DESCRIPTION OF APPARATUS USED IN STORAGE-TUEE EXPERIMENTS

2108. Intensity Modulation Tests.’—Ordinary electrostatic cathode-

ray tubes were used and the power supply and positioning circuits were

~ output

+
W&y?

---
+ ---

-~ - ---

Intensity -

gate + signal

FIG. 21 .6.—Connections to intensity-moduI ated storage tube.

conventional as shown in Fig. 21.6. Horizontal deflection was provided
by a conventional linear sweep. The accelerating voltage used was about
1500 volts.

The time sequence of the intensity-gate voltage, the voltages of the
sweep, and the signal output are shown in Fig. 21.7.

Tubes containing various insulator targets were prepared by Allen
B. Du Mont Laboratories, and from these it was found that mica yields
as large a signal as glass, but on account of the presence of bubbles and

1For a description of sonic-delay-line cancellation system see Vol. 20, Chap. 12
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surface irregularities no satisfactory large surface has been obtained; it
does not seem to give any greater output than glass. Tubes with P1
and Pll phosphors give the same result as glass, although in some
samples of Pll screens one or more small points were found on the screen
that gave an output whenever the beam struck them; P7 phosphors were

Signal

ii J!%k.tilm-l

I!ll’1--wllllll II lBearn cuto~

~g (.J1 1 I I
,, IIL L

*9
z ‘/%27”

Residual pips Stored signal

T
Fm. 21 .7.—Timing diagram of signals used in intensity-modulated storage-tube tests.

much more irregular than PI phosphors or glass. The antiart coating
used as a surface insulator between sections of conductive coating inside
high-voltage cathode-ray tubes gives no stored signal whatever.

One tube had samples of glass of various thickness from 0.001 to 0.25
in.; no difference in stored output was obtained when the different thick-

nesses were used.

Some tubes were made with ground and polished-end faces similar
to type 4AP-10. When these were tried there was no noticeable dif-
ference between them and ordinary cathode-ray tubes.

As a result of these tests, ordinary 3BP-1 tubes were used for much
of the later work.

A l-p see-pulse output can be made as large as 0.2 volt through a

1..megohm input circuit with a i-Me/see bandwidth using a 5CP1A tube
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with a trace speed of 10 psec/in., provided that the special negative-
capacitance amplifier described in Appendix I is connected to the signal
plate.

Many types of pickup plates outside the tube end were tried and al-
most any type of conductive coating on the tube face seems to be satis-
factory. If an Aquadag (colloidal graphite) stripe is painted across the
face of the tube and contact to it made by a bit of copper foil attached
to it by scotch tape, a satisfactory output can be obtained. If the trace
of the electron beam is moved so as to be parallel to the conducting
stripe, but above or below it on an uncoated section of the tube face,
very little reduction in output is found until the beam is about + in. away
from the edge of the conducting stripe.

A flat metal plate near the glass or not more than+ in. away will do
as a pickup, although a smaller output is obtained as the section of glass
being touched by the beam becomes progressively farther from the
metal plate.

A cell containing an electrolyte (salt water), which allows a free view
of the tube face, has been used and found to be satisfactory. A coarse
metal screen was tried, but was found to produce considerable wiggles in
the base line on account of the crossing of the screen wires by the trace. A
fine metal screen 100 meshes per inch gave satisfactory results when made
flat and, although it was not tried, it is believed that a thinly sputtered
transparent film of chromium or platinum would be equally satisfactory.
It is very desirable to have a somewhat transparent pickup plate to
allow the beam to be centered and focused by eye, thus permitting quicker
adjustment of the tube. The effect of varying the total accelerating
potential was tried over the range of 500 to 2200 volts. It is unfortunate
that voltages up to 3000 volts were not used, because no change in stored
signal resulted other than a small change in character due to defocusing
near 500 volts. Some change of results could have been expected on the
basis of the present theory of operation if the total accelerating voltage
had reached about 2500 to 2600 volts, since above some voltage in this
region the number of secondary electrons emitted by the glass of the
tube is believed to become less than the number of primaries striking it
(see Fig. 21.1).

The stored signal is a nonlinear function of the intensity of the storing
beam and is also a function of the intensity of the reading beam used to
take off the stored signal. In particular, the degree to which the stored
signal is “wiped off” by the reading beam is greatly influenced by the
intensity used; when a very weak reading intensity is used, the stored
signal is only partly removed, and up to 200 outputs can be obtained
from one stored signal before the signal becomes too small to be discerned
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in the thermal noisel of the output circuit. If the reading-beam intensity
is high, less than 10 per c~nt of the stored signal may remain after a
single passage over the screen.

As might be expected, the spot focus has considerable effect on the
output and sharpness of the stored signals; and it is most important to
,maintain a unijorm degree of focus from one part of the screen to another,
or the output pulse will contain a large varying voltage from one end
of the sweep to the other. Figure 21.8 shows this effect.

As aconsequence, apush-pull sweep must be used, and the average
voltages of the deflection-plate sets and the second and third anodes

+
o

Intensity
gate

+ II

output
voltage

I
Sloping baseline

due to varying focus
Ill

FIG. 21 .8,—Effect of focus variation along trace,

must be distributed properly to maintain uniform focus over the tube
face. Different CRT’s require slightly different voltage distributions,
and astigmatism controls should be provided to adjust them (see Fig.
2109).

It was found that the most satmfactory reading intensity was different
for different sweep speeds, and it was observed that the optimum intensity
for different sweep speeds gave approximately the same visual brilliancy
of trace; this seems to indicate an approximately constant current density
for optimum results. The output pulse obtained with the same signal
was larger for faster sweeps. This fact might be expected; since the
storage effect is obviously some change of the charged condition of the
screen surface and since the optimum condition involves approximately
a constant current density, the output could be expected to be greater
for a greater number of inches per microsecond covered by the trace.

] For a discussion of noise in video amplifiers see Vol. 18.
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No change in the output was found with any phosphor or glass when
the repetition rate of the sweep was varied from 20 to 2000 cps. Thk
seems to indicate that the effect of conduction along the surface of the
glass or phosphor is negligible, at least for ~lr sec.1

To obtain cancellation of signals of constant intensity qne set of
signals is compared with another, with the result that only the difference
between them is left.

One could, for example, store the first set of signals, and then when
the second set was being received, read off tlw stored signals and sub-
tract them, instant by instant, from the incoming signal; thus only the
part of the signal that was different would give any output. Unfor-
tunately, the stored signal is a nonlinear function of the initial signal,
and a complex signal could, therefore, not be completely canceled by the
stored signal. It was necessary, therefore, to store the first signal in
one storage tube and the second signal in another identical tube, then
read off the two stored signals together, trusting that the two tubes
would have similarly nonlinear outputs. It is possible to do thk and
leave uncanceled residues about 25 to 30 db smalier than the signal, but
considerable equipment is needed and the adjustments are complex and
difficult.

21.9. Deflection Modulation Tests. —Deflection modulation was next
tried since cancellation of fixed signals occurs directly on the storage
surface as explained in Sec. 21”4. Here a beam of constant intensity is
deflected in a direction perpendicular to the trace motion as in the
ordinary A-scope. When a signal of constant height is impressed upon
the vertical deflecting plates, a very small output is found on the pickup
plate; when the height of this signal is changed, an output is obtained;
this output is always positive at the pickup plate, whether the signal be
increasing or decreasing (see Fig. 21.10).

A cathode-ray tube used in this way performs the complete function
of a signal canceler; that is, the output contains almost nothing except
the differences between successive sets of signals fed into it. This pro-
duces a much simpler arrangement than the intensity-modulated method,
and considerable work was done to find the best conditions for signal
cancellation.

A signal generator was constructed giving both a positive or negative
pulse of adjustable duration and amplitude and a modulated pulse of
adjustable duration, amplitude, and modulation frequency. The two
pulses could be made coincident in time or not, at will. The modulated
pulse varies in amplitude from a positive to a negative maximum in a

I

1The University of Manchester group reports a leakage time-constant of 4 sec
for commercial British cathode-ray tubes.
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sinusoidal manner so as to represent the radar return from a moving
target on a system equipped with a coherent oscillator. The circuit
diagram of this signal generator is shown in Fig. 21.11. A complete
test setup for deflection modulation is shown in Fig. 21”9. Several
3FP1 and 5CP1A tubes were tested with this equipment.

One RCA 5CP1 was found that gave very poor results and later
another RCA tube was found that was unsatisfactory. All Du Mont
5CP1A tubes tried were satisfactory. Any hum voltage applied to the
deflecting plates, of course, gives a large hum output from the pickup
plate. Alternating magnetic fields have the same effect. The storage
tube must therefore be shielded by a mu-metal shield (or its equivalent)
and even then must not be exposed to strong fields. A voltage-regulating
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Fm. 21. 10.—Timing diagram of signals used in deflection-modulation tests.

transformer several feet away caused serious effects even with a shield.

The power supply for the video amplifiers supplying the deflecting plates

and for centering voltages must be well filtered and preferably regulated.
Any hum voltage on the accelerating voltage supply also gives hum in the
output with the result that the supply must be extremely well filtered.
The intensity of the beam has an optimum value, and a change in acceler-
ating voltage will increase or decrease the amplitude of the output signals
undesirably. It was found necessary, therefore, to regulate this voltage.

Figure 21.12a shows the maximum modulated-signal output and
residual pip height obtained with best adjustment as a function of sweep
speed for 17, 46, and 160 psec/in. Figure 21.12b shows the product of
peak output due to the moving target and the square root of sweep in
microseconds per inch plotted against the length of the pulse in inches
on the tube. Multiplying by the square root of sweep speed seems te
correct for the increase of output due to the use of more storage surface
per microsecond and leaves only the effect of geometrical factors. Since
the intensity was always set so that the uncanceled residue due to the
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unmodulated signal was about the same size, the region on this curve (Fig.
21.12a) for very short pulse length gives little output because of the rela-
tive increase of the uncanceled residue. At the other end of the curve the
relative output decreases ;thereason forthiseffect is not clear, but it may
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—+ Trigger 5C!0

@

input ~

Signal
output
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1
\ \ I

+

W=, LZ, t 500 k &
~~v Pulse length

FIG. 21.11.—Signal generator.

be due to the smaller amount of unmodulated trace or base line near the
modulated region. This belief is supported by the fact that, when a
modulated signal is superimposed upon a large fixed signal, the output
from the modulated part is somewhat smaller when the duration of the
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fixed signal is equal to that of the modulated one, although when the
fixed signal is more than three times as long as the modulated one there
is no change in the output whether the fixed signal is present or absent.

The modulated signal input
was decreased until the output it
produced was equal to the maxi-
mum positive value of the uncan-
celed residue of the large unmodu-
lated signal. The ratio of the
fixed signal amplitude to the mod-
ulated signal amplitude, under
these circumstances, is called the
cancellation ratio. The value of
the cancellation ratio (in decibels)
obtained at various sweep speeds
is shown in Fig. 21.12c. The mod-
ulated signal amplitude is meas-
ured from the base line to either
the positive or negative maximum.
The fixed signal amplitude was
about 2 in. for these results.

The output is a distinctly non-
linear function of the input ampli-
tude and also depends greatly upon
the ratio of modulation frequency
to repetition rate of the sweep.
When the ratio of the modula-
tion frequency to repetition rate
is exactly ~, so that one pulse is
positive and the next negative,
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FIG. 21.12.—Output and cancellation ratio au
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~he output rises rapidly is the deflection modulation increases and
then falls smoothly to a very small value. Figure 21.5 shows this
effect for frequericy ratios, i and an incommensurable ratio near ~.
The output is in arbitrary units of signal potential; the input is
in millimeters of signal height peak-to-peak on the tube face. There
seems to be no other explanation of these output curves except that
the presence of two traces close to each other affects the way in which
secondary electrons return to the screen from more distant parts
of the trace. The pulse length for this test is about 7.4 mm, and the
output for the two-trace patterns has passed through the peak and fallen
of to ~ when the traces are separated by 2.5 mm. The effect, therefore,
is not simply one of the geometric relations of the pulse-top regions to the
parts of the base line before and behind the trace; the multiple-trace
pattern obtained when the modulation frequency is substantially incom-
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(a) (d)

(b) (e)

(c) v)
FIG. 21.13.-Waveform photographs obtained tithdeflection-modulated storage tube.

A indicates transients due to thestarting and stopping of thesweep; kfistheoutputdue
to the modulated signal; Fis theuncancelled residue of the fixed signal.

mensurable with the sweep repetition rate also gives a large output that
does not decrease much even for large amplitudes.

Photographs of the signal input and 5CP1A storage-tube output as
seen on an A-scope are shown in Fig. 21”13. Figure 21.13a shows the
input signals, each about one microsecond long and spaced about 5 psec
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from each other. The ratio of modulated to unmodulated signal is
10 db. F@re 21.13b shows the storage-tube output as shown on the
same oscilloscope. The storage-tube sweep speed is about 46 psec/in.
The fuzziness of the base line is caused by thermal agitation voltage
in the resistor attached to the pickup plate. Figure 21.13c shows the
same signals displayed on a scope trace ten times slower. The pulses
have been spaced about 50 psec apart for greater clarity.

The next photograph (Fig. 21 “13cf) has the same signal input and
scope sweep, but the storage-tube sweep has been changed to about
17 psec/in. The modulated-signal output is now much larger compared
with the amplitude of the uncanceled residue. In Fig. 21 .13e the modu-
lated signal is 32 db smaller than the fixed unmodulated signal yet the
output signals are of equal amplitude indicating a cancellation ratio of
32 db. Figure 21. 13~ shows a signal ratio of 30 db, but the pickup video
bandwidth has been made three times as wide and the amplifier has been
adjusted to be slightly overpeaked. From these tests it was concluded
that the storage-tube system using deflection modulation was feasible
for use in a radar moving target indicator as a replacement for sonic
delay lines. Such a system was built and tested. Cancellation of fixed
signals of about 25 db was obtained and moving aircrafts were clearly
indicated. In a practical system the trace length would have to be
increased to cover the full range of the radar equipment. This could be
accomplished by using a multiple scan of vertically displaced traces or
by use of a spiral sweep.

21.10. Storage-tube Synchronizing Devices. Externally Synchronized
Crystal-controlled Time-mark Generator.—In many time-measurement
applications it is desirable to produce a train of accurately spaced time
marks which can be initiated by a phenomenon which occurs more or
less at random. Pulsed LC-oscillators have been used successfully but
their stability is not high (Chap. 4 and Vol. 20, Chap. 4). Pulsed
crystal oscillators have also been used, but transient effects cause the
first two or three marks to appear with incorrect spacing. A storage-
tube technique has been developed that permits the use of a continu-
ously running crystal-controlled oscillator to determine the spacing
between the marks in a discontinuous pulse train while a randomly occur-
ring pulse determines their phase. This method is shown in Fig. 21.14.

The crystal oscillator and phase splitter produce 2-phase sinusoids
which are applied to the deflecting system of the storage tube and cause
the spot to follow a circular trace. This circular trace causes no output,
from the signal plate provided precautions are taken to minimize capacity
coupling between the pickup circuits and the deflecting circuits. Since
sharp pulses are desired in the output, a high-pass filter that attenuates
the circular-sweep frequency may be placed in the pickup amplifier circuit
without detriment to the desired output signals. The beam is momen-

I
I
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tarily intensified by the input pulse and a positive spot is thereby caused
to appear on the circular trace. The next time the weak beam passes
the spot a pulse will appear on the signal plate as the steady state is
gradually restrored. By making the intensified beam very strong and the
normal trace very weak a large number of output pulses maybe produced,
each trace discharging the intensified spot by only a very small amount.
In an experimental setup, using an 82-kc/see circular sweep on a 3BP-1
tube, triangular pulses 1 psec wide at the base were obtained. By proper
adjustment of the beam, the 100th pulse had ~ the amplitude of the
first stored pulse. The amplitude of the 100th pulse was about 5 times
the noise level (thermal noise and pickup from the deflecting system).
The negative-capacitance amplifier was not used in this test though it
is believed that its use would have greatly improved the operation.
Attempts were made to erase the pulses that remain after the desired

crystal
controlled

“
oscillator network

,np”t &

pulse &l

FIG.21.14.—Storage-tube time-mark generator.

number of pulses are obtained. Modulation of the beam with a pulse
having a sharp rise and a slow exponential fall that lasts for at least
two cycles of the circular trace appears to be partially effective for this
purpose. To reduce pickup from the deflecting system magnetic deflec-
tion appears to be desirable.

21.11. Storage-tube Time Demodulator. S’ensdioe Time Dis-
criminator Employing Storage Tube.—The desirable characteristics of sig-
nals and indices for visual time discrimination are described in detail
in Vol. 20, Chap. 7; and a number of practical displays for accurate time
measurement are included. A particular configuration of signal and
index called “superposition” gives much more sensitive discrimination
than any of the other types. In this method the shapes of the signal
and index are identical, and their superposition to give the appearance
of a single trace gives a sensitive indication of time difference. A more
sensitive indication, however, is obtained by displacing the two traces
by a line width and adjusting the point of contact between the two nearly
superposed traces. With pulse-rise times of 20 Psec, an accuracy of time
discrimination of 0.002 ~sec was obtained visually when optimal sweep
speeds were used (see Vol. 20, Sec. 7 12).
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An electrical method of simulating the visual-matching process is
shownin Fig. 21.15. The signals A and B modulate alternate traces of
the storage tube in accordance with the following sequence which is
repeated in afour-pulse cycle operated bya scale-of-four circuit. O~the
first trace, signal A is selected by selector Al and applied as vertical
deflection. On the second trace signal Bisselected byselectors B, and
B~. The separation between the two traces produces an output in the
pickup amplifier whichis applied to therms detector and filtered. On

Trigger input Time ~a~e

generator
+ 1-—

Signal w

I Output to indication
or control circuit

Pick-up rms detector
Differential

timesen itive ~
amplifier and filter

—

%

Scale
Time

selector
of 2 *1

Al

Time
selector

B3

oA%\A /%

z ,4,‘\\/’ I t, ~,/-,! \\-

I L

Scale 1,
I

T

L J

FIG. 2115.-LTse of storage tube for sensitive time discrimination.

the third trace signal A is again selected by selector Al, and another
pulse proportional to the average separation between A and B is obtained.
On the fourth trace signal B is delayed by DL1, an amount slightly
greater than two trace widths, and selected by selectors Bz and Bs. A
pulse proportional to the separation between B2 and A is produced and
detected. On the fifth trace a pulse is produced which is again propor-
tional to the separation of B2 and A, and the cycle repeats. The pulses
proportional to the separation of B1 and A and B2 and A are compared
in a differential time-sensitive detector which gives a null output when
A is half way between B1 and B,. Experimental tests of thk device
have not been made, but the data already presented indicate its feasibility.



CHAPTER 22

ELECTRICAL DELAY LINES

BY VERNON HUGHES

22.1. Introduction .-Electrical networks can be used for delaying

electrical signals because of the finite propagation time of the signals.

Such “delay lines” can delay video signals faithfully for periods of time

ranging from a fraction of a microsecond to about 10 psec. Rise times of

the output pulse of a few hundredths of a microsecond can be achieved

although 0.1 Msec or greater is the more usual figure; rise time is propor-

tional to delay time. Signals with a peak-to-peak amplitude of 200 volts

or less are easily handled. The input and output impedances of electrical

delay lines are between several hundred and several thousand ohms.

In general, electrical delay lines are of one of two types: (1) lumped-

constant lines, which consist of combinations of inductors and capaci-

tors; (2) distributed-constant lines, which are continuous structures.

Both these types are low-pass filters. The first type is illustrated in

Fig. 22.1 by a simple .LC’-filter. A common type of distributed-constant

Input output
terminals

* .
terminals

o 0

FIG. 22.1.—A low-pass LC filter type of lumped-constant electrical delay line.

delay line consists of a cylindrical-shell conductor with longitudinal slots
on which is wound insulated wire in the form of a solenoid. A layer of
dielectric may be placed between the solenoid and the inner cylinder.
The equivalent circuit of this continuous line is a single LC-section of Fig.
22.1, where C is the capacity between the solenoid and the inner con-
ductor and L is the inductance of the solenoid. In Vol. 17, Chap. 6 there
is a detailed discussion of the design of electrical delay lines of both types.

The uses of electrical delay lines for the synchronization of waveforms
and for marker generation are treated in 22.11. A more detailed dis-
cussion of rectangular-pulse generators using electrical delay lines is in
Chap. 6; coder and decoder applications are treated in Chap. 10, Vol. 20.
Some theoretical considerations concerning electrical delay lines will now
be dkcussed.

730
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THEORY OF ELECTRICAL DELAY LINES

22.2. Propagation Function and Characteristic-impedance Function.
Zmportunce.-It is both possible and useful to discuss the behavior of
electrical delay lines in terms of three complex functions of frequency—
the propagation function, y(u), and two image-impedance functions,
Z,,(co) and ZO,(co).

The lumped-constant delay line involves no sources of emf, and its
components are ordinary lumped constants. Hence it is a passive linear
network. It is in general a four-terminal network; accordingly, its
behavior can be described’ in terms of -Y(u), Z,,(u), and ZO,(U). Usually
the delay line is symmetrical; that is, two pairs of terminals cannot be
distinguished. In this case ZO1(U) and 20, (CO)are equal and their com-
mon value, ZO(U), is called the “ characteristic-impedance function. ”

The distributed-constant delay line also is in general a linear, passive
symmetrical four-terminal network,
and it will be found that the predic-
tion of the behavior of a distrib-
uted-constant delay line based on a Four !

Z*

use of ZO(CO)and ~(u) is in good terminal EO
agreement with the experimental network

results. I

De$nition—s.-The definitions of A
the functions 7(u), ZOI(ti), ZOZ(W),

Fm. 22.2.—A four-terminal network repre-
senting an electrical delay line.

and Zo(u) can be tiven with the aid

of Fig. 22.2, in which the box with four terminals represents an electrical
delay line. Under steady-state conditions’

Eg(Zole’ + Zo27Re-’)
(1)

‘0 = (Z, + 20,) (e~ – ~,-fEe-Y)’
where

201, 2,2 are the image-impedance functions,
-yis the propagation function,

Z, is the sending-end impedance,
Zn is the terminating impedance,

“.
22R — <01

‘B = z. + 2.2’
z, – 20,.

7’ = z. + 201
In the figure E. is a single-frequency voltage that equals ll?ole~-’.

The image-impedance function 2,, is the impedance looking into an
1SeeE. A. Guillemin,ConvnUnication.Vetworlcs,Vol. II, Wiley, New York, 1942,

Chap. 4.
ZIbid. p. 165.
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infinitely long chain of identical structures, all of which are oriented with
their Ends 1 on the left and Ends 2 on the right. There is a similar
physical interpretation for 200. If the box is symmetrical with respect
to terminals 1 and 2, Zol and Zoa are equal and their common value,
20, is the characteristic impedance. If Z. = 201, Eq. (1) reduces to
Eq. (2),

(2)

If 201 and 2. are pure resistances, as is usually approximately true, the
following physical interpretation of -y can be made. If ~ = -y, + jyz,
where y ~and T2 are real functions of frequency, then except for the con-
stant factor 201/(2, + 201), e–y, is the ratio of the amplitude of the output
voltage EOto that of the input voltage E~, and the function YZis the phase
angle of EO relative to Eg. ~1 is called the “attenuation function” or
“amplitude function,” and YZis called the “phase function. ”

Usefulness.—The primary interest is in the response of electrical delay
lines to video pulses, and the usefulness of discussing delay-line operation
in terms of -y, 201, and ZOZis due to the fact that this response can be
deduced from a knowledge of these three functions. It will be shown
later that for any line these functions can always be determined experi-
mentally and can sometimes be determined theoretically.

RESPONSE OF NETWORKS WITH PARTICUL.4R T AND 20 FUNCTIONS

The response of a network to a step function is an important indica-

tion of the response of a network to video pulses, since a rectangular

pulse can be considered as the superposition of two step functions of

opposite polarity and equal amplitude whose steps are separated by a

time interval equal to the duration of the pulse. In the following sec-
tions there is presented the response of certain idealized networks to step-
function or pulse inputs; a study of these responses is most useful in
predicting the behavior of actual delay lines.

22o3. Ideal Transmission Network and Distortion.-In Fig. 22.2
2, is taken equal to Z,,, Z, and 2,, are pure resistances, and E, is a
step-function voltage. According to the well-known methods of Fourier
analysis 1the output voltage EO is

(3)

1See E. A. Guillemin, op. cif., Chap. 2; and Vol. 18, Chap. 1.
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T& ere

~(~) = ~, ~’zo, e–r, the network function,

g(u) = ~a, the Fourier transform of a step-function voltage, u(t)

(u(t) = :
t<o.

7 t>o.

If y = K + jut~, where K and b are real constants, 1 it will be seen
that this is a distortionless network. Since ZO1 and Z. are resistances,

Therefore, except for the reduction in amplitude by the factor

ZO1

z. + Zol‘-K’
the output voltage is also a step-function voltage, but the step does not
appear at the output until a time interval tdafter it is impressed on the
input. Thus a delay of tdwith faithful reproduction is achieved with
a network having an attenuation or amplitude function, which is a con-
stant, and a phase function, which is a linear function of frequency.
When a network has a -y, that is not constant or a -yZthat is not a linear
function of frequency, it is said that the network has amplitude distor-
tion or phase distortion. In practice, most networks involve both
amplitude and phase distortion.

22.4. Amplitude Distortion. Idealized Low-pass Filter.—The ideal-
ized low-pass filter characteristics are shown in Fig. 22.3. It will be
noticed that only amplitude distortion is present. The response of a
network with such a propagation function isz

E. = E{
{ I
; + : s,[wc(t – t,)] ,

where

!
“.(t —id) sin ~

& [Ld.(t– td)] = — du
o u

(5)

Et = e–K 201 ~
z, + Zol “

The output is a delayed and distorted reproduction of the input (see

1This is a physically realizable form of propagation function.

2E. A. Guillemin, op. cit., p. 479.
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Fig. 22.4), Ifthedelay time isdefined asthetime interval bet\veen the
time of appearance of the step at the input and the time at which the

FIG. 22,3.—Amplitude and
phase characteristics of ideal low-
pam iilter: tic = cutoff frequency.

output pulse attains one-half its final value,
it equals td,which is the slope of the charac-
teristic. The step at the output has a finite
rise time which it is convenient to define as

E’
‘o = dEO “

(-)dt t-id
Hence, by Eq. (5),

The rise time is thus inversely proportional
to the width of the pass band of the low-
~ass filter, For an actual low-Dass network

the pass band is not sharply defined; if the 3-db bandwidth is chosen and
the rise time from 0.1 to 0.9 amplitude is taken, then r times (band-

width) = 0.25 to 0.3.

1.175 -----------------------

JEO=E’ —

$
v

+%4

m~
a
c=
Q“

—
w w t—

Fm. 22.4.—Response of ideal low-pass flter to a step function.

The ripples appearing on the top of the puke have a frequency of
approximately u=. The existence of a response before t = O is, of course,

a physical impossibility and is an indication that they ~and the 72 assumed

are incompatible. 1

1See Vol. 18. Despite the physical unrealizability of the ideal low-pass filter,
a study of its behavior is valuable in understanding the response of actual
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Other Cases of Amplitude Distortion.-The attenuation characteristic
of dkitributed-constant delay lines is often well represented by ~1 = Ku.
If a network has ~ = Kw + jdd, then the response to a unit step func-
tion is (see Fig. 22”5)

E=
[

201 1
z, + 201 ; 1

arctan~+~.

As for the ideal low-pass filter, the delay time is td. The rise time,
defined as the maximum amplitude of the output voltage divided by the
rate of change of voltage at t = td, is I’h. There are no overshoots or
rippl- in this case.

11’

0 td

t (in units of ~)

Fm. 22.5.—Response of network with Yt~ I& •!-jiid to a unit step function applied at

The step function has an odd symmetry with respect to the time at
which the d~continuit y occurs, and the single-pulse has an even symmetry
with respect to the time corresponding to the center of the pulse. It is
easily seen by an application of Fourier analysis that these symmetries
are not aflected by amplitude distortion alone. It is evident in Figs.
22.4 and 22.5 that these symmetries are not affected by passage through
the networks with amplitude distortion. More generally, it can be
shown by Fourier analysis that amplitude distortion alone does not
affect the symmetry of any signal. It will be seen in the next section,
however, that phase distortion does introduce asymmetry.

22.5. Phase Distortion. Some Examples. —Networks having only
phase distortion, like those having only amplitude dktortion, are not
encountered, but a consideration of certain networks of thk ‘type is

low-pass filterswhose characteristicsapproximatethose of the ideal flter. This is
true because by only slight modifications in the assumptions about the characteristics
of the ideal low-pass tilter a physically realizable structure is obtained; it is very
reasonable to suppose that these modifications will not materially affsct the main
features of the respomw.
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instructive. In Figs. 22.6 and 22.7 are shown the outputs from a net-

( )
work with ~ = j bti + blsin ~ , where jh is the highest frequency

2jh
considered ih the input signal (a l-psec pulse). Both cases considered
involve phase distortion that is larger than that ordinarily exhibited by
delay lines. Ripples and asymmetry are introduced by the phase dis-
tortion. In the case for which the slope of the phase characteristic
decreases with frequency, high-frequency ripples appear before the dis-

1.4r

Input is 1 A .wc pulse
1.2-

a :

Four

terminal ~0 1,0

network

/
~k) :8 -7=j7..=j ~eo+blsin~

b~ny poative value

bl= +13 radians

~=lo 7 Cps
‘No 0.6 -
& +*

#

$9 0.4 -
.=
a
.=

m 0.2 -

AIIA o
v

-0.2 -
, , 1 1 I 1 1 I 1 1 I 1 1 I 1 1 , t I

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1,4
tin~aec

OIJlae is applied at t = -b~

FIQ. 22.6.—Output voltage vs. time (positive b~).

continuities of the pulse (Fig. 22.6). In the other case these ripples
appear after the discontinuities of the pulse (Fig. 22.7).1

It can be shown in general-for small phase distortion that when the
phase function is convex upward, ripples appear before the discontinui-
ties and the asymmetry is as shown in Fig. 22.7, and, when the phase
function is convex downward, ripples appear after the discontinuities
and the asymmetry is as shown in Fig. 22.6. Proof is readily given by
the method of “paired echoes, ” 2 according to which

1These graphs were computed with the approximation that 10 Me/see is the
highest frequency present in the l-psec input pulse.

‘H. A. Wheeler, “ Paired Echoes, ” Proc, I. R. E., 27,359 (June 1939).
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( )
1 + Jo(–b,)

‘“(t) = ‘-’(–b’) ‘0 t – b“ – T.

737

c~o(t – b,)

+ J,(–bl)L-o( )t–bot~7
Zjh.

where
E,(t) is the output voltage for a l-psec pulse input voltage
UO(t) is a unit-amplitude l-psec pulse,

(-f(a) = j boo + bl sin ~
)

Zfh ; b, << 1,-

j, = highest frequency considered in l-~sec pulse,
J’s are Bessel functions.

(,

A A ~u

-0.2-

Input is 1 A sec pulse of
unit amplitude

y *-pzo

\

‘)‘=j ‘2‘j ‘bo’’’+b’‘in~
bo=anypositivevalue

bl= -13 radians

f, =107 Cps

I , 1 t t 1 1 , I I 1 1 , t I t 1 1 I ,

‘0.6 -0.4 -0.2 0 0.2 0.4 0,6 0.8 1.0 1.1 1.2
tin ASsec

[Pulse is applied at f, =-bO)

FIG. 227.-Output voltage vs. time (negative bI).

Since b, is small, Eo(t) can be written

() ()Eo(t)=+:uo ~_L +Uo(t)+o t+l .
Zjh Zfh

(6)

These three terms and their sum are plotted in Fig. 22.8. The case
plotted is for bI positive, which implies a d~/da that decreases with fre-
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quency. This is seen to have asymmetry of the same type as that shown

in Fig. 22.6. In a similar way it can be shown that if b, is a small negative

number, the type of asymmetry shown in Fig. 22.7 will be obtained.
A Qualitative .4pproach.—A useful way of regarding phase distortion,

which can be justified rigorously, is merely suggested here. 1 The Fourier
integral expression for the response of a network to a step funckion, is

/–

+-
E, =

1 eiwteio(~)du
—. j27ru

where O(O), a nonlinear function of frequency, is the phase characteristic
of the network, whose amplitude characteristic, e–~,, is assumed to be

f (m AJ see) t in g sec

FIG. 228.-Paired-echoes method 01 anaIyzing phase distortion. [Equation (1); b, = 0.1,
a, = 1 fisec.1

1 for all frequencies. The integral is difficult to evaluate because f?(a)
is a nonlinear function of frequency. It can be written as the sum of a
large number of integrals of the form

\

+ui+Aw 1
~idei~(w) d@,

+ Wi j27ru

in which Au is so small that it is a good approximation to regard O(u) as
a linear function of u in the range from ~i to w + Au, and to regard l/u
as a constant. This elemental integral indicates that frequency com-

ponents in the neighborhood of ai will be delayed by a time ‘$@
w-w;

Applying this concept of the delay of a single frequency component to the
type of network with a phase characteristic 72 = b~ + bl sin fJ/zfh
(~,,b, positive), it is seen that the higher-frequency components are
delayed a shorter time than the low-frequency components; hence if a
pulse is put into this network, a high-frequency ripple preceding the
discontinuous portions of the pulse is expected (Fig. 22”7). For the

I E. A. Guillemin,op. ant.,p.492.



(a)

(b) (c)

(d)
FIG. 22.9.—Photographs of input and output pulses for 4-#see delay line. (a) 1-,UWC

input pulse and 5-Me/see. calibrating sine wave, (b) leading edge of input pulse and
5-Me/see-calibrating sine wave, (c) falling edge of input pulse and 5-Me/see-calibrating
sine wave, (d) input pulse, delayed output pulse, and 5-Me/see-calibrating sine wave,
(e) output pulse and 5-Me/see-calibrating sine wave.

the response are difficult to make. In some cases it is apparent that
either amplitude or phase distortion alone is the more important and in
this case’ the results of the previous sections can be applied. Often,
however, a numerical solution must be undertaken, or crude estimates of
the distortion are made on the basis of idealized cases such as were con-
sidered in the previous sections. These estimates usually neglect the
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Frequency in megacycles/see

(a)
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(b)

FIG. 22.10a. —Amplitude characteristic of 4-#see delay line. FIG. 22.10b.—Phase charact-
eristic, ~(u), divided by u vs. frequency for 4-Psec delay line.
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interaction of phase and amplitude distortion. It is often possible to
specify the limits within w~lch the amplitude and phase distortion must
be kept in order that the distortion of the pulse shall be with certain
limits. For example, the 3-db bandwidth maybe specified in order that
the rise time shall be less than a certain value.

Response of Line with Large Amplitude and Phase Di~tortion.—The
results of a numerical calculation on a high-dktortion 4-~seo delay line
will now be presented. Figure 229 shows a number of photographs
taken on the input and output pulse. It is seen from F@. 229b and
22*9c that the rise and fall times of the input pulse are about 0.02 psec.

0.6

0,5

~ 0.4

~

E
u 0.3

0.2

0.1

0

0.2 Time in # sec
(Input pulsa applied at t ~ -4 # aec)

FIG. 221 I.—Computed output pulse from line with characteristics shown in Fig. 22.10
for a l-ysec unit-amplitude input puke.

The output pulse is very much distorted. The rise and fall times are
about 0.3 psec; the pulse is attenuated to about one-half its original ampli-
tude and an undershoot and overshoot appear at the beginning and end
of the pulse, respectively. The amplitude and phase characteristics of the
4-psec delay line are plotted in Fig. 22.10; these characteristics were
measured experimentally as described in Sec. 22-13 and 22.14. In
Fig. 22.11 is shown the output puke to be expected when a perfect l-~sec
puke is put into a delay line with such characteristics.1 It can be seen
that the computed output pulse agrees very well with the observed out-

1The long and laborious computation was made by the method of multiple echoes.
See H A. Wheeler, op. cit., Appendix,

.—
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put pulse; indeed, quantitative measures of the salient features of the
twoagree withlna few percent. This example illustrates the adequacy
of the phase and amplitude characteristics for specifying the behavior
of a delay line.

22.7. Reflection.-The only case that has been considered thus far
is that in which the delay line is perfectly matched at its receiving end and
in which Zs and ZOIare pure resistances. In practice it is usually possible
to terminate the delay line nearly perfectly with a resistance; that is,
ZOI is a resistance and Z, is often a resistance.

If the termination is perfect, that is, Z. = 201, no energy of the input
pulse will return to the input terminals, or, equivalently, there is no
reflection of energy at the output terminals. If 2., or Z, are not pure
resistances, there will still be no reflection if ZE = 201, but the results
of the last section would have to be modified to take into account the
frequency dependence of 201 and Z, [see Eqs. (2) and (3)]. If the termina-
tion is not perfect, a fraction of the energy of the input pulse that reaches
the output will be reflected. The ratio of the amplitude of the reflected
wave to the amplitude of the incident wave is1

Z02(ZE – ZOl)e-z~
ZO1(ZR + 202) ‘

The shape of the pulse at the output will be affected by a mismatch at
the receiving terminals {see Eq. (2)]. If Z, # ZW another reflection at
the input terminals will occur.

The reflection phenomenon is illustrated in Fig. 22”1’2. It is seen that
when the outuut is terminated in its characteristic impedance of 1150
ohms, no reflected wave is observed at the input a. If the output is
terminated in a resistance greater than the characteristic impedance,
a reflected pulse of the same polarity as the input pulse is observed at
the input. On the other hand if the output is terminated in a resistance
less than the characteristic impedance, a reflected pulse of polarity opposite
to that of the input pulse is seen at the inppt. The magnitude of the
reflected pulse depends on the amount of mismatch at the output termi-
nals. A series of reflected pulses is present at the input and output when
both input and output are improperly terminated (Fig. 22.12h.)

One important use of reflection is in the formation of a series of pulses
from one pulse (Chap. 6). This is closely related to the coding problem.
Secondly, reflection can be considered to double the effective length of a
delay line.

TYPES OF DELAY LINES

Since the design of various types of delay lines is treated in great
detail in Vol. 17, Chap. 6, only a very brief discussion will be included

1E. A. Guillemin,op. ant.,p. 165.
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(a)

(c)

(e)

(h)

FIG. 22.1 2.—Series of pictures involving 1-#see input pulses and a 1-psec line with
variou~ types of termination. Zo = 1150 ohms fnr the line. (a) Input and output wave-
forms. Line properly terminated at both input and output. (b) Waveform at input with
output short-circuited and input properly terminated. (c) Waveform at input with output
terminated in 575 ohms and input properly terminated. (d) Waveform at input with
output terminated in 950 ohms and input properly terminated. (e) Waveform at input
with output and input properly terminated. U) Waveform at input with output ter-
minated in 2300 ohms and input properly terminated. (o) Waveform at input with output
open-circuited and input properly terminated. (h) Waveform atinput with output short,
circuited and input terminated in 100 ohms.

here. As has been mentioned, delay lines are of one of two types:
lumped constant or distributed constant.

22.8. Lumped-constant Lines.—Any low-pass filter constructed of
lumped-constant elements can serve as a delay line. By employing the
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well-known techniques of conventional filter theory,l it is possible to
design lines with widely varying characteristics.

The simplest type of delay line is the constant-k low-pass filter whose

L/2 L L L/2

=C =C KG

o 0
FKQ. 22. 13.—Constant-lc low-pass filter with hdf-!f’ section terminations.

form is indicated in Fig. 2213. The
impedance functions are given by

propagation and characteristic-

(OSCIJSUC)

(.1).SOJ

number of sections of filter,

4;7
= cutoff frequency,

$J,-(;).

Thus there is no attenuation over the pass band, and the delay of a
frequency group centered at w is

For w/ti. <<1 this time is a constant and is inversely proportional to w,.
With this same approximation, Z, = ~L/C.

M M M
—~~

L/2 L L L12

=C cc KC

o Q
FIG. 22. 14,—Low-pass LO filter with mutual inductance between adj went coils.

The low-pass LC filter with mutual coupling shown in Fig. 22.14 can
exhibit considerable improvement over the constant K low-pass LC-filter

‘ % E. A. Guillemin,op. cit., Chap. 9.
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as regards constancy of delay as a function of frequency. If the coeffi-
cient of coupling between adj scent coils is O, the structure is a low-pass
filter that has a convex phase characteristic; if the coefficient of coupling
is 1, the structure is an all-pass filter with a concave phase characteristic.
It has been found that for a coefficient of coupling of about 0.36 the most
linear phase characteristic is achieved. 1 This result assumes that there
is appreciable coupling only between adj scent coils. z

22.9. Distributed-constant Lines.—The distributed-constant line
consists of a conductor, often of cylindrical shape, on which is wound a
solenoidal conductor. The two conductors are separated by a dielectric
layer, and the inner conductor has lengthwise longitudinal slots or is
otherwise constructed so that the magnetic flux of the solenoid can pene-
trate the entire area within the solenoid. Roughly speaking, the line
can be regarded as a transmission line along which
the “guided wave” follows the solenoid. It is useful
to consider the equivalent circuit shown in Fig. 22.15
for the distributed-constant line. 3 In this figure C is

*

the capacity between the turns of wire and the cylin- L
drical conductor and L is the total inductance of the ~q~~~ln~2 ‘~i~;u<
solenoid. The total inductance of the solenoid is corn- .f di~tnbUted.COn-
puted under the assumption that the cylindrical con- stantdelay line.

ductor is absent. The turn-to-turn capacity along the line is neglected.
The capacitor C is independent of frequency, but the value of the

inductance is a decreasing function of frequency. At low frequencies
the inductance is

L = 10-’. r’ . n2d2k henrys,
where

d = diameter of coil,
k = Nagaka’s correction factor for coils of finite length (see Vol. 17),
n = number of turns.

To obtain this value of inductance it is assumed that the actual solenoid
is a current sheet along which all the currents are of the same phase.
This is approximately true at low frequencies, but at higher frequencies
the wavelength is comparable to the length of the coil and the currents
along the line are out of phase. It is clear that this will result in a reduc-
tion of the inductance at high frequencies.

The delay time is given by r = ~LC and the impedance by

1E. L. C. White, I,E. E. Convention, March 1946.
2See Vol. 17 of the Series for construction details and a further discussion.
3No attempt is madeto prove the validity of the equivalent circuit.
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Because of the decrease of inductance with frequency, r is a decreasing
function of frequency.

As to the relative merits of distributed-constant and lumped-constant
lines, it is often true that the former will be more economical in size and

1
FIG. 22.1 G.—Form

of bridged-T phase-
correction network.

cost. The distributed-constant types are limited
to applications for which impedances between 400
and 2000 ohms are acceptable. The temperature
coefficient of delay of lumped-constant lines can be
kept lower than that of distributed-constant lines.
The latter have been made with temperature coeffi-
cients as low as about 0.01 per cent/°C over the
temperature range from –30°C to +80”C.

~2.10. Correction Methods.-Phase and atten-
uation correction methods are sometimes employed
with delay lines. The most obvious method of
correcting the phase characteristic of any delay

line is to cascade with it a lumped-constant network whose phase character-
istic is such that the over-all phase characteristic of the two cascaded net-
works is a linear function of frequency, and whose pass band is sufficiently
great to introduce no appreciable attenuation. 1 The all-pass bridged-T

::40 k

Dee!f

0.001

Previous-
amplifier s=0.02

stage

FIG. 22.17.—Amplifier stage correcting amplitude distortion of delay line.

network shown in Fig. 22”16 is an example. It has been found that two
sections of equalizer per microsecond of delay are sufficient for many
purposes. An “internal” method of phase correction employing turn-
to-turn capacity has been used for distributed-constant lines (see Vol. 17,
Chap. 6).

1Some all-pass networks for phase correction are discussed by E, A. Guillemin,
op. auf., Chap. 8.



SEC. 22.11] SYNCHRONIZATION AND GENERATION 747

The amplitude attenuation can be corrected by the use of amplifiers.
A form of amplifier that was used to boost the high frequencies relative
to the low frequencies is shown in Fig. 22.17. A 30-psec delay line was
constructed by the use of some ten elemental structures of the type shown
in the figure. This 30-vsec delay line did not produce much more dis-
tortion thm did one of its component delay lines.

(b)

Iho. 22.18a.—Lumped-constant I-%ec electrical delay line.
FIG, 22. lSb.—Distributed-contiant 4-yaec electrical delay line with compensating networks,

Photographs of a l-psec distributed-constant line with internal phase
correction and of a lo-psec lumped-constant line employing mutual
inductance are shown in Figs. 22,18a and 22. 18b.

USES OF DELAY LINES

This subject is treated in various parts of this volume and other
volumes. Reference will be made here to these treatments, and a brief
discussion will be given of applications not mentioned elsewhere.

22.11. Synchronization and Generation of Waveforms.-The syn-
chronization of waveforms is an obvious application, One important
aspect is to delay waveforms appearing near the time at which the opera-
tion of a measuring instrument is initiated so that they can be examined
at a time when the measuring instrument is operating properly. Test
oscilloscopes and radar-range-measuring syst ems often use delay lines
in this way
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Delay lines providing a variable time delay can be used for time
modulation (Chap. 13).

The generation of waveforms is a second general category for applica-
tions of delay lines. Their use in pulse generation is treated in Chap. 6.
Circuits are described in which rectangular pulses are generated from
step functions and short pulses are derived from long pulses. The genera-
tion of a series of pulses is also discussed. Many coder systems utilize
electrical delay lines to generate series of pulses with various charac-
teristics (see Chap. 6 of this volume and Chaps. 10 and 11 of Vol. 20).
Decoders sometimes use delay lines to analyze a series of pulses (see
Chap. 10).

Fm, 22.19.—Example of waveform generation with a delay line of characteristic imped-
ance Ro. (a) Input pulse; (b) output pulse when delay time r of line is greater than pufse
width; (c) output pulse when 7 is less than pulse width.

An example of the generation of waveforms with delay lines is given
in Fig. 22.19. If a pulse of duration shorter than the delay time of the
line is applied to the input terminals, two pulses separated by the delay
time of the line are observed at the output. If, on the other hand, the
input pulse has a duration greater than the delay time of the line, a
waveform of the staircase type will be observed at the output. These
cases are illustrated in Fig. 22. 19b. Many other waveforms can be buil$.
up by cascading other sections similar to the one shown and by varying
the value of RI.

22.12.High-impedance Cable.—Occasionally, certain types of delay
lines are used as high-impedance connecting cables (see Vol. 17, Chap. 1).
This application does not utilize the delaying property of the line; indeed,
it is usually desirable to have the delay introduced by the line as small
as possible. Ordinary coaxial cables have impedances of 50 to 100
ohms; their capacities vary from 10 to 30 ppf /f t, and their inductances
vary from about 0.01 to 1 ph/ft. These coaxial cables would impose an
undesirable loading upon many video circuits. Distributed-parameter
delay lines have been especially designed to serve as high-impedance con-
necting cables for video-circuit work. These lines have high impedances
because of their high inductance and low capacitance per unit length.

A typical line has an impedance of 950 ohms. Its capacitance is
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42 ppf/ft; its inductance is 42 ~h/ft. The delay introduced is about
0.042 ~sec/ft ;’ ths figure is to be compared with 0.003 psec/ft, which is
as large a delay as would ordinarily be obtained with a coaxial cable.
The attenuation of the high-impedance line at 5 Me/see is 0.14 db/ft.
Its outer diameter is 0.340 in.

MEASUREMENT OF PROPERTIES OF DELAY LINESZ

22.13. Attenuation Function ~1.—The attenuation function y, can be
most readily determined by means
of the experiment indicated in Fig.
22.20. The line is terminated at
both ends in its characteristic im-
pedance, and the voltage across
the input and that across the out-
put are measured. The ratio of
the voltage across the output to

I I
FIG. 2220.-Illustrating a method of memmr-

ing attenuation of delay line,

that across the input is e-, [Eq. (2)].
Another method of measuring y,, which does not require perfect

termination of the line, is based on the formula3

(7)

where Zll is the open-circuit impedance of the line seen from the input,
and Yll is the short-circuit admittance of the line seen from the input.
The attenuation function 71, of course, is the real part of this expression.
A radio-frequency bridge can be used to measure 211 and Y,,. This
method is more complicated than the first method and is seldom used.

Finally, if only a measure of the attenuation m the pulse amplitude
is required, the oscilloscope or a peak-reading vacuum-tube voltmeter can
be used.

22.14. Phase Function -yZ.-The Lissajous-figure method of deter-
mining the phase function 72 is perhaps the most satisfactory method.
A line is terminated at both ends in its characteristic impedance and
driven by a variable-frequency generator. The signals across the input
and output terminals of the line are applied respectively to the horizontal
and vertical deflecting plates of a cathode-ray tube. The frequencies at
which the phase shift between input and output signals is an integral
multiple of m radians can be determined with considerable precision
because the Lissajous figure, which is an ellipse in general, degenerates into
a straight line in this case.

1This is the delay at 5 Mc /sec.
~H. Kallmann, “Equalized Delay Lines,” RL Report No. 55o, June 3, 1944.
~E. A. Guillemin, op. cit., p. 175.
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A measurement of the open-circuit and short-circuit impedances and
a use of Eq. (7) provides another method of measuring ~z: 72 is the imagi-
nary part of

22.15. Characteristic Impedance.-The simplest method of measur-
ing characteristic impedance, ZO, is to vary a calibrated resistor inserted
across the output of the line until no reflections are observable at the
input when a pulse is sent down the line. This method determines only
the resistive component of Zo, but this is the most important component.

The substitution method is a somewhat more precise way of measuring

m

the resistive component of Z, (Fig. 22.21).
Vacuum-tube

voltmeter The line is terminated in its character-

RO ist ic impedance approximately, by
adjusting the terminating resistor in

Z. order to minimize the reflection of pulses
R sent down the line. Then the sine-wave

generator E. is used to drive the line,
and the voltage across the input is meas-

FIG. 2221 .—Substitution method ured with a vacuum-tube voltmeter.
of measuringcharacteristicimped- The line and its termination are then
ante of delay line.

replaced by a resistance R which is
adjusted so that the vacuum-tube voltmeter reads as it did when the
line was used. This value of R is a good approximation to 20.

Finally, the open-circuit and short-circuit impedances of the line
can be measured. 1

z,==
J
ZT,
K,”

This is a precise method for determining the reactive as well as the resis-
tive component of ZO.

1See Guillemin,op. cit.



CHAPTER 23

SUPERSONIC DELAY DEVICE

BY V. W. HUGHES and H. B. HUNTINGTON

23.1. Introduction.-In the last chapter electrical delay lines were
discussed. Essentially, the delay that is achieved for the signal is
attributable to the finite velocity with which the electromagnetic wave
travels along the line. It is also possible to utilize the finite velocity of
propagation of acoustical waves to achieve delays for electrical signals.
The electrical signal is transformed into an acoustical wave by means of
an electromechanical transducer, and the acoustical wave then travels
through a medium to an electromechanical transducer that reconverts
the acoustical wave into an electrical signal. Piezoelectric crystals serve
as the electromechanical transducers. In this chapter there is an intro-
duction to the theory of supersonic delay lines and a description of some
lines that were built. In Vol. 17 there is further discussion of supersonic
delay lines, particularly with regard to detailed description of lines that
have been used in radar systems. In Vol. 20 there is a treatment of the
use of supersonic lines in delay and cancellation systems. For a com-
plete treatment of the theory, reference is made to a j oumal article by
Huntington, et al.’

The most important property that distinguishes a supersonic from
an electrical delay line is its ability to delay signals faithfully by much
longer times than it is possible to do with electrical lines. This is because
phase and amplitude distortions are much less for the propagation of
acoustical waves than they are for the propagation of electromagnetic
waves. Thus, whereas with electrical delay lines it is usually impractical
to achieve delays much greater than 10 psec, with supersonic lines delays
anywhere from several microseconds to several milliseconds are realizable.

The types of signals a line can handle and the distortion introduced
are important considerations. In general it is readily possible to build
systems with sufficiently small distortion so that pulses of approximately
1 psec can be reproduced faithfully. Because of the bandwidth limita-
tions of the transducer it is often necessary to impress the waveform
to be delayed as a modulating signal on a high-frequency carrier (1 to
30 Me/see) in order to avoid undue distortion. Signals with amplitudes
up to several hundred volts have been applied across the crystal; it is
often desirable to use even larger amplitude signals to achieve larger

1Huntington, H. B., A. G, Emslie, and V. W. Hughes, “ Ultrasonic Delay Lines I,”
Jour. Franklin Inst., 246, 1, 1948.

751
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output signals, but the breakdown voltage of the crystal provides a
limitation.

The instability of a supersonic delay line, particularly with respect
to shock and to changes in temperature, is often troublesome. Such
practical considerations as size, power consumption, and ease of con-
struction pretreated in Vol. 17.

There have been three classes of uses for supersonic delay lines:

1.

2.

3.

The delay of a trigger. Fidelity of reproduction of the input signal
at the output is of no concern. The first delay line discussed in
Sec. 236 is an ,example.
The time-modulation system in which the delay of a trigger is
accurately proportional to a shaft rotation. The range unit
treated in Sec. 23.6 is an example.
The faithful and stable delay of a signal. In this case, which is
perhap~ the most important, amplitude and phase distortion in the
line must be kept small (Sec. 23.7).

In order to discuss later the over-all properties of a supersonic delay
system in terms of its design parameters it is necessary to consider now
the properties of electromechanical transducers, of the electrical circuits
associated with the transducers, and of the media in which the acoustical
waves travel.

THEORY OF SUPERSONIC DELAY DEVICE

23.2. The Quartz Crystal as an Electromechanical Transducer.-A
most useful transducer is the piezoelectric quartz crystal. 1 Some of the
important properties of the quartz crystal as an electromechanical trans-
ducer are listed below.’

1. Type of cut: x-cut
2. Type of vibration: thickness vibration, usually at lowest resonant

frequency of crystal
3. Relation of resonant frequency to dimensions:

f, . y,

where j, = resonant frequency (in Me/see)
d = thickness of crystal in millimeters

1This discussionis confinedto the piezoelectricquartz crystal, which is the only
transducer with which Radiation Laboratory has had experience. Other piezo-
electric crystals such as Rochelle salt, tourmaline, and magnetostrictive devices may
also be useful. It was largely because of their mechanical strength and availability
that quartz crystals were used.

z Cgs esu units are employed.
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4. Range of frequencies: crystals with their lowest resonant fre-
quencies much greater than 30 Me/see are inconveniently thin
(0.1 mm), However, crystals can be operated at harmonics of
their lowest resonant frequency. Frequencies as low as about
1000 cps are available, but for delay line applications several
hundred kilocylces is ordinarily the lowest frequency desired.

5. Dielectric constant: 4.55
6. Piezoelectric constant: 14.3”104 (cgs esu).1 ‘

Two alternative equivalent circuits for the quartz piezoelectric trans-
ducer are shown in Figs. 23.1 and 23”2. The values of the elements in

E
A

z
co

B
FIG. 23, 1.—Equivalent circuit of x-cut quartz crystal as transmitter or receiver. A

and B are the plate terminals of the crystal. Where Co = electrostatic capacitance

between plates of crystal = ~; K = dielectric constant of quartz = 4.55; A = area

of either crystal face in contact with medium; L, = thickness of crystal in x direction;

z=
l&2L=2

DzK%oAF/3Lz ; ~ = ~; ~ = wavelength in crystal; D = pie50electric constant =

14.3.1 O*; u = angular frequency = 27/;

2Yprcos(pLz) – 11 + j(YI/31 + Yz(31)sin @L=
F(j?LJ =

YL3(f3,1’,+ ,BzYz) cos @L~ + j[p, Y@aYz + ( Y@)’1 sin BL.;

Y = elastic modulus of quartz = 8.631011. Subscripts 1 and 2 refer to media on either
aide of crystal; Y1, Yz ==appropriate elastic moduli.

these circuits depend upon the properties of the crystal (dielectric, elas-
tic, and piezoelectric constants) and of the acoustic media on either side
of the crystal.’ If the transducer is being used as a transmitter, the
voltage is applied across the terminals AB and acoustic waves are radi-
ated into the media (represented by the impedances ZI and Zt) on either
side of the crystal. The amplitude of these waves can be determined
from the equivalent circuits. If the transducer is being used as a receiver,
a generator is inserted in series with the impedance representing the
medium through which the incoming acoustic wave is traveling. Thus
in Figs. 23-1 and 23.2 a generator is inserted in series with either 21 or
Zz, depending upon whether the wave is incident through Medium 1 or

1See W. G. Cady, Piemelectricity, McGraw-Hill, New York, 1946, and W. Nfason,
Electromechanical Transducer and Wave Filters, Van Nostrand, New York, 1942, for
detaileddiscussionsof transducers.

2S9eS~C,23.2 for a short discussion of acoustic media.
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Medium 2. The output voltage across AB can be found from the equiva-
lent circuits.

/’
jZo tan J

‘:\ -i,
c1 4

I ~~ $

j Z.
——

. sin &!Lz

F1 zl 7 Z2–$1

: CE F2

t
*2to1

fm \

A
. .
●z+l co

B

u
FIG, 23.2.—A second equivalent circuit for x-cut quartz crystal where A and B am

plate terminals of crystal; V = velocity of propagation of wave motion in crystal =

<
Y DKA
— = 5.7110K; F’o =. density of quartz = 2.65; 4 = — = turns ratio of electrical to
Po 4rLc

mechanical transformer; 21,22 = acoustic impedances presented to the crystal by Medium

1 and Medium 2 respectively; ZO = A < P, Y = 15.1.105.4; CE = – $; &,& = velocities

of particles in crystal at ends 1 and 2 respectively; FL FZ = forces exerted on the faces of
the crystals at ends 1 and 2 respectively; u = 27rf; j = frequency.

The assumptions underlying the derivations of each of these two
equivalent circuits are largely the same:

1.

2.

The simple piezoelectric equations apply.

–x==Yg+Dq

E=.!&&,
ax

where X= is the stress in x-direction,
E= = potential gradient in crystal,

~ = displacement of any particle of tryst al in x-direction,

Y = appropriate modulus of elasticity,

q = z,
D: = z-component of the electric displacement,
K = dielectric constant of crystal,
D = piezoelectric constant of crystal.

The x-cut crystal vibrates only in the thickness mode at a single
frequency. Lateral displacements are negligible with respect to
displacements in the thickness direction and there are no edge
effects due to clamping of the crystal.
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3. Newton’s law applies within the crystal.
4. There isnofree charge ~vithin thecrystal; hence the divergence of

the electric displacement is zero.
5. There isnointernal friction within the crystal.

In addition to these assumptions that are common to both circuits,
the assumption that the admittance of the electrostatic capacity C across
the crystal is large compared to admittance l/~ is made for Fig. 23.1.

The power absorbed by the crystal is V2G, where V is the voltage
across the crystal and Gis the conductance of the crystal.

From Fig. 23.1 the conductance equals R. (1/2) and is given by

1 2Z~(cos2 j3L, – cos BL,) + (2,29 + Z;) sin’ DLZ} (Z, + Z,)G=z{
~(Zl + 22)’ COS’@L~+ ((2,2, + Z:) sin j3L.]’

~ (1)

Actually all this power is radiated into the acoustical media on either
side of the crystal and none is dissipated in the crystal. The frequency
response for this power absorption is obtained by computing G as a
function of ~Lz.

Examples of the use of these equivalent circuits will be given in Sec.
23.5.

23.3. Acoustical Media.—The acoustical media on either side of the
crystal have been represented solely by the impedances ZI and %2, which
can almost always be considered as purely resistive. A few words of
explanation about this representation can be made. 1

The specific acoustic impedance of a medium at a point in the medium
is the ratio of pressure to velocity at that point. If this impedance is the
same at all points at which the medium is in contact with the crystal, it
is possible to speak of the impedance presented to the crystal by the
medium. This condition is satisfied if only plane waves travel in the
media. Since the dimensions of the transmitter are large compared with
the wave length of the radiation, the wave emitted by the transmitter is
nearly plane. The radiation incident at the receiver crystal is often
far from being a plane wave, but for investigations of most phenomena of
interest it has been found suitable to assume that there is incident a
plane wave that exerts the same force on the receiver crystal as does
the actual wave.

For Z, and Z’ to be resistive it is necessary in addition that there be
no reflections. This means that at the transmitter only the emitted plane
wave shall be present, and at the receiver only the plane wave directly
from the transmitter shall be present. There are reflected waves in a
delay line but ordinarily they are small and their effect on Z, and 22
is neglected. .41s0 the operation of the transmitter or receiver is often

I SeeP. Morse, Vibraticwa and Sound, McGraw-Hill, New York, 1936.
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considered only over short intervals of time during which reflected waves
are not present at either crystal. For, instance, the transmitter crystal
will often have ceased vibrating before the earlier portion of its radiated
wave is reflected from the receiver and returns to the transmitter.

The following properties are desirable for an acoustical medium.

1. It should be such that efficient transfer of energy from the elec-
trical to the acoustical form or vice versa can be made both at the
transmitter and at the receiver. This ordinarily implies that its
impedance shall be fairly small. Also it must be possible to make
good mechanical contact between the crystal and the medium.

2. The medium must damp the crystal sufficiently so that good band-
width is obtained. This requires that the impedance of the
medium be rather high. (See simplified equivalent circuit of
Sec. 23.4.)

3. The velocity of propagation for the acoustical wave should be low.
4. This velocity should be independent of temperature.
5. The attenuation of the acoustical wave should be small.

TABI,E 23.1.—PROPERTIES OF .4COUST1CAI. NfEDIA

Temperature cOeffi-

Velocity,
Medium

cient of velocity t
(cm /sec. ) (parts per ‘C at

10 Me/see)

Water . . . . . . . . . 1.5105 2. 10–3 at 15°C
Mercury. 1.5105 –2.0 10-4at 20°C

Fused quartz. 5.4510~ 1.1 10-’ at 20”C

Air (standard
conditions) ., 0.331 105 . . . . . .

Steel. . . . . . . . . . 5.05105 4.10-4 at 20°C

Lend. . . . . . . . . . 1.2.105 . . . . .

Glas s........ (4.5 t05. fi). lo’ . . . . . . . . . . . .

Rubber . . . . . . . 0.03.105 . . . . . . . . . . . . . . . .

Mixture of H,(3
(100 parts by

volume)

-t- 1.5. lo~ 0 at 155°F

Ethylene gly-

col (15.8

parts by vol-

ume)

Attenua-

Impedancej tiOn* (at 10

ohms Lfc/see)

napiers/cm ~
\

1.43.105 0.78 10-z

19.8.105

14.4.105
~::y,o::-z

43

39.3.105 =40 10-2
13.7.105 Very high
(11.2 to14). lo’
0.03.10’ Very high

1.43.106 0.78. 10-*

* It has been fairly well established experimentally that the attenuation varies as p for liqu,ds and
more nearly as f for many solids.

t Data on fused quartz and steel furnished by D. Arenberg. Remainder of data from Wood, A
Textbookof Sound,Macmillan, New York, 1941, and Vol. 17.

Table 23,1 summarizes these properties for a number of media. Like
air, all gases have such very 1ow impedances that the damping of the
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crystal is inadequate. Solids in general present several disadvantages:
the velocity of propagation is rather high, the attenuation is high, and
contact between the crystal and the solid is difficult to establish. Solids
often offer mechanical advantages, however, and give delays that are

more stable with respect to changes in temperature. Fused quartz is

a particularly useful solid. Water and mercury have been most widely

used. Water can be used for trigger delays in which fidelity is not

important; merchry with its relatively higher impedance has been used

for wideband delay lines. There is less transducer loss for a water line

than for a mercury line.

23.4. Radiation and Propagation.-The spreading of the acoustical

beam radiated by the transmitter depends both upon the transducer and

the medium, and is deterruined primarily by the ratio of the size of the

transmitter crystal to the wavelength of the radiation in the medium.

Beam spreading is important in determining how large the crystals must

be and how far apart they can be placed, since the distortion introduced

by the spreading of the beam in a tube is often troublesome. Also beam

spreading introduces loss.

The first problem is to compute the beam pattern when a vibrating

disk is radiating into a medium of infinite extent; ordinary radiation

theory is applicable (see Fig. 23 “3). If the medium is a fluid, both the

disk and the medium are usually contained
within a tube. The tube is often suffi-

ciently large so that only a small portion of
the radiated energy reaches the walls of
the tube, and in this case it is justifiable to

consider the “free space” beam. At dis-

tances between the transmitter and the

observation point that are sufficiently large

so that terms can be neglected which involve

the square of the ratio of a dimension of the

transmitter to this distance, the Fraunhofer

theory is applicable. At smaller distances,

for which the term in the square of the

ratio cannot be neglected but higher powers

Y

)!-
//{P.(X. go 20)--41

)1
t
II

x
,,/
I

!
z

FIG. 23.3.—Radiation prob-
lem: A oircufar disk of radius a is
vibrating piston-like with fre-
quency f,. Wavelength of radi.
ation is k. Wave disturbance
at an arbitrary point PO(ZO,go, zo~
is sought.

can, Fresnel theory applies. For still smaller distances higher-order
terms would have to be considered, but there is little interest in thip

region. Important general conclusions can be reached by considering

the case of a circular disk. 1

Fraunhofer theory is an excellent approximation for distances greater

than azjh from the transmitter, where a is the radius of transmitter and

1See P. Morse, Vibration and Sound, McGraw-Hill, New York, 1936; or any
physical optics book on diffraction.
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k is the wavelength. In this region the square of the amplitude of the

disturbance A2 is given by

where + is the sine of the angle with respect to the x-axis in which the

observation is made and 11 is a first order Bessel function of the first

kind. ln this region the semiarigle Of the first minimum of intensity is

sin-l 0.61 ~. A useful rule of thumb is that as long as the wail of the tube

at the position of the receiver is at a distance from the axis of the tube

greater than the distance of the first minimum from the axis, no appreci-

able amount of energy is incident upon the walls. In order to utilize
the major portion of the energy radiated by the transmitter, the radius
of the receiver crystal should extend out to the first minimum in the
Fraunhofer pattern. In the F’raunhofer region the intensity on the axis
varies as sin’ (~azJ/2z). Eventually then the intensity is proportional to

IIz2, which can be interpreted as indicating t~att the radiation is cliverging

in the form ofa cone with its vertex at the center of the transmitter.

The Fresnel theory applies for distances from the transmitter ais small

as a few diameters of tlse transmitter crystal and can be replaced by
the Frmmhofer theory at large distances. In this Fresnel region the
major portion of the radiation is confined within an imaginary cylinder
whose axis is through the center of the transmitter and whose rad~us is
equal to the transmitter radius; hence a receiver crystal with a radius
equal to that of the transmitter will pick up the major portion of the
energy. ‘I’he amplitude and phase of the wave disturbance vary along
any diameter of this imaginary cylinder, the variation being particularly
rapid at distances close to *he transmitter where many maxima and
minima of intensity are observed. Experimental evidence and a few
theoretical calculations ind~cate that in the Fresnel region the total force
on a receiver with the same radius as the transmitter varies by only a
few decibels at most at different distances between the transmitter and
receiver. IiIence the distance between the transmitter and receiver can

be varied, thereby changing the delay time but not the amplitude of the

output signal.

The loss due to these radiation pattern effects can be computed by

comparing the act ual force on the receiving tryst al, computed by Fraun-

hofer or I?resnel methods, with the force that would be present if an ideal

plane wave traveled from the transmitter to the receiver. For the case

of a 500-wsec mercury delay line using IO-MC transmitter and receiver
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crystals of l-cm radius thk loss was found by calculation to be about
10 db.

Attenuation.—Values of attenuation for various media are given in

Table 23.1. These are experimental values for the attenuation of a

plane wave inamediumof effectively infinite extent. It was mentioned

in the table that for liquids this attenuation varies as the square of the
frequency.

In practice the wave usually travels in a tube, and because of vis-
cosity of the fluid the tangential velocity at the walls is zero. Another
source of attenuation thus arises because of the gradient of velocity in
the direction perpendicular to the direction of propagation. For any
particular medium this attenuation varies as v’~/a where ais the radius
of the tube and f is the frequency of the radiation.

23.5. Some Special Cases of Transducer Equivalent Circuits and
Associated Electrical Circuits.—The resonant condition for the crystal
is that its width be an odd number of half wavelengths or OLZ = nr,
where n is odd. At these frequencies, Z of Fig. 23.1 reduces to

Z(nm) = ~ (R, + R,), (n odd)

where R 1and Rz are the acoustic impedances of the loading media. The
actual resonant frequency of the transmitter or receiver system—that
is, the frequency at which maximum power is transferred to the media
from a constant voltage source--does not vary appreciably from the crystal
resonant frequency in the exam-
ples considered here. The reso- ~

1tO($2 c~ CM %f

nant frequency for a receiver
system with a particrdar elec- B Bvz3q

trical output citcuit will depend
upon the loadlng impedances. FIG. 234.-Circuit to which Figure 232

The equivalent circuits to be pre- reduces in the neighborhood of the resonant
frequency for the case of symmetrical loading.

sented for the transmitter and Z,Lz 8Lz
receiver systems are valid in the

—; u‘0 (resonant fre-LM = ~; CM = ~2zoV

neighborhood of the resonant Tv

frequency of the systems—that
quency) = ~—

z

is, (j — f,) /f; is neglected with respect to 1 in their derivation.
Symmetrical Loading.-For the case in which the same medium is on

both sides of the crystal, F]gs. 23”1 and 232 reduce to Fig. 23.4 in the
neighborhood of the resonant frequency. The efficiency of transfer of

energy from the electrical to the acoustical form at the transmitter or
from the acoustical to the electrical form at the receiver, and the phase
and amplitude characteristics of the transmitter and the receiver systems
depend on the electrical circuits inserted at AB.
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If a generator is inserted across AB, Fig. 23.4 is the equivalent circuit
of the transmitter; if a receiver circuit is placed across A B and a generator
E is inserted in series with AR 1/2 to represent the plane wave incident

on the receiver, Fig. 23.4 becomes the equivalent circuit of the receiver.

The case in which a low-impedance driver circuit and a low impedance

receiver circuit is used across AB 1 is of great importance because wide-
band systems are obtained. If a low-irnpedancc source is inserted across
AB, the characteristic of the system is simply that of the series resonant
circuit of Fig. 23”4 consisting of C,, C.,,LM,AR1/2. The Q of this
circuitz is given by

where Ro = POV,the specific acoustic impedance of quartz, where PO is
the density of quartz, and v is the velocity of propagation of waves in
quartz. The bandwidth of this circuit is B = fo/Q, where j, is the reso-
nant frequent y of the tryst al. If water is used as the loading medium,
Q = 8.3; if mercury is used as the loading medium, Q = 0.60.3 The
over-all bandwidth of a delay system with low-impedance driver and
receiver circuits and including both a transmitter and receiver is that of
two series resonant circuits isolated from one another and in cascade.

The over-all loss between input voltage and output voltage at the
resonant frequency is given by

E out 2RlR,
— = (2R, + FL)(2R, + R,)’E,n

(2)

where R~ and R, are the internal resistances of the transmitter and

receiver circuits placed across A B, and RI is the acoustical resist ante of
the medium expressed in electrical units. The conversion factor from
acoustical to electrical units is (47rzL~/DzKA.) In general R~ and R, are

small compared to RI so

E R,out
E,. = ~“

(3)

The main loss takes place at the receiver and is due to the mismatch
between the acoustic impedance of the medium and the internal resistance
R, of the receiver circuit.

If higher-impedance driving and receiving circuits are employed, the
over-all voltage loss will be less [see Eq. (2)]. A series resonant circuit

I The driver often includes an inductance that is shunted across A B and resonates

with CO at the resonant frequency of the crystal.
j This expression for Q can also be derived from Eq. (1).
z For the case of mercury, Q is sufficiently low so that the relationship between

B and Q is a poor approximation.



I
SEC. 235] CIRCUITS FOR SPECIAL CASES 761

I
alone nolonger represents thecrystal andload since the impedance of the I
source and of the crystal capacity must be considered.1 The bandwidth
is less with these higher-impedance circuits.

Asymmetrical Load@g.—If an infinitely high-impedance medium is
placed on one side of the crystal and a medium of any impedance Rz is
placed on the other side, Fig. 23.5 shows the equivalent circuit to which
Figs. 23.1 and 23.2 reduce.

:cB”~V=+~l ~
FIG. 23,5.—Circuit to which Figure 232 reduces in the neighborhood of the resonant

frequency for the case in which infinite impedance loading is used on one side of the crystal.

wo(resonant frequency) = ~v
.

It should be noticed that for this case the resonant condition for the
crystal is that its thickness be (n + 1) (k/4), n = O, 2, 4, If low-
impedance driving and receiving circuits are used, the Q of this circuit
is the same as that for Fig. 23.4 and the over-all voltage loss is

For other cases of asymmetrical loading the equivalent circuit has
not been reduced to a simple form. However, the amplitude character-
istic can be computed from Eq. (1), and the over-all voltage loss is given
by

E OUt 2RIR,
E,. = (R, + R, + R,)(R, + R, + R>)”

Choice of CiYcuits.-The circuits chosen depend, of course, on the
application to which the delay line will be put. If it is desired to use the
line as a trigger delay so that large bandwidth is usually not required,
any fairly low-impedance pulse generator is adequate for the driver
circuit (see Chap. 5). If the line is required to delay a group of video
pulses without much distortion, it is necessary to modulate a high-
frequency carrier, perhaps 10 to 30 Me/see, with the video pulses (see
Chap. 12 of Vol. 20).

Generally the receiver circuit consists of a coil and a resistor shunted
across the capacity Co of the crystal and followed by an amplifiers ystem.
The coil resonates with Co to the resonant frequency of the crystal. The
size of the resistor is determined by a compromise, since the larger the

1 See W. Mason, Electr omechartical Transducers and Wave Filters, Van Nostrand,
New York, 1942.
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resistor is the greater is the output voltage and the smaller is the band-
width. The amplifiers may be video amplifiers or wide-band i-f ampli-
fiers depending upon the signal to be amplified (see Vol. 18).

Reflections.-In, general a signal that reaches the receiver will be
partially reflected; this reflected signal may itself be partially reflected
again when it reaches the transmitter. Thus, at a time equal to twice
the delay time of the line after the direct signal appeared, a reflected
signal may appear at the receiver. Additional reflections may, of course,
also occur. Often, particularly in short lines, it is desirable to eliminate
these reflections; this can be done effectively if symmetrical loading and
absorbing end cells are used (see Vol. 17). In long lines attenuation
of the signal as it travels along the line often makes these measures
unnecessary.

SOME EXAMPLES OF DELAY LINES

23.6. “Trigger” Delays.—As was mentioned in the introduction, the

object of a trigger delay system is not to reproduce the input signal

faithfully at a later time, but rather merely to provide a sharp change in

voltage-a trigger—at a certain definite time after the input signal is
applied. For the synchronization of waveforms and for time measure-

ment, the usefulness of performing such a function is obvious (see Vol. 20,

Chap. 5). If the trigger delay time is accurately proportional to a shaft

rot ation, the line can serve as a time-modulation syst em.

The input signal should contain strong frequency components in the

neighborhood of the resonant frequency of the crystal because what is

actually transmitted is a damped oscillation whose frequency is the
resonant frequency of the crystal, and this oscillation is more readily

excited by a signal with frequency components in the neighborhood of the
resonant frequency. The amplitude of the input signal can have any

value which is not so large that it exceeds the breakdown voltage of the

transmitter crystal or so small that noise is troublesome at the receiver.

A brief description of three trigger delay lines follows.

A Variable 1200-~sec Delay Line.—A detailed presentation of the
characteristics of this line together with a picture of the line is given in
Vol. 17. It is sufficient to mention here that this line employs x-cut
10-Mc/sec quartz crystals, 1 in. in diameter. The tryst als are loaded on
both sides with water. The transmitter crystal is driven from the cathode
of a blocking oscillator (Chap. 6), and the receiving circuit consists simply
of a 47-k resistor shunted across the crystal and tied between grid and
ground of the first video amplifier. Delays from 10 to 1200 psec settable
to within 0.1 psec can be obtained by moving the transmitter cartridge
with respect to the receiver. The stability of delay is limited mainly by
the temperature coefficient of velocity of the supersonic waves in water.



SEC 23.7] DELAY LINES PROVIDING FAITHFUL REPRODUCTION 763

A PTecision Range Unit. —This line is treated in detail in Vol. 17 and
in Chap. 13 of this volume. It employs x-cut 1.4-Me/see quartz crystals,
~ in. square. Both crystals are soldered on one side to brass blocks, and
the propagating medium is a mixture of water and ethylene glycol. The
transmitter crystal is driven from a low output impedance multivibrator
(Chap. 5). The receiving circuit is shown in Vol. 17.

Delays from 2 to 240 psec can be obtained. “The delay is changed by
turning a lead screw connected to the transmitter-crystal cartridge and
is linearly proportional to the shaft rotation of the lead screw to
within + 0.1 per cent of maximum delay, or +0.24 psec. Stability of
delay is good because the unit is thermostated to 155° + l“F, a tempera-
ture at which the mixture of water and ethylene glycol has a zero tem-
perature coefficient of velocity.

A 6-psec Glass Line .—This line is used to delay pulses for a time of
6 psec. No attempt is made to eliminate multiple echoes nor is high
quality of pulse reproduction required. The unit consists of a rectangular
prism of plate glass to which are attached 30-Mc/sec crystals on opposite
faces. These faces are flat, parallel, and polished. The parts are
encased in a short piece of brass tubing which can be bolted to the chassis
in which the delay line is a component. The crystals are waxed on to
the glass by a thin uniform layer of paraffin wax, and end blocks and
springs support the crystals in position. A series of reflected pulses
from this line are shown in Fig. 23.6.

FIG. 23.6.—.4 series of reflected pulses Fig. 23. 7.—Input and output pulses
from the 6-psec glass line. Line is in con- from 600-#see line (SCR 584). Top hne:
tact with transmitter crystal at one end 4-ysec input pulse. Bottom line: Output
and is unterminated at other end. Dis- pulse, which is delayed by 5S6 #sec.
tante between pulses is 12 #sec.

23.7. Delay Lines Providing Faithful Reproduction.-The delay lines
used for delaying pulses faithfully must have a wide pass band and must
keep all subsidiary echoes negligibly small.1 The former matter has been
discussed briefly in Sees. 23.2 and 23.5. It was noted that high imped-
ance media should be used. The frequency-dependent attenuation of the
propagating wave sometimes introduces distortion that must be com-
pensated for at some stage in the amplifier system. Considerations on
echoes are treated in some detail in Chap. 12 of Vol. 20. There it is

1These lines are used in delay and cancellation devices (Vol. 20).
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pointed out that the subsidiary echoes can either be absorbed into the
material backing the crystal or attenuated in transit (or both).

A brief description of three lines giving faithful reproductions is
given below. (For more detailed discussions see Vols. 17 and 20.)

A 600-psec Mercury Line.—A mercury line built for the SCR-584
system employs a 30-Mc/sec carrier and provides a delay of 586 psec.
The 30-Mc/sec transmitting and receiving crystals are in contact with
mercury on both sides. The over-all attenuation into a 70-ohm load is
80 f 2 db and the bandwidth is about 8 Me/see. Subsidiary echoes are
attenuated by the high attenuation in the transmitting medium at this
frequency. The length of the line is variable and the delay can be
adjusted to match the repetition interval. Input and output pulses are
shown in Fig. 23 “7.

A 3000-psec iklercury Line.—Thls line was used for delaying 2-,usec
pulses by 3333 psec. The carrier frequency and the crydal resonant
frequency was 10 Me/see. The crystals are backed by steel on the sides

not in contact with mercury. Subsidiary echoes are lost by attenuation

in the long path in the transmitting medium. The path of the beam is

folded once by a reflector block which presents two 45° reflecting surfaces
to the path of the beam. The beam then travels back through a parallel
pipe so that the delay line is of shorter length; transmitting and receiving
crystals are within 6 in. of each other. An extra line is employed to
delay the trigger that controls repetition rate and the length of either
line is variable so that they can be adjusted to exact synchronization.
Both lines are placed close together so that changes in temperature have
the same effect on both.

A 2000-psec Water Line.—A delay line with water for the transmitting
medium and a 10-Mc/sec carrier has been used to provide a delay of
2000 psec. The attenuation of the 10-Mc/sec supersonic wave traveling
in water is about 0.8.10-2 napiers/cm compared to 0.09. 10–Z napiers/cm
for mercury. The bandwidth is somewhat less than 1 Me/see. One
corner reflector is employed to reduce the required length of the line.
The water is held at a temperature of 72~C + 1°C. At this temperature
the temperature coefficient of velocity is low; hence refraction effects
due to temperature variations throughout the cross section of the tube
can be made small.
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APPENDIX A

I

NEGATIVE-CAPACITY AMPLIFIER

BY P. R. BELL

The pickup-plate video amplifier used in the tests of Chap. 21 deserves
more than casual mention since satisfactory results have not been obtained
without using an amplifier of this type. The kind used is the so-called

‘‘ negative capacity” type. The circuit diagram of the one used is shown

Pick-up plate ~

“ w:
n

(a)

&c7 ‘EPP 6AC7

4.3k 56k

‘1 —

m

---
---
---

0.5

~
R 150

510
1.0

Erl-
-=------~
lM

output

150

=

RI
ab I

l-5JAjlf;nzoflJJf

(b)
FIQ. A. I.—Negative-capacity amplifier.

(a) Block diagram.
(b) Circuit diagram.

in Fig. A“ la and b. This is a two-stage amplifier whose gain is stabilized
by negative feedback from the plate of Stage Two to the cathode of Stage

767
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One by the resistors, RI and RZ. The gain (~) of this arnplifieris

(J=
A

R,A
l+g.R2+R, +R2

where A is the gain from the grid of VI to the output with the feedback

path removed and cathode of V, bypassed to ground. The total cathode

mutual conductance of VI is g-. For the constants in the circuit, the
gain with feedback is about 4.

Because of the feedback, the effective input resistance R’ is

“=’(l-+N)’
where N is the fraction of the resistor RZ by which the grid resistor R is

tapped up from the ground end, in this case N = 0.77; so for the con-
stants given

‘{ = 4.2R.

The condenser C. is connected in a positive-feedback manner. The
block diagram of Fig. A.ltJ shows this arrangement simplified. Let us
suppose that the total input capacity C (which includes the input capacity
of the first tube, the stray capacity, and the output capacity of the storage
tube or other signal source) is for the moment disconnected from the
input lead. Then the signal current i flows into the input resistance R’
giving a voltage

e = R’i.

The voltage appearing at the output of the amplifier will be

e. = se.

The voltage (e=) appearing at the junction of C’ and C. will be

1
E c.

ec=eo —

:++
‘e”cfl+c”

“

If C. is so chosen that e, = e, then if the junction of C and C. were
reconnected to the input terminal, no current would flow from the signal
source into these capacitors and hence the effect of C would have been
removed from the input of the amplifier. For this condition

c.— .
‘=eoc. +c
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Therefore,

and, for an input capacitance of 20 ppf and an effective gain of 4,

c.= 3.3 lqlf.

Unfortunately, this does not mean that the amplifier displays infinite
bandwidth in its input circuit since the output of the amplifier does not
rise immediately after a signal is applied to its input; consequently, some
signal current flows into the input capacity thus reducing the signal

(a) (b)

(c) (d)

(e) (f)
F1m A.2.—Output waveform of negative-capacity amplifier.
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until the output of the amplifier has risen, when the current flows back
out of the input capacity raising the input voltage. This gives an
oscillating overshoot to the signal pulse.

The amplifier of Fig. Ala was connected to a current-generator
circuit which could produce square current pulses with starting and
stopping times of less than + psec. The total capacity at C including
the current generator was 25 wf, and a resistor R of 0.5 megohm was used.

Figure A2a shows the result for a 6-psec current pulse with correct
adjustment of C.. Each division in the z direction represents 1 psec.
The rise time from 10 per cent to 90 per cent is about 0.5 psec, which
gives an effective bandwidth of about 0.7 Me/see. When C. is made
zero, the output rises very slowly and falls very slowly with an effective
time constant CR’ of about 52 psec on the fall; this is a bandwidth of about
3.1 kc/see (Fig. A.2b). When C. is set too small, the output appears
as in Fig. A.2c, and when C. is set too large, overshoots occur (Fig. A.2d).

With a l-psec input pulse the output appears as in Fig. A.2e when
C- is adjusted to its best value and as in Fig. A.2f when C. is zero.
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CATHODE-COMPENSATED AMPLIFIER

BY P. R. BELL

Another method for obtaining better output signal-to-noise ratio
(Chap. 21) is to use an input resistance too large to define the pulse well
and to follow with a compensating network in the amplifier. Figure B“l
shows such a circuit.

output

i;

I
I

&
FIG. B. 1.—Cathode-compensated video amplifier.

Since the input resistance is too large, the signal obtained from a
square pulse of current has three parts:

ah ==o for t <0, (1)

E.;. = M(I – e’+c) fromt=Otoi=tl, (2)

where tlis the end of the current pulse, and

Ea. = Ele-h for t > tl, (3)

where El is the value of E,ti att = il.
To find the output current from the compensated stage we will

consider the effect of the signal Etiv~, = 11,(1 — e–flRc) upon only the

variable part (~p) of its plate current.

The va$zible part of the plate current of a pent,ode tube is

if the small first term for pentodes is neglected the equation becomes

2P = Q* (Ei..ut – E*).
771
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For the cathode-compensated amplifier,

B

Ek
=ip ——

Ii,

[SEC. B

rr

H 1

E, dt
g.(Einm – Erc) – ~

E, =
Ck

If

Differentiating,

()
%+$ 9-+;, –~Eiuut=OJ

where 1/ (gn + 1/~k) = R’ = the effective cathode-to-ground resist ante

of the circuit.
The solution of this differential equation is:

——
Ek = Ae ‘:C’ + ~k e “;’

/-
eR’i’ Einvuidt.

R’C, # RC,

E~ = Ae ‘:C’ + g.R’E, –
gmR’RCE. e–;c

RC – R’C~ “

At t = O, Ek = O and e“ = 1, therefore,

(
O= A+g.R’E, 1– ‘c

)RC – R’C~

[(

RC

)
–1 e-&i+l _ RC

t
Ek = g~R’E.

RC – R’Ck --1
Rc

RC – R’C~ e
Let

RC
RC– R’Ck=l+A’

then
——

E, = g~R’E,(Ae
——

R:C, + 1 _ e ;C _ Ae-&)
t—— —— ——

i= = g~E, (l – e ‘c – g,.R’Ae ‘:C’ – (g_R’ + g~R’e ‘c + gmR’Ae-;c)

——
~p = g&’Jl — g~R) + gmRfAe ‘:ck + (g&’ + g~R’A – l)e ‘c].

In order that the output contain no term in e–~,

gmR’ + gmR’A – 1 = O
A=l–g.R’

g~R’ “
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Substituting values of A and R’ we find that RA7~ = RC, and for this
condition

The product R’ck is the time constant of the cathode condenser and the
effective resistance of the cathode circuit with the resistance of the tube
in parallel with the cathode resistor Rk. If Rk is always chosen high
enough so that it is much higher than the cathode resistance of the tube
(1/g~), then the relations are simpler.

g~Rb >> 1,
so,

Then,

t
ip = ~“(1 — e–cki~”).

R~

RC
The rise-time improvement is therefore —.

c,/gm

The gain of the compensating amplifier is
lowered by the cathode resistance with the
result that

1
Gain loss = ———

g~Rb

so that the product (rise-time improvement)
(gain loss)

RC 1 _Rc=l
= mm “&gm – Rkck “

As a consequence of this condition, this circuit

is not useful in an amplifier to improve the

EinPut =0.1v

t—
0v-v

.Ei”p”t =3 v

t—
0w-v

FIG. B2.-1llustratin~
distortion of output caused
by variation of g~ with
grid bias.

gain-bandwidth product: Although” a higher resistor is allowed in a
plate circuit somewhere, a proportional decrease in gain is required
to return the bandwidth to the original value. This circuit is useful,
however, as is the negative-capacity amplifier, for improving the
noise figure of an amplifier fed from a high-impedance source such as a
storage tube, a photocell, or an ionization chamber. It can be seen that
the mutual conductance of the compensating tube is involved in the
equation, and that this has been taken as a constant. This means that,
if the effect is to be satisfactory, the signal of the grid of this tube must be
so small that the mutual conductance can be considered constant over
this range. The result of inconstant mutual conductance is shown in
Fig. B.2. The two pulses have been reduced to the same scale although
the first pulse is many times smaller than the second.
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This method of cathode compensation is not as satisfactory as the
negative-capacity amplifier on account of the effect of microphonics.
If a factor of 100 is obtained in bandwidth increase in both methods, then
both methods will usethesame input resistor. Inthecase of thenega-
tive-capacity amplifier the pulse will be about as big as the input signal
current tities the input resistance, but in the cathode-compensated

amplifier the signal will be about ~~ as large and the microphonics

voltages will be larger by 100 times with respect to the signal. These

voltages may overload the amplifier, will in part appear in the output, and

may cover such a large part of the compensated stage characteristics

that the mutual conductance may not be constant enough to get proper

compensation. In addition, much more gain is required in the compen-

sated case because of the lower input signal and because of the gain lost
at the compensated stage. This compensation circuit, however, is used

to good ailvantage for other services.
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amplitude comparison.-The process of indicating the instant of equality of the
amplitudes of two WAVEFORMSby a sharp pulse or step. It may also be defined
as the process of determining the abscissa of a WAVEFORM,given its ordinate.

amplitude discriminator.-A circuit which indicates the equality of the amplitudes of
two WAVEFOBMSor tbe sense and approximate magnitude of the inequality.

amplitude selection.—The process of selection of all values of the input wave greater
or less than a given amplitude or lying between two amplitudes.

astable.—Referring to a circuit with two quasi-stable states. The circuit generates
a continuous train of waves and requires no trigger to execute a complete cycle.

bistable.—Referring to a circuit with two stable states. TWOtriggers are required to
put the circuit through one complete cycle.

blocking oscillator.-A transformer-coupled feedback oscillator in which the plate
current is permitted to flow for one-half cycle, after which bias is generated in the
grid circuit to Rrevent further oscillation.

bottoroing.-The process of defining the potential at the plate of a pentode by operat-
ing below the knee of the EP/l= characteristic. A similar effect exists in triodes
with positive grid drive.

catching diode.—A diode used to limit the excursion of potential at some point
in a circuit. The term is usually used to refer to the termination at a given
level of an exponential rise toward a higher potential.

clemping.-The process of connecting some point of a network to a desired potential
for certain periods of time. This term has been largely replaced by the term
SWITCHING.

di@l&-AMPLITUDE SELECTION between bounds. The output has a flat top or

flat bottom or both.

d-c restoration.-A category of the general process of level setting, It refers particu-
larly to bringing either the peak positive or peak negative value of the WAVEFORM

to some desired level.

delay circuit.-A circuit which is used to delay by a certain time the start of the
operation of another circuit.

delay device.-A device which accepts as its input a WAVEFORMf(~) and gives as its
output a WAVEFORMf(t — A) where A is positive.

demodulation (or detection) .—The process by which information is obtained from
a modulated WAVEFORMabout the signal imparted to the WAVEFORNIin
modulation.

dMerence detector.—A detector circuit in which the output represents the difference
of the peak amplitudes or areas of the input WAVEFORMS. The input WAVEFORMS
need not be simultaneous.

tlip-flop.-Colloquialism for hror40sTABmcircuit.
free-running. -Colloquialism for AsTmLE.
frequency discriminator.-A circuit which indicates the equality of the frequency of

two WAVEFORMSor the sense and approximate magnitude of the inequality.
function unit.—The unit that controls the external properties of automatic range-

tracking equipment and provides the necessary band shaping for stability.
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gating wavef orm.—A wAv&ortkr (sometimes called the “gate”) applied to the control
point of a circuit in such a way as to alter the mode of operation of the circuit
while the WAVEFORIMis applied.

jitter.—Small rapid variations in a WAVEFORM due to mechanical disturbances or to

changes in the supply voltages, in the characteristics of components, etc.

lockover circuit.—Colloquialism for a BMTABLE circuit.

microphonics. —.fITTER due to mechanical disturbances, referring especially to tubes.
Miller circuit.-A circuit which employs negative feedback from the output to the

input of an amplifier through a condenser.
modulation.-The process by which some characteristic of a WAVEFORM is varied in

accordance with a signal.
monostable.—Referring to a circuit with one stable and one quasi-stable state. The

circuit requires one trigger to perform a complete cycle.
multiar—A diode-controlled regenerative amplitude comparator. The name refers

to a certain circuit configuration.
multivibrator.—A two-tube regenerative device which can exist in either of two stable

or quasi-stable states and can change rapidly from one state to the other.
quasi ditlerentiation (integration) .-Approximate differentiation (integration) by a

simple circuit.
phsntastron.-A certain type of one-tube relaxation oscillator employing Miller

feedback to generate a linear timing WAVEFORM.
puke.—A WAVEFORMwhose duration is short compared to the time scale of interest

and whose initial and final values are the same.
rundown.-The linear fall of plate voltage in a Miller sweep generator.
sanaphant.-A circuit intermediate between SANATRON and PHANTASTRON.

sanatron.-A variation of the PHANTASTRON employing a second tube for generating

the gating waveform.

scafe-of-two circuit.-A colloquialism for BISTABI,E circuit.

selector.—A circuit selecting only that portion of a WAVEFORM having certain charac-

teristics of amplitude, frequency, phase, or time of occurrence.

selector pulse.—A pulse used to actuate a time selector.

shaping.—The process of modifying the shape of a waveform. The process is called

“linear” or “nonlinear” according as the circuit elements are linear or nonlinear.

signal-An electrical or mechanical quantity which conveys intelligence.

switch detector.—A detector which extracts information from the input waveform

only at instants determined by a selector pulse.

switching.—The connection of two points of a network at controllable instants of time.

An alternative term is cL.4MPING.

time comparison.-The process of indicating the amplitude of a WAVEFORM at a given

instant.

time demodulation.—The process by which information is obtained from a time-

modulated wave about the signal imparted to the wave in TIME MODULATION.

time discriminator.-A circuit which indicates the time equality of two events or the

sense and approximate magnitude of the inequality.

time modulation. —Modulation in which the time of appearance of a defiite portion

of a WAVEFORM, measured with respect to a reference time, is varied in accordance

with a signal.

tracking.-The process of causing an index to follow the variation of a quantity by

means of an inverse-feedback (servo) loop.

waveform.-A current or voltage considered as a function of time in a rectangular

coordinate system.
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A

Acoustical media, 75$757
Acoustical waves, propagation of, 757-

759
radiation of, 757–759

Addition, 629
potential, 18

Aided-tracking system, mechanical, 541
Amplifiers, cathode-compensated, 771–

774
class C, 547
for comparators, 33$338
limiting, 160
linear shaping, 31–37
magnetic, 666
negative-capacity, 767–770
phase-splitting, 15&156

vacuum-tube, 3
Amplitude comparison, 12, 45, 166, 3z5-

363, 701
Amplitude demodulation, 53, 501-544
Amplitude discrimination, 12, 57, 325-

363, 697
Amplitude measurements, 695-697

direct, 695
substitution in, 695
subtraction in, 696

Amplitude modulation, 49
electrical, 38%426

summary of, 425, 426
mechanical, 427
nonlinear transformer for, 422

Amplitude selection, 11, 44, 325-363, 696
Amplitude selectors, 36%370, 503-511

double diode self-stabilizing, 480
Amplitude stability, 103
Amplitude stabilization, 126
AN/APN-3 range unit, 565
Arenberg, D., 756
Astable multivibrator dividers, 57$577
Astable multivibrators, 171-173

Astable multivibrators, free-running, 171
plate-to-grid-coupled, 171

analysis of, 174
self-running, 171

Attenuation, 496
Autosyn, 441
AY 120D synchro, Bendix, 498

B

Barnes, J. L., 39, 653
Beam tetrode 6Y6-G, 78
Beckman Helipot, 476
Bell System Technical Journal, 765
Bendix AY 120D synchro, 498
Bergmann, L., 765
Bistable multivibrators, 164–166

cathode-coupled, 165
plate-to-grid-coupled, 164

Blocking oscillator, 20$211
applications of, 233–238
astable, 208
cascaded, 235
in divider chains, 588-591
monostable, 208
power limitation of, 214

use of, in actuating hi-directional
switches, 233

as amplitude comparator, 235
to produce variable width rectangle,

235
Blockingascillator comparator, 342
Blocklng-oscillator counter circuits, 621
Blocking-oscillator dividers, 582–588

single-stage, synchronization of, 586
. .

variations associated with circuit con-
figuration in, 586

Bode, H. W., 38, 635
Bootstrap cathode-follower finear sweep

generator, 258
Bootstrap circuit, 35
Bootstrap integrators, 662

777
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Bootstrap linear sweep generator, 267-
278

Bottoming, 77
Brainerd, J. G., 3
Bridge network, Wien, 116
Bridge oscillators, 115-123
Bridged-T network, 116
Broken-line characteristic, 41
Brown Converter, 402
Bush, V., 653

c

Cable, high-impedance, 748

Cady, W. G., 753

Capacitances, variable, 428

Cardwell KS-8533 condenser, 494

Carrier content, 520
of constant~utput circuit, 510

Carriers, frequency-modulated, 716
high-frequency, 461

sinusoidal, use of synchros with, 444

Carslaw, H. S,, 39, 654

Cathode drifts, compensation of, 333

Cathode-ray-tube displays, 387
demodulation by, 53%543

Chaffee, E. L., 96

Characteristic, direct, 100
mutual, 100
1S5, 76
6AG5, 76
6AK5, 76, 79
6AL5, 58, 61, 63
6AM, 81
6H6, 67, 87
6J6, 66, 75
6SH7, 66, 76
6SL7, 73, 75, 80, 98
6SN7, 75, 86

Circuit, astable, 162
bistable, 162
double-balanced, 409
fip-fiOp, 162
free-running, 162
internally gated, 486-490
monostable, 162
parallel resonant, 549
quasi-bistable, 163
quasi-monostable, 162
scaleaf-two (see Scale-of-two circuit)

Circuit elements, linear, 8, 40
nonlinear, 10

Coincidence circuits, 364
Common-mode level, 359
Common-mode signal, 58, 340
Common-mode variation, 359
Comparators, amplifiers for, 335-338

blocking-oscillator, 342
multivibrator, 341
sine-wave, 348–350
two-way, 348

Comparison, 42

Components Handbook, 3

Condenser electrometer, dynamic, 418

Condenser modulator, use of, 457

Condenser networks, push-pull, 457

Condensers, phase-shifting, 492-496
construction of, 494

3-phase, 494
timing, 167
variable, 455, 456

Contact rectifiers, 68-72, 671

Controllers, photoelectric, 541

Counter circuits, blocklng-oscillator, 621
energy-storage, 602, 61%624
phantastron, 624
sequence-operated, 602
thyratron, 619

Counters, cascaded, feedback in, 626
cascading, 624
combinations of, 624–628
energy-storage, 614

feedback in, 626
methods of introducing feedback into,

618
parallel, 625
ring (see Ring counters)
ringwf-n, 613
scale-of -two (see Scale-of-two. counters)
sequence, feedback in, 628

Counting, 602-628

Crystal, germanium (see Germanium

crystal)
low-frequency, 109
quartz, 752-755

Crystal oscillator, 106-110
with plate circuit tuned to harmonic of

crystal frequency, 553
pulsed, 145–150

Current pulse, rectangular, 215
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Current waveforms, 317-32.4
level-setting of, 321-324

Curves, approximation of, by
315

D

D-150734 4-phase condenser,

segments,

Western
Electric, 494

D-c characteristics of selenium rectifier,
69

D-c level-setting in synchro systems, 454
D-c restoration, 11
D-c restorers, 55
Decoders, 366
Deflection modulation, 713
Deflection modulation tests, 722-727
Delay device, supersonic, 751-765

Delay-line stabilization, of frequency
dividers, 599

Delay lines, duplication of pulses by,
247-253

electrical, 73fk750
correction methods of, 746

supersonic, 708
faithful reproduction of, 763

temperature coefficient of, 474

use of, to terminate regenerative
action, 245

to terminate step function, 238-242

Demodulation, amplitude, 501-544
by cathode-ray-tube display, 539-543
mechanical, 543
time (see Time demodulation)

Demodulator, balanced triode, 512, 513
four-diode bidirectional-switch, 519
full-wave bidirectional-switch, 522
phase-sensitive, carrier-balanced, 512
using switching, 513-524

Detection, average, 502
double-time-constant, 509
peak, short-time-constant, 502

Detector, cathode-follower, 507
difference (see Difference detectors)
double-time-constant, with recycling,

510

phase-sensitive, 503, 515
synchro modulator and, 446

recycling, 508, 509, 532

Detector circuit, pentode-switch, 516

Diamod, 397, 398, 521
performance Of, 399

Difference detectors, 52%.530
with constant output, 524-531
time selectors and, 534

Differentiation, 648, 700
Diode bridge circuits, 409
Diode characteristics, 59
Diode comparator, simple, 338
Diode detector, carrier-balanced full-

wave, 513
Diode selectors, 32S331
Diode-switch circuits, for bipolar signals,

371
for unipolar signals, 370

Diode-switch modulator, 401
Diodes, 58–68

drift in, 64
filamentary, 65
heater voltage in, effect of, 63
logarithmic characteristics of, 62
strobed, 516
variation from tube to tube, 65

Discrimination, 42
Discrimin~tors, direct-coupled, 35%362

modulated-carrier-amplitude, 362
time, 533

Divider chains, blocking oscillators in,
58&591

with feedback, 599
phantastron, triggering of, 581

Dividers, astable multivibrator, 575–577
blocking-oscillator (see Blocking-oscil-

lator dividers)
frequency (see Frequency dividers)
frequency-tracking, 57o
gas-tube, 591
monost able mpltivibrator, 572–575
phantastmn-type, 577–582
with regeneration and modulation,

562–566
regenerative, 558, 56&562
using time base, 558–560

Division, 668
frequency (see Frequency division)
potential, 18
pulse-recurrence-frequency (see PRF

division)
Double-scale systems, 490
DuMont 208 oscilloscope, 291
Dynatron oscillator, 123
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E

Ec’aocs, paired, 736
Electric Circuits, 93
Electronics, Applied, 72, 82, 96
Element, multivariable, 40

nonlinear, 40
Exponential, 297–301

F

Feedback, in cascaded counters, 626
cathode-to-grid, 231
divider chains with, 599
in energy-storage counters, 626
methods of introducing, into counters,

618
negative, 9, 24-31, 85, 127, 159–205,

266-289, 290, 420, 483–485, 537–
539, 572-582, 658–666, 667, 686-
691

plate-to-cathode-to-grid, 232
plate-to-grid, 226
in sequence counters, 628

Feedback circuit, RC-, 150-154
Feedback networks, 242–245
Figure of merit, for multivibrator tubes,

177
Filters, frequency-selecting, 548-551
Focus modulation of storage tubes, 716
Frequency determination, 704
Frequency dividers, delay line stabiliza-

tion of, 599
monostable oscillators as, 569
neutralization of, 590
sinusoidal, 545-566
stability of, 580
triggering of, 580

Frequency division, 225
pulse-recurrence- (see PRF division)
using resonant stabilization, 595-599
use of time selectors in, 569

Frequency jitter, 568
Frequency measurements, 702-706
Frequency modulation, system using, 463
Frequency multipliers, sinusoidal, 545
Frequency stability, 103
Frequency stabilization, 128
Frequency synchronizer, reactance-tube-

controlled, 554

G

Gardner, M. F., 39, 653

Gas-tube dividers, 591

Gas-tubes, cold cathode, 592
Gating circuits, 364
General Electric Company, 92
Generation, harmoruc, 54&548
Generator, azimuth-marker, 345

SCR-598, 460
Generator effect, 443
Germanium crystal, 69, 331, 408, 608
Gibbs Micropot, 476
Ginzton, E. L., 659
Glass, secondary-emission coefficients of,

709
Gray, J. W., 645
Grid base, 74
Grid characteristics, pulsed, 81
Grid current, 80
Grid tubes, cutoff in, 73–77
Guillemin, E. A., 731, 746, 750

H

Half-wave circuits, carrier-balanced, 39]
unbalanced, 39o

Hardy, A. C., 676
Harnwell, G. P., 692
Hartley oscillator, 105, 106, 130

pulsed, 142–145
Helipot, 432

Beckman, 476
Hughes, V. W., 275, 764
Hum, 194
Huntington, H. B., 751, 764
Hyperbolas, 301
Hysteresis, 41, 85, 165

I

Ionoscope, 707
Impedance measurements, 706
Integral, superposition, 653
Integration, 648
Intensity modulation tests, 717
Interchemical Corporation, 677
Interference, effect of, 505
Interval-selector circuits, 364

J

Jaeger, J. C., 39, 654
Jitter, 194

frequency, 568
phase, 568
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K

Kallman, H. E., 671, 749
KS-8533 condenser, Cardwcll, 494

L

Laplace transform, 651
Leakage, 67
Level-setting, 11, 54

of current waveforms, 321–324
d-c, in synchro system, 454
by waveform distortion] 454

Linear amplifiers, negative feedback, 24-

27
Linear shaping, 9
Lines, distributed-constant, 745

lumped-constant, 743-745
Lockover circuits, 164
Logarithmic devices, 67%674

M

MacRae, D., Jr,, 645
Magnesyn, 454
Magnetic circuits, nonlinear, 421
Magnetron, 691
Mason, W., 753, 765
Massachusetts Institute of Technology

Electrical Engineering Staff, 3, 679
Applied Eiectrmics, 72, 82, 96
Eledcvi Circuits, 93

Mathematical operations on waveforms,
629-693

Memory circuits, 503, 519
Mercury relay, Western Electric, 403
Microphonics, 194
Mieropot, 432

Gibbs, 476
Microtorque Potentiometer, 439
Miller, J. M., 31, 665
Miller integrator, 37, 323, 664
Miller-integrator linear sweep generator,

278-285
Miller-integrator parabola generator, 310
Miller negative-going sweeps, 483
MiUer sweep generation, 195-197

Miller transitron, 197
Millivoltmeter circuit, 406
Millman, J., 62
Minneapolis-Honeywell vibrator, 403
Modulation, amplitude (see Amplitude

modulation )

h~odulation, complex-current-waveform,
45&155

complex-voltage-waveform, 447450
complex-waveform, 461–463
deflection, 713
focus, 716
frequency (see Frequency modulation)
phase (see Phaee modulation)
signal-plate, 714
time (see Time modulation)

Modulator, balanced-triode, 413, 414
carrier-balanced, 415
copper-oxide, 409
diode-switch, 401
electromechanical, 427–465
full-wave, 408
full-wave balanced-triode, 416
full-wave diode-switch, 407
full-wave-switch, 402
half-wave-switch, 397
mechanical-switch, 362
negative-feedback, 420
phase, 53
photomechanical, 463–465
potentiometer, with feedback amplifier,

433

signal- and carrier-balanced, 416
tetrode, for electrometer application,

414
variable-capacitance, 418, 419

Monostable circuits for very short pulses,
179-182

Monostable multivibrator dividers, 572–
575

Monostable multivibrators, 16&l 71
cathode-coupled, 168
plate-to-grid-coupled, 167

Monostable oscillators, as frequency
dividers, 569

Moody, N. F., 343, 356
Morse, P,, 755, 757
Mriltiar, 343

Multiple-coincidence circuits, 381–384
Multiple-scale circuit, 468
Multiplication, 668
Multivibrator comparators, 341

Multivibrator tubes, figure of merit for,
177

Multivibrators, 163
astable (see Actable multivibrators)
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Multivibrators, bistable (see Bistable Pedestal, 365
multi vibrators) Pentode, 331

flip-flop, 167 British, VR-1 16, 88
gating, 167 constant-current, 264
monostable (see Monostable multivi- 6AG7, 78

brators) Phantastron counter circuit, 624
one-shot, 167 Phantastron dividers, maximum PRF of,
transition in, 174-177 579

N Phantastron-type circuits, 195. .
Phantastron-type dividers, 577–582

Negative feedback (seeFeedback,negative) phantastrons, 287
Networks, linear passive, 632-640 astable, 199
Neutralization, of frequency dividers, 59o
Nilsen Company, P. J., 494

cathode-coupled. 203

0
Ohman, G. P., 657
1S5 characteristic, 76
Operational analysis, 37-39
Orthicon, 707
Oscillations, pulsed, 140

for use with synchros, 156
oscillator, beat-frequency, 124

blocking (see Blocking oscillator)
bridge, 11$123
continuous, 702
crystal (see Crystal oscillator)
crystal-bridge, 122
dynatron, 123
Hartley (see Hartley oscillator)
negative-resistance, 123
phase-shift, 110-115
Pierce, 107
pulsed, 703
quenching, 205, 235
relaxation, 558

astable, 569
resistance-capacitance, 561
resonant-circuit, 104–106
transition, 124
Tritet, 108

Oscilloscope, DuMont, 208, 291
oscilloscope techniques, 69+706
Overload, 521
Overshoots, 168

P

Parabolas, 305-312
Peak detector, half-wave diode, 503

precision, 506
synchro modulator using, 446

Pedciag, 348

screen-coupied, 197
Phase delay, 568
Phase jitter, 568
Phase-modulation method, 490
Phase modulators, 53
Phase shift, 510, 520
Phase shifters, resistance-reactance, 136-

141
Photocell 919, high-vacuum, 73
Photocells, 72
Photoelectric devices, 428
Pickoffs, regenerative, 485
Pierce oscillator, 107
Polyphase siuusoids, 131

pulsed, 148

Potentiometer, 428
inherently liuear, nonlinear output sig-

nals obtained by use of, 436
linear, 428, 431-434
low-torque, 439
Microtorque, 439
nonlinear, 430, 43&439
nonlinearly wound, 438
phase-modulating, 491
RL270, 432, 476

secant, 437
sinusoidal, 430, 434-436
square law, 437

Potentiometer modulator, with feedback
amplifier, 433

PR.F, maximum, of phantastron dividers,
579

random variations in, 225
PRFdividers, pulse-selection, 592-594
PRF division, 567–601

intermittent, 600
Puckle, O. S., 3,255
Pulsegenerators, delay-line, 238
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Pulse-to-pulse amplitude cancellation of
radar video signals, 708

Pulse shaping, 313
Pulse-sharpening circuits, 699
Pulse transformers, 18
Pulse-width selector, 368
Pulses, dunking, 509

duplication of, by delay lines, 247-253
very long, 237

Q

Quartz crystal, 752-755
Quasi-selector, 325, 334, 369
Quasi-stable state, 166
Quasi time selectors, 366

R

Radar video signals, pulse-to-pulse am-
plitude cancellation of, 708

Radio Corporation of America (RCA),
681

Range unit, AN/APhT-3, 565
Ray]eigh, J. W. S,, 765
RC-feedback circuit, 150-154
Recovery time, 223
Recycling detector, 508, 509, 532
Reich, H. J., 3, 683
Relaxation oscillations, 47
Relaxation oscillators, 558

astable, 569
Reqponse, transim,t, 505, 510
Rkhards, W., 765
Ring circuits, 409
Ring counters, 603

thyratron, 612–614
I{inging circuit, 141

ltI,270 potent, iomctcr, 432, 476

s

Sack, H. S., 645, 666, 674

Sanaphant, 20t&202

.wrcrn-cm] pl(,(i, 202

Sanatron, 200-202, 285

scrcrn-coliplwf, 202
Staff, J, H., 68, 71

Sc:dc-of-tcu circuit, 611

Scale-of-two, thyratrou, 612

Scale+f-two circuit, 162, 164, 187
Scale-of-two counter, 603-612

high-speed, 607
Scaling circuits, 164
SCR-584 circular-sweep circuit, 136, 559
SCR-584 radar, 575
SCR-598 generator, 460
SD-917 subminiature high-~ triode, 93
See-saw circuit, 28
Seely, S., 62
Selection, 42

time, 12, 47
Selenium rectifiers, 69

d-c characteristics of, 69
Selsyn, 441
Separator circuits, 364
Sequence circuits, 604
Signal-balanced circuits, 393
Signal- and carrier-balanced c,rcuits.

394
Signal-plate modulation, 714
Sine-wave-comparator amplifiers, 355
‘Sine-wave generators, electromechanical,

125
Sine-wave peak comparison, 35@352
Sine-wave zero comparison, 352-355
Siuusoids, polyphase, 131

pulse, 703
pulsed, 148

6AG5 characteristic, 76
ti6AG7 pentode, 78
6AK5 characteristic, 76, 79
6AL5 characteristic, 58, 61, 63
6AS6 characteristic, 81
6AS6 tube, 88, 89, 196

6H6 characteristic, 67, 87

6J6 characteristic, 66, 75

6K6 tried., 88

6SA7 tube, 88, 90, 196

6SH7 characteristic, 66, 76

6SL7 characteristic, 73, 75, 80, 98

6SN7 characteristic, 75, 86

6SN7 triodc, 79
Sylvania, 68

6Y6-C, beam tetrode, 78

f3quare-root-extracting circuits, 686–691

Square roots, 678

Sqlumer, multigrid, 682
Squares, 678

Squaring, 166, 348
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Squaring circuits, 679686
stability, amplitude, 103

capacitance, 475
frequency, 103
of frequency dividers, 5813
resistance 475

Stabilization, 19&194
amplitude, 126
frequency, 128
resonant, frequency division using,

595–599

Stable states, 162

Storage action intensity modulation,
theory, 708-713

Storage circuits, 615-619
Storage-tube method, 499
Storage-tube synchronizing devices, 727
Storage-tube time demodulator, 728
Storage tubes, applications of, 707

as computing devices, 708
definition of, 707
as memory devices in pulse-operated

computers, 708
sensitive time discriminator using, TZ8
use of, to record randomly occurring

high-speed transients, 708

Strobe circuits, 364

Subtraction, 629
in amplitude measurements, 696

Sweep, circular, 132, 704
expanded, 698

Switch, 379
bidirectional, 49

carrier-controlled, 396@413
double-triode, 375
double-triode bidirectional, 376
four-diode, 374
half-wave, 514
self-stabilizing double-diode, 479
unidirectional, 49

Switch circuits, 37w381

Switching, demodulators using, 51~524
Sylvania 6SN7 triodes, 68

Synchro modulator, using peak detector,
446

and phasesensitive detector, 446

Synchro systems, d-c level-setting in, 454
multiple-scale, 443

Synchronization, 189
external, 469

Synchronization, internal, 469
of single-stage blocking-oscillator

dividers, 586
Synchros, 439-444

angular accuracy of, 442
Bendix AY 120D, 498
pulsed oscillations for use with, 156
as resolvers, 444
3-phase to 2-phase conversion, 444
use of, with sinusoidal carriers, 444

T

Teletorque, 441
Temperature coefficient, of delay line%

474
of Hg, 473
of H?(), 473

Temperature compensation, 129

Terman, F. E., 3
Tetrodes, Victoreen, 414
Theuerer, H. C., 68, 71
Thyratron, 591

2050, 85

Thyratron counter circuits, 619
Thyratron ring counters, 612–614
Thyratron scale-of-two, 612
Time comparison, 12, 14, 364
Time demodulation, 12, 55, 501-544

by time comparison, 536

Time demodulator, negative-feedback,

537
storage-tube, 728

Time discrimination, 12, 56, 364

Time discriminator, 533
sensitive, using storage tube, 728

Time-mark generator, crystal-controlled,

externally synchronized, 727
Time measurement, 300, 697–699

Time modulation, 12, 52, 300

(See also Thf)
Time selection, 12, 47

Time selectors, 364
adjacent, 384, 385

and difference detector, 534
quasi, 366
use of, in frequency division, 569

Timing condenser, 167

Timing resistor, 167

Timing waveform, 167
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TM, phase-modulation method for, 476
propagation-velocity method for, 473
voltage sawtooth method for, 474, 477

T-m circuits, errors in, 472476

general accuracy considerations in,
472476

transfer function of, 466

Transducer equivalent circuits, 759

Transducers, electromechanical, 427

Transfer function of t-m circuit, 466

Transformer, double-tuned, 550
nonlinear, 424

for amplitude modulation, 422

pulse, 18
with variable coupling between wind-

ings, 428

l’ransitron, Miller, 197
Transitron oscillator, 124
Trapezoids, 297
Triangle adders, 295
Triangles, 291
Trigger, effect of, on output waveforms,

222

Trigger delays, supersonic, 762
Triggering, 187–190

of frequency dividers, 580
methods of, 608
parallel, 219
of phantastron divider chains, 581
series, 220

Triggering methods, 218-223
Triode, 331

6K6, 88

6SN7, 79

Sylvania, 68
Triple-coincidence circuit, 383

Tritet oscillator, 108

Tubes, gas-iilled, 82–85

multigrid, 415, 416
6AS6, 88, 89, 196
6SA7, 88, 90, 196

Twin-T network, 116
208 oscilloscope, DuMont, 291
2050 thyratron, 85

v

Vacuum Tubes, TheTmionicj Theory oj, 96
Variacs, 463
Vibrator, Minneapolis-Honeywell, 403
Victoreen Instrument Company, 65
Victoreen tetrodes, 414
Voltage, linear steps of, 617
Voltage pulse, rectangular, 215
Voltage system, four-phase, 138

three-phase, 138
Voltage-waveform drivers, 449
Voltmeter, peak-reading, 166
VR-116 British pentode, 88, 91, 196

w

Wave shape, 103
Waveform distortion, 443

level-setting by, 454
Waveform generators, sinusoidal, 101–

158
Waveform measurements, 69%702
Waveform shaping, by passive elements,

1%23
Waveforms, abrupt, 159

current (see Current Waveforms)
definition of, 1
mathematical operations on, 62%693
output, effect of trigger on, 222
sawtooth, with amplitudes of several

kilovolts, 482
special, 28%324
staircase, 293
timing, 167

triangular, 254–288, 291

Western Electric D-1 50734 4-phase con.
denser, 494

Western Electric mercury relay, 403
Wheeler, H. A., 736, 741
White, E. L. C., 745
Wien bridge network, 116
Willard, G., 765
Williams, F. C., 343, 385
Wood, A. B., 756, 765


