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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 voluhaes. 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 OflS.ce 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. DuBiudge.





Preface

The preservation of the technical advancements represented by the

precision circuits of the Radiation Laboratory was made possible

through the foresight of Drs. Rabi andDuBridge. They appointed a com-
mittee consisting of Rrs. L. J. Haworth, G.E. Valley, and the editor to con-
sider the scope and content of a series of books on circuits, which resulted

in Vols. 17-22 of the Series. At the termination of hostilities an intensive

writing program was put into operation under the able leadership of

Dr. L. N. Ridenour and resulted in the completion of the Series on an
accelerated schedule. This schedule required the use of as many authors

as possible and has inevitably resulted in discontinuities in the method
of treatment and scope of material.

The object of this book is to present the method of approach to the

problems of time and distance measurement by manual and automatic

means, and the practical circuits employed for these purposes. In addi-

tion, important techniques of pulse data transmission and pulse-ampli-

tude cancellation methods are included. The accurate measurement
of short time intervals is not a new subject since many experiments have
been devoted to the accurate determination of the velocity of light.

The simplification and increased precision possible through the use of

circuit techniques of Vol. 19 of the Series have led to time-measurement
techniques that have resulted in practical and accurate radar distance-

finding and data-transmitting systems. Since the characteristics of

these circuits depend upon those of the radar system, the book is intro-

duced by a survey of techniques for radio distance and speed measure-
ment. The material then continues with a survey of basic techniques

and methods in pulse time measurement, including the generation of

fixed and movable timing markers and their applications to manual and
automatic time measurements. The use of these techniques for pre-

cision data transmission and for the relaying of the radar PPI to remote
points is next presented, and the book concludes with a discussion of

the use of supersonic delay devices for the cancellation of recurrent

waveforms.

Many of the developments described in this volume are contributions

from other laboratories in this country or in the United Kingdom. It

is a pleasure to acknowledge the excellent support to this project by the

British Laboratories, and especially Telecommunications Research
ix



X PREFACE

Establishment, through their generosity several experts have visited

this laboratory and have contributed much useful information, and,
in fact, this book has drawn heavily upon TRE reports. Our gratitude

is due Sir Robert Watson Watt, Drs. W. B, Lewis and B. V. Bowden.^
and F. S. Barton for stimulating and authorizing this excellent excliauge

of information, which required several visits of Br. F. C. Willianas and
others.

The foreword has indicated the difficulty of giving proper credit to
all those who contributed to the writing or to the experimental develop- ;

ments that have made this work possible. However, references in th.e

text have been made to journal papers on radar and associated sub>jects

and declassified reports on radar.

Many of the contributors to this volume gave up industrial positions
or academic fellowships in order to complete their contributions and
much credit is due them for this sacrifice. The authors also wish bo
express their gratitude to those who contributed important background
material from which the final manuscript was written, E. B. Hales,
C. L. Longmire, F. Coffin, L. Bess, R. N. Close, I. Sudman, and J. H.
Rogers. The speed of this program would have been impossible withont
the expert assistance of the production department under C. Newton.
The eflficiency of the typing pool under M. Dolbeare and P. Phillips and
the drafting room under Dr. V. Josephson has been of great assistance.
In addition, the Technical Coordination Group under Dr. Leon Linford
has done much to ensure a coordination of style and a maintenance of
standard. The authors wish to name specifically the followingeditorial
assistants, production assistants, and secretaries whose aid has been
invaluable ia the preparation of this book: Nora Van der Groen, Joan
Brown, JoanLeamy, Helene Benvie, Teresa Sheehan, Barbara Davidson,
Helen Siderwicz, and Louise Rosser.

A few waveform photographs have been used to illustrate this volume.
Nearly all these were taken by C. M. Connelly and the associated plioto—
graphic work was carried out by P. D. Bales and credit to their work is
gratefully acknowledged.

The publishers have agreed that ten years after the date on whicli
each volume in this series is issued, the copyright thereon shall be relin-
quished, and the work shall become part of the public domain.

The Authors.
CAMBBiDon, Mass.,

.
May, 1946.
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CHAPTER 1

INTRODUCTION

By Britton Chance

The resolution and measurement of extremely short time intervals

and the precise measurement of much longer intervals are not new tech-
niques; many devices were developed for measuring the extremely short
times involved in electrical discharges.^ These devices include rapidly
rotating optical systems recording on photographic film, Kerr-cell
devices, 2 and extremely high-speed oscilloscopes,® and have a resolution
of roughly 10“® sec. On the other hand, methods for the precision
measurement of approximately known time intervals have been studied
exhaustively for determinations of the velocity of light'^ or radio waves. ®

In most recent and accurate measurements, a precision of approximately
5 parts in 100,000 has been obtained.® The problems of measurement
of the height of the ionosphere,^ the distance of a radar reflector, or
the velocity of nuclear particles in physical instruments® require a
technique combining the properties of both methods described above.
In radar it is required to measure a variable time interval between lO-®
and 10~2 sec with a precision ranging from 1 part in 100 to 1 part in
10,000. In contrast with measurement of the velocity of light, the
approximate value of the time interval is unknown; for example, the echo
may correspond to an aircraft of unknown location. This device must,
therefore, give immediate and unambiguous indications over the full

scale. This has led to the use of multiple scales, which permit continue
ous measurements over a wide range of time with extremely high precision.

1 C. V. Boys, “ Progressive Lightning,” Nature, 118, 749 (1926).
»F. G. Dimnington, “The Electro-optical Shutter—Its Theory and Technique”

Phys. Hev., 2-38, 1506 (1931).
’

« G. M. Lee, “A Three-beam Oscilloscope for Recording at Frequencies up to
10,000 MO,” Proc. 34, 121W (1946).

* N. E. Dorsey, “The Velocity of Light,” Tram. Am. Phil. Soc., 84, Part 1, (1944).
®F. T. I?armer and II. B. Mohanty, “The Velocity of Propagation of Wireless

Waves over the Ground,” Proo. Phys. 8oc., 52, 456, (1940).
® N. E. Dorsey, loc. cit.

G. Breit and M. A. Tuve, Phys. Rev., 28, 554 (1926).
® C. P. Baker and R. F. Bacher, “Experiments with Slow Neutron Velocity Spec-

trometer,” Phys. Rev., 2-69, 332 (1941).

1



2 INTRODUCTION

Another important requirement of time measurement in radar or

nuclear physics is that of time selectivity. In radar a particular target

must be selected to the exclusion of interfering echoes and in nuclear

physics only those particles having a time of arrival corresponding to a

particular velocity are to be counted. These problems have led to

the development of cathode-ray-tube displays or electronic devices hav-

ing appropriate time selectivity.

Another important requirement of radar is continuous measurement
of variable time intervals by manual or automatic means. The charac-

teristics of cathode-ray-tube displays and mechanical tracking aids for

manual operation have been extensively studied and in addition a number
of extremely important automatic devices have been developed to accom-
plish the same function with an equal precision. Both manual and
automatic devices combine a high accuracy with a high degree of time

selectivity. These devices rely upon a repetition of the phenomenon, and
have not been tested for the measurement of a single transient event.

Although radar could take over the basic elements of the physicists^

methods, an extremely large amount of circuit and component develop-

ment was required before techniques capable of measuring 2 or 3 ft in

60,000 ft were reliable under military conditions.

Improvements in frequency dividers, rectangular pulse generators,

and sawrtooth generators were of tremendous importance in securing

rapidly rising and yet stable timing waveforms. The development of

improved phase-shifting condensers and precision linear potentiometers
and the use of center-electrode cathode-ray tubes did much to permit the
building of simple yet accurate ranging systems. An understanding of

the minimum reqxiirements for a satisfactory solution of the synchroniza-
tion problem in radar systems led to a great increase in the economy of

circuit planning and execution. In the later phases of the war, the devel-

opment of small efficient pulse transformers and improved circuit designs,

particularly in blocking oscillators, contributed much to the efficiency and
compactness of radar timing equipment. Great progress was made in the
standardization of the characteristics of vacuum tubes, resistors, and
condensers through the introduction of the JAN specifications.

Highly precise timing techniques are an essential part of most radars.

A number of systems for precision navigation embody no other function
than time measurement: the American Micro-H, Shoran, and Loran
systems, and the British Oboe, Gee, and Gee-H systems are examples.
Precision timing methods, however, are useful for several other important
functions. Transmission of intelligence by pulse time modulation and
demodulation has already been used for identification, communication,
and the transmission of linear and rotary motion. High fidelity and
accuracy can be obtained by means of the linear modulation and demodu-
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latioa cluiracteTistics of timing circuits. The precision and rapidity of

pulse methods have led to the use of these methods in computation,

and aU indications are that this use will greatly increase. The radar

techniques of synchronization and display serve admirably for graphical

indication and recording of the operation of complex electrical and

mechanical devices and, in fact, have already been much used for the

observation of bio-electric potentials.

The possibilities for the future development of timing methods of

higher resolution and precision are excellent. The improvement of

cathodes, permitting larger peak currents, is of fundamental importance

to the whole field of pulse systems. At present, peak currents in excess

of one ampere are obtainable in receiver-type tubes and it is likely that

this can be improved by special desips. Such large peak currents are of

importance in the generation of shorter pulses from blocking oscillators.

For extremely short pulses short lengths of coaxial cable become much

more practical for timing elements and their use should greatly facilitate

circuit design and construction.

A agnificant reduction in circuit capacitance is obtained by utilizing

baseless subminiature vacuum tubes. Furthermore the “solder-in” char-

acteristic of these tubes encourages a new approach to the problem of

component variation by the use of functional subassemblies that may be

precalibrated to equal standards of performance during the manufactur-

ing process. Thus subassemblies of precision circuits may be replaced

without the need for recalibration. In this way a number of otherwise

impractical circuit desips, previously limited to laboratory construction

methods, may become a commercial reality.



CHAPTER 2

RADIO DISTANCE AND SPEED MEASUREMENTS

By Britton Chance

DISTANCE MEASXJREMENTS

2*1. Introduction.—This chapter briefly presents characteristics

some systems for distance and speed measurements by continuous-w£

(c-w) and pulse transmission from the standpoint of accuracy and i

from the standpoint of economy or efficiency of r-f transmission a

reception. For a full discussion of the general characteristics of tbu

systems see Vol. 1.^

Experimental tests and quantitative results that are available i

summarized. The discussion of untried methods is, of course, speculati'

2*2. Definitions of Methods of Distance Measurement.—The distar

to any distinguishable object is measurable in terms of the time inter'^

Ai required for a radio wave to travel from a transmitter to a reflector a
back to a receiver. The velocity of propagation of radio waves is,

far as can be determined, equal to that of light. The distance is obtain
from the product At • c. Radar systems have been used to measure p:

cisely distances from 50 ft to 1500 miles corresponding to a range
At from 0.1 to 15,000 jxaec. But the quantity At may be represented

a number of forms and may be measured by several methods:

1. Method (1) utilizes the fact that the time delay between a pair
radio-frequency pulses, one corresponding to the transmitted pu',

and the other corresponding to the received echo, directly represer

the interval At as At — 2d/c, where d = distance and c — veloci

of light. This method is termed ‘Hime modulation'^ (Vol. 1

Chap. 13) because the time delay modulates the interval betwe
the two pulses. The measurement is termed ‘

‘time demodulation
(see Vol. 19, Chap. 14) and can be accomplished by the comparisi
of the interval between these two pulseswith triangular or sinusoid

timing waveforms, or with the delay of a supersonic tank, or j

electrical delay network. For a triangular waveform V = T!
increment of voltage, corresponding to the interval Atj is AT ~ h
and AF is a measure of distance.

^ The references to other volumes of the Radiation Laboratory Series will appear
this form.

4
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2. The second method utilizes the fact that the delay time corresponds
to the phase shift by a number of oscillations n of the transmitted Or
modulating frequency; n = fAt, where/ is the transmitted frequency
in megacycles per second and At is the time delay in microseconds.
This method is termed “phase modulation” and occurs in pulse or
continuous-wave systems. The measurement of the extent of this

phase shift is termed “phase demodulation” and depends upon a
comparison of the phase shift with that obtained from inductance
or capacitance phase shifters. An important characteristic of

phase modulation is that the rate of change of phase shift dn/dt
indicates directly the radial velocity of the reflector with respect
to the transmitter-receiver as a beat (or doppler) frequency.

3. The third method is a two-scale method that is a combination of
Methods 1 and 2, where pulses are transmitted and distance is

measured by phase and time demodulation. In pulse systems,
phase demodulation requires the maintenance of r-f oscillations of

the transmitted phase for the interval At and gives a precise but
ambiguous value of the distance. Time demodulation gives an
approximate value of the distance. Pulse transmission is often
used to obtain target discrimination, and the doppler frequency
obtained from phase demodulation may be employed to indicate
target speed.

4. A fourth method utilizes the fact that the time delay may be
measured in terms of the amount of frequency mod\.ilation A/
of the transmitter occurring in this interval. If frequency modu-
lation is linear with time, the frequency shift Af occurring in the
interval At is

A/ = At,

where df/dt is the rate of change of frequency. The measurement
of Af may be termed “frequency demodulation,” and is carried out
by frequency selection or metering.

The general characteristics of these four methods are discussed in
the next sections from the standpoint of distance measurement and/or
speed measurement.

2-3. Time Modulation and Demodulation.—In a pulse distance finder
the measurement of distance involves the measurement of the time delay
At between the transmission and reception of a radio-frequency pulse as
indicated in the waveform diagram of Fig. 2T. The principal require-
ments of this system are that the rise time of the transmitted and received
pulses be no greater than 10 or 20 times the desired accuracy, and that the
properties of the transmitting and receiving system have adeqxiate
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angular and time resolution to permit discrimination of the desired
reflector. Some examples of radar systems are given in Secs. 2* 15 to 2-19.

The block diagram of Fig. 2T shows a typical pulse radar system
described in terms of the basic processes of Chap. 3 of this volume and of
Chaps. 13 and 14 of Vol. 19. It is to be noted that the operation of
distance measurement depends upon time modulation and demodula-
tion. Modulation is accomplished by transmitting a radio-frequency
pulse over the path from transmitter to reflector and back to receiver.
The time delay of this pulse is given by 2d/c, and the velocity of propaga-

Fi®. 2-1. Pulse distance finder employing time modulation and demodulation.

tion of radio waves is assumed to be equal to the velocity of light. The
^ctor of 2 arises from the fact that the radio wave travels twice the
distance d. The measurement is, of course, independent of small varia-
tions of the transmitter frequency.

The radio system consists of a repetition-rate (PUF) generator of a
period greater than that of the maximum value of and a high-voltage
pulse generator driven in exact synchronism with the repetition-rate
generator. The pulse generator acts as a switch to initiate the operation
of the radio-frequency pulse generator at precisely known instants.
Another switch (TR), termed a “duplexer assembly^^ (see Yol. 14) makes
possible the use of a single antenna for transmitting and receiving.
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Most processes of time demodidation depend upon the generation
of a waveform which rises linearly with time during the interval between
transmission of a pulse and reception of an echo. An adjustable ampli-
tude-comparison^ circuit generates a pulse at a controllable delay relative
to the transmitted pulse (time modulation) and a time-discrimination
circuit indicates when the time of occurrence of the measuring pulse is

equal to that of the echo. When they are not equal, an error signal is

given which indicates the correction to be applied. Thus time demodula-
tion consists of three processes: time modulation, time discrimination,
and control. These are processes of considerable accuracy and sensitiv-
ity; the error of time modulation lies between one part in 10^ to one part
in 10® and the sensitivity is better than 0.01 /xsec. These processes are
described in detail in Chaps. 3 to 9 and in Vol. 19, Chaps. 13 and 14.

The complexity of this system is obvious from the block diagram,
and a consideration of the systems described in Sec. 2-4 will indicate
clearly that pulse methods do not represent the simplest means of distance
determination. But other considerations (see Vol. 1) make pulse systems
the only practical ones for the determination of the distance of many
types of reflector under a wide range of conditions.

2-4. Phase Modulation and Demodulation. Continuous-wave System.
Figure 2*2 shows the essential elements of a continuous-wave distance
finder employing phase modulation and demodulation. Continuous
waves generated under the control of a frequency standard are amplified
and transmitted to a reflector, received and amplified in a receiver. The
time delay At produces a phase shift of n cycles of the transmitted wave
and from the relations

and

we obtain

n = jAt

c

Thus this measurement depends directly upon the transmitter frequency
which may readily be maintained with an accuracy of one part in 10^ or
10« by tlie use of crystal control and, if necessary, frequency multiplica-
tion to achieve the desired radio frequency.

For unambiguous measurements, / should be chosen so that the value
of n is less than 1 at the maximum distance required. This is often
impractical for long distances, as higher frequencies are desirable not
only from the standpoint of efficiency but also for directivity. Where n

^ Soo Glossary.
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is large, seeondary meaiig are employed to obtain the integral value of n.

For example, if the approximate value of the distance is known, the exact
value may be obtained by this method. On the other hand, small
deviations from a known value of d due to movement of the reflector or
transmitter-receiver are easily measured. In a method to be described
shortly, time modulation and demodulation are employed to obtain the
approximate value of d.

Phase demodulation is carried out by means of processes which are
already well known and which have been described briefly in Vol. 19,
Sec. 13-3 and 14*4. The waveform diagram of Fig. 2*2 indicates a typical
phase shift between the transmitted and received signals. A reference

Pig. 2-2. Continuous--wave distance finder employing phase modulation and demodula-
tion.

signal obtained from the oscillator is phase-shifted by a phase modulator
in response to a control. Phase-discriminating circuits similar to those
described in Vol. 19, Sec. 14-4 detect the sense and the approximate
magnitude of the phase shift between the phase-shifted and received
frequencies. The output voltage is suitable for controlling a servo-
mechanism that rotates the phase shifter to give zero output from the
phase discriminator. A shaft position corresponding to the phase shift
between the received and transmitted signal is then available at the
output. This shaft position represents only the fractional part of ti.

Typical phase modulators are capacitance or inductance goniometers
which are usually accurate to 1° (see Vol. 19, Sec. 13*3, and Vol 17
Sec. 9*1).

’

If the value of d is known accurately to one wavelength by other
methods, an indication of the fractional value may be obtained \vith high
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sensitivity. This principle has been used in a low-frequency continuous-
wave hyperbolic navigation system termed “Decca^' (see Sec. 2-18 and
VoL 2). In this hyperbolic system the transmitter and receiver are
separated, and the reference for the phase discriminator is transmitted
at a separate radio frequency. The output reading is not the distance
from a single transmitting station, but the difference in the distances
from two transmitting stations. A wavelength of about one mDe is

employed, and the system is ambiguous and relies upon an approximately
known position for determining the integral value of n. Deviations from
a given reading can, of course, be followed with considerable accuracy,
variously estimated as to Tifinr of a mile. The employment of a means
of obtaining the integral value of n will greatly increase the utility of

this system.

Fig. 2*3.—Continuoxis-wav© distance finder employing phase modulation and demodula-
tion of a low-frequency amplitude-modulated subcarrier.

The ambiguity due to the use of a high radio frequency is avoided in
the system shown in Fig. 2-3. The r-f transmissions are amplitude-
modulated, and phase demodulation at the lower frequency (subcarrier)
gives a unique reading for all values of At less than the period of the
modulating waveform. The accuracy of measurement is, of course,
relatively poor. If, however, the accuracy of phase measurement at the
lower frequency is equal to the ratio of this frequency to the radio
frequency, identification of the proper cycle of the higher frequency
may be achieved, and a combination of this system and that of Fig.' 2*2
gives extremely precise and unambiguous distance measurements. This
principle was used in a German bombing system. This combination
system also appears to be very desirable for aircraft altimeters because
not only is a small minimum distance indicated, but high accuracy at
high altitudes may be obtained.

An interesting method of obtaining a low-frequency subcarrier is

represented by a continuous-wave system (see Vol. 1, Chap. 5) using two
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transmitters with a frequency difference of approximately 10 kc/sec.
The phase shift of the beat note between the two transmitters is negligible
for a reflector of zero distance. Up to a distance of 10 miles, the phase
of the received beat note is proportional to the distance of the reflector,

and phase-demodulation circuits similar to those indicated in Fig. 2*2

may be employed to measure the distance of the target.

Pulse Methods.—One of the most practical methods of determining
the approximate distance of the reflector is the use of pulse techniques,
which in effect, afford a subcarrier by which unambiguous measurements

Fio. 2-4.—Pulse distance finder employing phase modulation and demodulation.

of distance may be obtained. In addition, the advantages of range dis-
crimination are obtained and the possibility of large range errors due to
the interference of unwanted reflections is greatly reduced.

The simplest application of pulse transmission to phase modulation
and demodulation is indicated in Fig. 2-4, based upon components of
Figs. 2-1 and 2*2. In spite of the fact that pulses are transmitted, the
phase of the received energy is modulated in exactly the same way as in
Fig. 2-2.

The phase shift between the constant-frequency oscillator and the
received signal is demodulated in the same way as is indicated in Fig. 2*2.
One may, however, obtain an additional advantage of pulse transmission
since the phase discriminator need be operated only at the time of occur-
rence of the received pulse.

It is not always necessary to employ a constant-frequency oscillator
and power amplifier; the transmitter may initiate a pulsed oscillator of the



Sec. 2-4] PHASE MODULATION AND DEMODULATION 11

same freqxiency, the output of which, may be compared with, that of
the receWed signal at the end of the interval At. Such a pulsed oscillator

is often called a “coherent oscillator/^ and its stability must be sufficient

to prevent phase shift during the interval A^. With every recurrence
of the pulse transmission, this oscillator is restarted in phase with the
transmitted oscillations. Phase demodulation is then carried out as
shown in Fig. 2*4.

Figure 2-5 indicates a combination of the methods of Figs, 2-1 and
2-4 that makes a pulse distance finder of high accuracy. Phase demodu-
lation is carried out in order to obtain a precise but ambiguous indication

Output (coarsft)

Fig. 2-6.—^Pulso distance finder employing phase and time demodxilation.

of the distance d. But this information is supplemented by a time-
demodulation system of an accuracy exceeding 2/d/c.

The principle shown here is related to that employed in experimental
“cycle-matching’^ tests withLoran, a hyperbolic navigation system (see

Sec. 2*18 and Vol. 2). Distance is not measured directly hut the differ-

ence of distances is represented by the phase and time difference between
two synchronized pulse transmitters. The transmitter frequency is

approximately 1.8 Mc/secand d = 200 miles, corresponding to — 4000.^

The time demodulator must have a precision better than 1 part in 4000
(0.6 /isec) in order to indicate unambiguously the proper value of n. A.

pulse rise time of roughly 100 times this value is satisfactory if the tech-

niques of Sec. 7T1 are used and may easily be obtained with a reasonable
value of transmitter and receiver bandwidth at this frequency. Loran
represents a special case where the requirements for reliable day and night

^ In, the Loran systoni time may he computed on the basis of approximately 10 jusec

to the mile exactly the same as in radar systems. (Sec Yol. 1.)
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coverage at great distances necessitate the use of a low frequency \vlu‘reita

the requirements of the navigation problem require the utmost
of distance measurement.

Simple methods for coordinating the controls of the two measur4’iiM**it

systems of Fig. 2*5 in order to obtain a single control opcratinjsc

ously over the whole range are presented briefly in Sec. 3-16.^

At the present time it does not appear possible to obtain unam!>ijj;uous
distance measurements by phase modulation and demodulation in liiit'ro-

wave radar systems. If the method of Fig. 2*4 were applied to m!<*ro\vavt»

transmitters and receivers, certain difficulties would be encuniiiitt^retJ.

"Fig. 2-6.—HeterodyTae system, for employing phase demodulation, iit. a low in >*

pulse system.

First, the synchronization of a pulsed magnetron with a continuoMH siKtinI

is not assured although preliminary experiments give promisingly
(see 'Vol. 6). Second, a microwave coherent oscillator must bo iitittiittnl

exactly in phase with the high-power transmission. Third, cont itiiiiniH

phase modulators operating at these frequencies are not availabhs
On the other hand, it is possible to carry out phase demo<ltilut ion »l

frequencies differing from the radio frequency, and advantagi^ m taken
of the fact that the phase of the transmitted and receivt^tl is

preserved even though they are heterodyned to a different fr<*queii«'.v
(see A^ol. 1, Chap. 16). . As indicated in the block diagram of FiK. 2di, It

30 M!c/sec pulsed coherent oscillator is initiated exactly in phases witli \ hi*

heterodyne signal between the transmitted pulse and the stable
1 The similarity of the system of Fig. 2-6 to a multiple-scale range 8y.Hti‘in uniitg n

pulsed oscillator and phase shifter is striking (see Chaps. 3 and 6). 'rtu. }m *!»«•«

I

oscillator used, in time demodulation is analogous to the coherent oscillator of 241,
except that lower frequencies are employed (0.1 to 1 Me/sec).
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oscillator. The frequency of the stable oscillator is maintained cohstaht
during the interval At, so that distance errors are avoided. The fre-
quency stability of these oscillators is remarkable, and several types have
been stabilized to an accuracy of 1 part in 10*, and in a special cas^,

5 parts in 10^® have been obtained (see Yol. 14). Therefore, the phase
of the heterodyne signal obtained from this stable oscillator and from the
received echo gives an accurate although ambiguous indication of the
distance. This heterodyne signal has, however, a frequency of 30 ]VIc/sec,
and phase discrimination and demodulation may be carried out at this
frequency by precise electromechanical devices (see Vol. 19, Sec. 13T3)
in a manner similar to that indicated in the previous examples.

Since the phase of the stable local oscillator is not synchronized with its

pulse-repetition frequency, it may vary through 360® from pulse to pulse.
There is, however, a similar variation of the phase of the coherent oscil-

lator because this phase depends upon the combined phases of the radio
frequency and the local oscillator frequency. The phase of the received
energy is varied correspondingly and thus the phase of the signal from a
reflector at a fixed distance is constant.

Although the configuration of Fig. 2-6 may be extremely useful for

indicating small increments in an accurately known distance, it does not
yet appear to be feasible to select the proper cycle of the 30-Mc/sec
received wave by time demodulation since a wave length of 10 cm requires
an accuracy of roughly 0.3 ft or 7 X 10“'^ jusec in time demodulation—cor-
responding to a pulse rise time of 1 X jusec. In addition, the effects

of echo interference upon the phase of the received signal are incompletely
investigated.

2-6. Frequency Modulation and Demodulation.—^Another method of

introducing a subcarrier by which unambiguous measurements of the

interval At may be obtained is the use of frequency modulation of the
r-f transmissions. As indicated in Fig. 2-7, the transmitted frequency is

varied in a continuous manner in accordance with the timing waveform.
As far as is known, f-m systems are operated continuously and pulse

technifpuss are not employed. The frequency-modulation system may
be operated in three ways. In the first, the timing waveform is impressed
upon the frequency-modulation system and, by a process of frequency
demodulation, this waveform is recovered with a delay equal to At. Any
of the methods mentioned previously for time-delay measurement may
be employed to measure the delay between the transmitted and received

waveforms.
A second method of operation is employed in some altimeters.

Instead of demodulating the frequency-modulated wave to obtain a time

delay as indicated in Fig. 2-7, the output of a phase discriminator is

amplified and counted as indicated in Fig. 2-S. In addition, the counter
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(beat-frequency meter) permits the use of a sinusoidal frequency modula-

tion since it measures the average number of cycles in the recurrence

period (T^) of this waveform. Since the recurrence period of the modulat-

ing waveform will contain both positive and negative values of df/dt, the

total number of cycles counted in this interval is n = ^TrAfj where A/ is

delay

At

Fio. 2-7.—Continuous-wave distance finder employing freqiiency modulation and de-
modulation.

Fig. 2>8.—Continuous-wave distance finder employing frequency modulation and de-
modulation.

the frequency shift occurring in the time Ai and corresponds to the target

range.

This counting technique' does not/ however, permit interpolation

between cycles, and when some* altimeters are used over a smooth surface

—^for example, the ocean—the measurement is discontinuous and the
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indicated distance increases in integral values of n, that is, in steps of

magnitude Ad = c/4F, where F is the total frequency deviation. In a
particular system this may amount to as much as 6 ft.^ On the other
hand, this discontinuity causes little difficulty under usual conditions of
operation over rough terrain, and accuracies of 1 per cent of full scale

(5000 ft) and minimum distances of 1 ft are easily obtained with com-
mercial designs. ^

A third method depends upon control of the value of df/dt from the
output of the phase discriminator. This output is, of course, a frequency
shift A/ occurring in the interval M and, for a fixed target, is constant.
Since df/dt usually has positive and negative values, there is a correspond-
ing phase reversal of A/. Usually this difficulty is avoided by shifting

the modulated frequency by an amount ± Af depending upon the sign of

df/dtj and in this way a constant phase of Af is obtained for both signs of

df/dt (see Sec. 2T2). Automatic frequency demodulation is carried out
by variation of df/dt in two ways: first by variation of the repetition rate
of the timing wave, and second by variation of the extent of frequency
modulation at a constant repetition rate. The use of this technique in

distance and speed measurements is given in greater detail in Sec. 2T2.
Target selection and discrimination in frequency-modulation systems

must depend upon frequency selection.® The distance of any target
corresponds to a particular value of frequency, and the total frequency
shift corresponding to the maximum value of At must be sufficient to
permit frequency selection with reasonable circuits, that is, bandwidths
of approximately 10 cps or greater. But the problem of constructing

100 or more selective circuits to display targets, as on a PPI, is cumber-
some compared with the simplicity of time selectivity in the cathode-ray-

tube display (see Vol. 19, Sec. 10-6).

Existing frequency-modulation systems have not been used for pre-

cision distance measurements. Accurate frequency demodulation is

possible with electronic counters.

2*6. Summary.—In most radar systems the need for target discrimi-

nation in range and azimuth has led to the use of frequencies and pulse

durations that permit an ultimate range accuracy high compared with

that actually required for military use. But there are several systems in

which other requirements have dictated the pulse rise time, and "svith these

the ultimate accuracy is required. An example of such a system is

Loran, where a frequency of 2 Mc/sec is employed in order to achieve

satisfactory propagation over great distances. There are already

1 See D. G. Fink, “The F-m Altimeter,” Electronics, 19, No. 4, 130, (Apr. 1946).

* Loc. cit.

* Unless, for example, the duration of the timing waveform is short enough to per-

mit time selection.
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preliminary data that indicate the potential usefulness of the combination
of phase and time demodulation for such a system.

Combinations of phase and time demodulation in microwave radar
systems are not yet possible although phase demodulation may give a

very sensitive indication of increments of distance.

At this point it is desirable to refer to the accuracy of time discrimina-

tion obtainable with special displays involving superposition of two video
signals as in Loran. In an experimental test using synthetic signals free

from noise, the accuracy of time discrimination approached that obtain-
able by phase discrimination of the r-f pulse carrier (see Sec. 7-11). In
general, such accuracy would not be expected under practical conditions
of operation where appreciable noise would be present.

The accuracy of time and phase modulators used in measurement of

this type is discussed briefly in Sec. 3-14 and in considerable detail in

Chap. 5. It is sufficient to mention here that accuracies of 0.3 per cent
of full scale are readily obtainable with practical circuits. With certain
arrangements, a cascade of a number of time- or phase-demodulation
circuits increases the accuracy by the product of the accuracies of the two
circuits that are cascaded (see Secs. 3-9 and 3*16 and Chap. 6). Consider-
ably less has been done to develop precision frequency modulators that
would be used for corresponding measurements in frequency-modula-
tion systems. The usual accuracies obtainable are approximately 1 per
cent and, as far as is known, no efforts have been made to cascade
frequency-demodulation systems as is usually done in time- and phase-
demodulation systems.

SPEED MEAStTEEMEWTS
In radar systems having inadequate range and angle resolution, mov-

ing objects are sometimes distinguished from fixed objects—crocks, trees,

etc.—by speed measurements. The emphasis here is upon the means
for determining target speed as supplementary information to target
distance in order that prediction of future position of the target may be
obtained. In a number of special cases, prediction along a radial line is

sufl6cient, and the following discussion is confined to this subject. Rate
information can, of course, be obtained upon differentiation of displace-
ment measurements and this method is discussed in Sec. 2-11 and in
Chaps. 7 to 9. In scanning radar systems, the interval between dis-
placement measurements is often so great that a considerable time is

required before sufficient information is available to permit satisfactory
differentiation. Some aspects of this problem are reviewed in Sec. 2*14.

2-7. Continuous-wave Systems.—^Figure 2-9 indicates a typical con-
tinuous-wave speed measurement system. It is based upon the elements
of Fig. 2*2 and takes advantage of the fact that the rate of change of the
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received phase due to motion of the reflector is given directly in the out-

put of a phase discriminator as a doppler frequency.

The value of the output frequency may be calculated by the formula^

89.'4Tr / r
Fd — — — cps/mph

where Vr is the radial velocity of the target with respect to the trans-

mitter-receiver system in mph, Fd is the doppler frequency or the rate of

change of phase, and X is the wavelength in cm. For example, at a

wavelength of 3 cm, Fd is equal to 29.8 cps/mph.

A variety of frequency-metering circuits may be employed similar #0

those used in the measurement of distance in a frequency-modulated

system (see Sec. 2-5)

.

Fia. 2*9.—Continuoua-'wavo speed measurement system.

The relative merits of a number of these systems used for aircraft

detection are discussed in Vol. 1, Chap. 5. For most purposes the lack

of range resolution has been a great handicap to continuous-wave sys-

tems used for speed measurement.

For isolated objects—^for example, a bomb or projectile accurate

speed measurements are possible without the need for range resolution.

In fact, continuous-wave systems would seem to be particularly useful

for this purpose, and frequencies of 10,000 Mc/sec would be expected to

give good results by direct recording of the doppler frequency. A read-

ing accura<*y of roughly one-quarter cycle at this frequency would give

velocities accurate to a fraction of a per cent provided a reasonable num-

ber of cycles were recorded. In fact, such an accuracy would exceed

that obtainable by time demodulation and differentiation by a factor of

roughly 5 (see Sec. 2*11). The exact value of the distance may or may

^ The factor 89.4 ia twice the normal conversion factor for the doppler effect since

both the transmitter and the receiver may be considered to be moving with respect to

the reflector.
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not obtained in these speed measurements depending upon whether

the zero point of recording the doppler cycles is accurately known. From
that point onWard distance measurement is obtained by simply counting

the cycles and converting these into distance (for this frequency, one

doppler cycle equals 1.6 cm).

2*8. Pulse Systems—^Intemally Coherent.—The doppler beat note

derived from the rate of change of phase due to a moving target is readily

obtained with the system shown in Fig. 2-4 by the alterations indicated

in Fig. 2T0. As in Fig. 2-9, the phase-discriminator output is measured

directly by a frequency meter. This method has been applied to several

r]|>dar systems operating at 100 to 200 Mc/sec where audible indications

Fia. 2-1.0.—Pulse speed raeasurement system employing internal coherence.

of the speed of a moving target are required. It usually suffices to

employ earphones for frequency estimation. The modification of the

radio-frequency portions of this system as indicated in Fig. 2*6 is desirable

when microwave frequencies are employed.
A qualitative indication of the speed of a large number of targets

within the view of a scanning radar system is obtainable as indicated in

the rudimentary schematic diagram of Fig. 2T1. This system is iden-

tical to that indicated in Fig. 2T0 with the exception that the frequency
meter is replaced by a delay device of a delay that is exactly equal to the
pulse recurrence interval. The input and output of this delay device
are subtracted, and therefore targets moving more slowly than a given
speed do not appear at the output of the subtraction circuit because
they will have an inappreciable change of phase during the repetition

interval. Some of the delay devices described in Chap. 12 are useful
for these purposes.
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The great usefulness of this system is that it gives a qualitative

indication of the speed of a large number of targets. In the form indi-

cated here, it does not, however, give accurate speed indications, and
these are more appropriately obtained through phase demodulation.

For microwave frequencies the heterodyne method of Fig. 2-6 is, of

course, desirable.

If the doppler frequency in any of these systems is equal to or is an
integral multiple of the repetition frequency of the transmitter, no modu-
lation is observed. The radar then fails to detect the target and is said

Fig. 2*11.—Pulse system for the qualitative indication of the speed of a large number of
slowly moving targets by moans of frequency selection at the pulse recurrence frequency.

to be “blind.'' The corresponding speed is the “blind speed." This

may be stated more generally by the formula

n • PRF • X
r blind,

2

where n is equal to 1, 2, 3, etc.

For the particular case, where X is equal to 3 cm and PRF is equal

to 2000,

Fbiind = 67n mph.

When this effect is objectionable, a slight variation of PHF increases

the amplitude of the beat note to a measurable value. Usually fluctua-

tions in the phase of the reflected signal that are due to the finite size

of the target will cause this effect to be of small importance.
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2*9. Pulse Systems.-—Exteimally-coherent Echo Interference.—-In the

previously discussed systems the time delay between transmission and

reception of the pulse requires the maintenance of the phase of the trans-

mitted wave during this time interval in order to permit simultaneous

comparison of the phase of the transmitted and received waves. The
necessity for the coherent oscillator derives from the fact that the trans-

mitted and received energies do not exist simultaneously at the transmit-

receive point. On the other hand, the incident and reflected energy are

coincident at the reflector for an interval equal to the pulse duration.

Extremely important methods of relative speed measurement, which
derive from this simple fact, are termed ‘^external coherence.”^ External

coherence may be employed to measure the relative rate of a mov-
ing vehicle with respect to a stationary background or the relative

motion of portions of a large stationary object with respect to a moving
transmitter-receiver.

Relative Speed of Vehicle and Ground .—The energy of the r-f pulse

incident upon a moving reflector is also incident upon the stationary

medium over which the object is moving. Experimental observations

and theoretical calculations have indicated that the phase shift due to a
large number of stationary scatterers is constant, even in the neighbor-
hood of a distinctive moving reflector;^ but the phase of the energy
reflected from the moving object varies in accordance with the usual
doppler formula. The reflected energy then contains a component equal
to the sum or difference of the transmitted frequency and the frequency
corresponding to the rate of change of phase (doppler frequency) caused
by the motion of the object away from or toward the transmitter.
Although the speed of the moving object may be determined by the dop-
pler frequency, information on its range must be obtained by time
demodulation.

Figure 2*12 shows the extreme simplicity of speed measurement by
this means. All the elements are parts of a conventional radar system
except the frequency meter. Since the energy reflected from the moving
and stationary targets contains both the transmitted frequency and this

frequency plus or minus the doppler frequency, phase discrimination is

accomplished in a simple detector. Practical considerations in the
design of these circuits are given in Vol. 19, Sec. 14-5, and in Vol. 1.

Time selection of the energy reflected from the desired target is, of

course, important in order to secure minimum target confusion and

External coherence is often termed “noncoherent” doppler detection. This
term is not appropriate because the energy from stationary scatterers is coherent with
the incident radiation.

*A. J. P. Siegert, “Fluctuations in Return Signals from Random Scatterers,”
RL Report No. 773, 1945.
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optimum signal-to-noise ratio and also to provide measurement of dis-

tance. Other practical considerations, such as the removal of spurious

modulation from the transmitter and receiver are also of importance.

iFio. 2- 12.—Pulse speed measurement employiixg external coherence (echo interference).

Relative Speed of Portions of the Ground with Respect to Moving Trans-

mitter-receiver.—^Two other extremely important measurements made
with externally coherent-phase systems are applicable to airborne trans-

Fia. 2*13.—Geometry for determining echo interference effects. In positions A, B,
and C doppler frequoncios due to ground speed will bo dominant. At Z> and B the dopplor

frequencies will be a minimum and the ground track of the aircraft may bo determined.

mitter-reoeiver systems. The relative speed of portions of an illuminated

patch of ground toward a moving transmitter-receiver gives indication

of the rate and the direction of approach; this indication is due to echo-

interference effects during the pulsa Figure 2T3 shows various positions
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of the illuminating beam which emphasize various measurements of

doppler beat frequencies. In A the beam is projected vertically down-
ward from the moving airplane, and the relative motion of portions of the

illuminated reflectors is toward the airplane if the reflectors are ahead
and away if they are behind. The relative motion of the point of closest

approach is, of course, zero.

Particular reflectors at the ex-

tremities of the beam are ap-

proaching or receding from the

airplane with a velocity denoted
by ±F sin A/2 where A is the

beamwidth. The doppler beat

note between these two reflectors

is 2F/X sin A/2.

Actually the existence of two
discrete reflectors at these posi-

tions is unlikely, but a frequency
spectrum approaching the above
expression as a maximum value is

obtained from the doppler beats of all the reflectors illuminated by the
beam. The general form of this spectrum is indicated by Fig. 2T5.

Another possible geometry is indicated by position B in which the
beam is directed at an angle <i> with respect to the ground path of the
aircraft, and a portion of the ground at a considerable distance from
the airplane is illuminated. Here the relative velocity of portions of the
illuminated patch of ground is in the horizontal plane, the component in
the vertical plane being negligible. Taking two points at the extreme
lateral edges of the beam, their relative velocity of approach toward the
aircraft may be computed as indicated in Fig. 2-14. This is

r cos U ± I)

where <f> is the azimuth angle of the antenna with respect to the ground
track of the airplane, and the differential doppler frequency is multiplied
by this geometric factor. As in the previous case, the doppler-frequency
spectrum has a large energy at a small value of frequency and decreasing
energy out to a frequency determined by the differential velocity of
points at the extreme edges of the beam. An estimated spectrum for
this differential doppler effect at two azimuth angles is indicated in
Fig. 2*15. The amplitude of the high-frequency components increases
as ^ increases and reaches a maximum where <t> is equal to 90°. When
a radar frequency of 10,000 Mc/sec is used, the mid-frequency is centered

ycosl4>+^)
Fig. 2*14.—Differential doppler shift due

to difference of motion of portions of reflector
A and B toward the aircraft.
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at approximately 1 cps for ^ = 0® or 180®, and at 300 ops for <f>
= 90®

or 270®.

If the antenna is oriented in position C, where <f>
= 90®, a reflector

at the forward extremity of the beam will be moving tovsrard the airplane,

and one at the rear extremity will be moving away from it. Thus the
differential speed is represented by

V cos + V cos

This expression reduces to 2V sin A/2, since cos A/2 at the rear extrem-
ity of the beam is negative. This value for the differential speed is the
same as that obtained for a beam directed vertically downward as in .A.

No practical application has been
made of the differential doppler effect

in positions A or C for the purposes of

measuring ground speed. In the first

place no single frequency is obtained
corresponding to ground speed as ob-

served from Fig. 2-15. The amplitude
at any particular frequency is subject

to large fluctuations due to variations

of transmitted power, the character of

the reflector, and the receiver sensiti-

vity. It is conceivable that the ratio

of the amplitudes at two frequencies

fi and /2 would give a measure of the

Doppler best frequency

Fio. 2- 16.—Estimated doppler
spectrum for two values of anteuna
azimuth.

ground speed. The practicability of this suggestion has, however, not
been substantiated.

A most useful and practical result is, however, obtained by orientation

of the radar antenna to position D of Fig. 2*13. In this position the
differential velocities of points at the extreme edges of the pattern are

equal. According to the simple formulas zero frequency would be
observed, but actually a residual spectrum near 1 cps is obtained. A
simple and highly sensitive method of locating the true ground track of

an aircraft depends simply upon the observation of the angle ^ at WThich

the differential-dopplor frequency goes to a minimum value, and this

minimum is easily observed. An experimental system taking advantage
of this effect has indicated that when operating on a frequency of 10,000

Mc/sec with a beamwidth of 3® the ground track of the aircraft may be
located with an accuracy of roughly -J-®. The observations are made
directly on the PPI display. A more detailed description of the method
of measuring this effect is given in Vols. 1 and 2.
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The doppler indications; indicate the track of the aircraft along the

line parallel to the plane from which echo-interference effects are obtained.

If this plane is horizontal, the ground track is determined. But in

mountainous terrain the doppler frequency null may not be observed
since the beam may not illuminate a horizontal area. This effect has
been observed in experimental flight tests and has caused some difficulty.

In spite of this limitation, the doppler ground track is an extremely
important navigational aid for airborne radar systems.

Two other methods of determining ground speed do not depend upon
the relative motion of reflectors illuminated by the same pulse of r-f

energy. If two antennas are used to project a continuous-wave beam
directly forward and aft along the ground track, the doppler frequency
may be measured to better than 5 mph. This method is not, however,
immediately applicable to pulse radar systems.

A proposed system uses one beam but compares the energy at two
different ranges. If, for example, the received energy from illuminated
portion D is compared with that from E (Fig. 2T3), the following doppler
frequency will be observed;

2V
Af = (sin /? -- sin a),

where /? and <x are the vertical angles of D and E, respectively.^ As there
is an appreciable time delay between the reception of the energy from
these two different portions of the ground, a delay device operating at the
radio frequency or the intermediate frequency is employed in order to
permit phase discrimination. Frequency measurement, of course, gives
a value related to the ground speed as previously indicated. This
method has two limitations: the angle should be made zero; and suit-
able reflectors are required at two places on the ground rather than at a
single place. A consideration of this method will indicate its similarity
to coherent methods in which the phase of the transmitted pulse is com-
pared with the reflected energy from D. It has the great advantage,
however, that the required length of the delay element may be made short
compared with that required if the transmitted pulse were to be delayed
until the reception of a suitable echo.

SPEED AND DISTANCE MEASUREMENTS
Both rate and displacement information are required for the predic-

tion of the time of arrival of a moving object at a particular point. In
general, data in two or three coordinates are required, but a great many

1 D. Sayre, "‘Pulse Doppler with Reference to Ground Speed Indication,” RL
Group Report, Mar. 20, 1944.



Sec. 2-10] PHASE AND RATE OF CHANGE OF PHASE 26

practical problems of prediction are satisfied by a knowledge of radial

distance and speed.

The navigation problem is usually solved by establishing a “collision”

course with the objective and by calculating the time of arrival on the
basis of range and range-rate data.

The bombing problem is similar, for release is required at a distance
from the target approximately equal to Vgt/ — T where Vg is ground
speed, tf is time of fall, and T is trail of the particular bomb. At low
altitudes the slant range is approximately equal to ground range at the
release point, but at high altitudes the slant range is converted to ground
range by a computer (see VoL 19, Sec. 8-5 and Vol. 21, Sec. 6-3).

A specialized navigational computer, which has been developed for

the solution of these problems, presents a direct indication of course to
and time of arrival at a destination (see Sec. 7.28 and Vol. 21, Chap. 7).

Associated equipment may often greatly decrease the accuracy
requirements of prediction. For example, airborne radar simplifies the
problem of Ground Control of Interception, GCI, . Similarly, proximity
fuses and guided missiles decrease the accui’acy required of antiaircraft

fire control and bombing systems.

The block diagrams of various methods of obtaining distance and
speed are presented and are followed by a brief discussion of some of the
problems of these measurements arising in scanning radar systems.

2-10. Phase and Rate of Change of Phase.—The problem of obtaining

both distance and speed separately in phase-modulation systems has been
discussed in Secs. 2*4,'2*7, and 2-8.
- , . 1 • 1 -j. • 1 • j Constant phose
In a system m which it is desired synchronization

to measure both distance and
speed simultaneously, the meas-
urement systems may operate in-

dependently. A typical block

diagram of a c-w system is shown
in Fig. 2T6 in which coherent

oscillations establish synchroni-

zation between the phase demodu-
lator and the transmitter-receiver

(phase modulator). The received 2-ltt.—Distance and speod measuro-

signals are phase-demodulated froquoncy demodulation

giving range information. In
addition, the rate of change of range is obtained by phase discrimination

and frequency selection using the transmitted phase as a reference.

This method has, of course, the advantage of extreme sensitivity in

displacement and speed measurements, that is, it may respond to a
fraction of the period of the radio frequency but will be subject to ambi-
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guities in range as discussed in Sec. 2*4. There have been few practical
applications of the method in this form although the two processes are
used separately for a number of very accurate measurements (see Secs. 2-4

and 2-7). A more practical device would result from a combination of
time demodulation for approximate range measurement and target dis-

crimination as discussed in Sec. 2*13.

2*11. Time Demodulation and Differentiation.—^The only feasible
method of deterroining speed in a time-demodulation system is by differ-

entiation of the distance. In fact, all pulse-radar systems so far used for
distance-finding employ this method. A number of methods for differ-

entiation by manual or automatic means are described in Sec. 7*14 and
Sec. 9;3 and also in Vol. 21, Sec. 4*5. In general, manual methods consist

of various aiding devices for estab-
lishing continuity of the displace-
ment information in the interval
between displacement measure-
ments. The speed of a motor or
other device required to establish
this continuity is then a measure
of the rate. Automatic tracking
methods of high sensitivity and
rapid response are employed
wherever practicable. A block

diagram of a typical system is indicated in Fig. 2*17 where straightfor-
ward differentiation of the distance output of the time demodulator is

indicated.

The properties and performance of a number of radar systems using
these techniques are given in the next sections, especially Secs. 2*15, 2*16,
and 2-17.

2-12. Phase and Frequency Demodulation.—In frequency-modulated
distance finders the output information is obtained as a frequency shift
A/ corresponding to the product of the time delay between transmission
and reception of information and the rate of change of frequency with
time. If there is relative motion of the transmitter-receiver system and

the reflector, an additional frequency shift ± is added to A/. A
method of distinguishing between the frequency shifts due to distance
and speed depends upon the fact that A/ is subtracted from the doppler
frequency for positive values of df/dt and added to it for negative values.

^

A block diagram of a possible system is shown in Fig. 2*18, In the
initial condition the timing-waveform generator which controls the fre-
quency modulation of A is disabled and the system operates by ordinary
c-w doppler. If energy is reflected from an object moving within the

Time
modulator

(Transmitter
receiver)

Received
signals

.1

Time
demodulator

PRF -v::—
synchronization'

'r

Differentiator
ci rcuit

Distance
Speed

Fig. 2*17.—Distance and speed measure-
ments by time demodulation and differ-
entiation.
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desired range of speeds, a phase discriminator operates and adjusts the
frequency of a 1-f frequency-modulated oscillator B to equal the doppler
frequency- The output shaft represents the target speed. At this
moment the timing-waveform generator is set into operation and fre-
quency modulates the transmitter with a triangular wave. At the same
time a rectangular wave is applied to the oscillator B. For increasing
values of the transmitter frequency, the rectangular waveform reduces
the frequency of the oscillator B by one-half the doppler frequency, and
for increasing values of the transmitter frequency, it increases the fre-

quency of the oscillator B by one-half the doppler frequency. If the rate
of change of the transmitted frequency produces a value of A/ equal to

Fio. 2- 18.—Dietnneo and spood moasuremonts in a continuous-wave fre<3.uenoy-modulated
system.

one-half the doppler frequency, the resultant beat frequency applied to
the phase discriminator C will be constant because A/ is subtracted from
the doppler frequency for increasing transmitted frequencies, and vice
versa. If the value A/ is not correct, the output of the phase discrimi-
nator C will be modulated at the frequency of the timing waveform.
Phase discrimination of this signal with reference to the timing waveform
in D gives a control signal that will adjust df/dt so that A/ is again equal
to one-half the doppler frequency.

In another system, the total frequency shift was maintained constant,
but the repetition rate of the timing waveform was varied. In this way
a selector circuit operating at a constant frequency gives control signals
varying the repetition rate of the timing-waveform generator so that
continuous indications of the target range are obtained (see Vdl. 1,

Chap. 5).
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2>13. Time, Phase, and Frequency Demodulation.— possible pulse
system is indicated in Fig. 2*19, An approximate value of the distance

is obtained by time demodulation as indicated in Fig. 2*17 and is used to

remove the ambiguities in the accurate value obtained by phase demodu-
lation as indicated in Fig. 2*16. Rate information is obtained by fre-

quency demodulation of the output of a phase discriminator.

At the present time this theoretically attractive system is impossible
to apply to a microwave radar since the bandwidth of existing receivers

and the accuracy of available time demodulators are inadequate to

remove the ambiguity of the phase-demodulation system. Neverthe-
less, the possibilities of extremely accurate distance measurements com-
bined with rapid determination of speed may warrant some consideration

distance
Fio. 2-19,—Distance and speed measurements by phase, time, and frequency demodulation

in a pulse system.

of this method—especially in the case of slowly scanning radars giving
intermittent data.

2*14. Considerations Applying to Intermittent Data.—Distance and
speed determination in scanning radars presents some special problems.
A particular radar employs a pulse length of 1 /xsec, a beamwidth of

a scanning rate of 3 rpm, and maximum range scale of 300 miles in
order to cover large areas and distinguish many targets. The amount of

information obtained from each individual target is meager and infre-
quent because only 10 pulses are received at an interval of 20 sec, cor-
responding to an intermittency of 1 part in 3300 in range and 1 part in
720 in azimuth or a net intermittency of 1 part in 240,000.

In nearly all practical applications of radar of this type, the necessity
arises for obtaining precise information on a few of the many targets
detected, and special methods must therefore be employed to obtain
distance and speed information in a reasonable amount of time. A few
considerations of importance in determining distance and speed are out-
lined below. Similar considerations for the determination of angular
position are given elsewhere (see Vol. 1 and Sec. 9*11).

Distance Measurements .—^An electrically controlled time demodulator
can give a satisfactory displacement measurement from several pulses
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C5 to 10) provided the displacement error is not large. Mechanically
Controlled time demodulators are more sluggish and, hence;, do not
**ospond to a group of pulses immediately. Therefore, the mechanical
Systems assess the error during the reception of the pulse group and
x-emove the error during the period between scans. A particular cathode-
iray-tube display permits the same type of operation under manual con-
fcarol (Sec. 7T5). Similar considerations apply to. mechanically controlled

I^liase demodulators.
Speed Measurements .—Although a crude indication of target velocity

is obtained in electrically controlled time demodulation systems during
"tile reception of a few pulses, accurate rate information is only obtained

averaging the increments of displacement obtained on successive
scans. It requires, therefore, several scan periods (equivalent to several
minutes) to obtain accurate rate information. An even longer time may
b>e required in mechanically controlled time demodulation systems.

It is often highly desirable to obtain the rate information as soon as
fciie displacement information is obtained. This is difELcult with time
demodulation, but measurement of the doppler frequency appears to have
several advantages. Since the time required for a speed measurement
depends upon the sensitivity of the method employed, time and phase
demodulation may be compared in this respect. A sensitivity of 5 ft is

c onsidered very good for most time-demodulation systems. On the other
lxand, a movement of the reflector less than a wavelength causes a per-
ceptible doppler indication. For microwave radar, therefore, there is a
fclieoretical factor of improvement in sensitivity of speed measurement
of roughly one hundredfold, although this may not be obtainable with fl.uc-

t-xiating echoes

-

POSITION-FINDING

2*15. Introduction.—The practical application of distance-finding is,

of course, to position-finding, and a few of the methods by which position

may be found by time-interval measurements are outlined. For the
s»n,ke of completeness, a few types of angular measurements are included.

Kange and angle measurements of an isolated reflector shown in
l^ig. 2*20a give good results at relatively short distances. For example,
•fche tracking of an aircraft by microwave radar is accurate to better than

of a degree. Also, airborne navigation with simple types of scan-
ixing radar systems is accurate to a few hundred feet over distances of

Hoveral miles.

A more accurate method is based upon the measurement of the dis-

•fcances to two accurately located objects. The intersection of the circular

lines of position defined by the distance measurements gives the location

of the radar station as in Fig. 2*206 and 2*20c. Using distinctive reflectors

j i.8 beacons, this method is capable of high accuracy and is employed in
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the precision beacon navigation systems, Shoran, Micro~H, and Gee-H in

which reproducibilities of position-finding of roughly 25, 100, and 150 ft

respectively have been obtained at distances of approximately 100 miles.

There are, of course, two possible arrangements, one in which the
position of the transmitter-receiver is found with respect to the position

of two known reflectors as in Fig. 2-206, and one in which the position of a
particular object is found with respect to the known positions of two
transmitter-receivers as in Fig. 2-20c. The latter system is known as

(c)Two circular lines of position

Reflector

(d)Two hyperbolic lines of position

Fig. 2*20.—Some position-finding methods. The figure shows four basic po.sition-
finding methods. In (a) the position of the reflector is based on both the range and angle
measurements made from a single transmitter and receiver. In (6) two circular lines of
position are obtained from a pair of reflectors and a single transmitter-receiver. In (c)

these lines are obtained from a pair of transmitter-receivers and a single reflector. In (d)
two hyperbolic lines of position are obtained by a receiver at point A in combination with
three transmitters and two receivers.

“Oboe” when a responder beacon is used at .4 ; it has given reproducibil-
ity of roughly 50 ft at 200 miles.

Figure 2-20d indicates a system in which only the difference of the
distances di and dz is measured. For example, if the transmissions of

Station 2 are synchronized with those of Station 1, the time difference in

reception at A gives the difference of distances to the two stations. A
constant difference of di and dz defines a hyperbolic line of position

having Stations 1 and 2 as its foci. The intersection of this line of

position with another similarly derived from Stations 1 and 3 gives the
position of A. Although this system has geometry that yields somewhat
less accuracy than a system employing circular lines of position, it is of

extreme importance because it permits the position of A to be found by
receiving equipment alone. Examples of this system are Loran and Gee.
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A brief discussion of the characteristics of a few practical position-

finding systems follows.

Fig. 2-21.—A inicrowtivo radai* systoiti specialized for accurate range measurement.

2-16. Pulse Echo Systems.— simple radar system specialized for

accurate range measurement is shown in Fig. 2•21. At a frequency of

3000 Mc/sec and with a 4-ft paraboloid, a beamwidth of 4° is obtained.
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This beamwidth combined with a pulse length, of 1 /xsec gives satisfactory

discrimination of shipping and some distinctive landmarks. Time
demodulation is accomplished by a circular or type J oscilloscope, which
provides an accurate time scale. A type B indication is provided for

initial selection of the desired echo and for angular measurements (see

Sec. 7*27).

With devices of this type, me£|^surement of the range of isolated

reflectors is accurate to between 15 to 50 ft depending upon the rise time
of the received pulse, the accuracy of the timing circuit, and the character

of the reflector. The accuracy of range measurement does not depend
upon the distance measured (at least up to 10 miles) because of the char-

acter of the timing circuit employed (see Sec. 3*15).

Equal accuracy of position is obtainable by angular measurements
using the type B indication but only at relatively small distances. For
example, usual angular errors for 4® beams are giving errors of 50 ft

at distances of one mile. The
narrower beams used in 10,000-

Mc/sec radar systems developed
for airborne navigation and bomb-
ing give better accuracy -ir®)

.

Figure 2.-22 shows an electronic

crosshair on a PPI display of a
bombing radar. This crosshair

may be set to any one of the visible

targets for range and angle meas-
urement. Although special indi-

cators (see Sec. 7-28) and rapid
angular scanning may increase the
accuracy by a factor of 10, the
accuracy of range measurement
exceeds that of angular measure-
ment at distances of about 20

miles. For further discussion of the precision of angular measurements,
the reader is referred to Vols. 1 and 2.

A critical test of the accuracy of distance and speed determination in

pulse systems is afforded by measurements of the flight of the projectile

since accurate calibration is afforded by existing techniques. In a par-
ticular case using photography of a 200-yard type J display (see Sec. 3T9)
with SCR-584 and a special wide-band receiver (4Mc/sec), the track of

a rocket was recorded over a distance of 2000 yd with an error of 4 yd;
a corresponding value of the velocity accurate to 1 part in 600 resulted.

Other experiments using less sensitive indicators and receivers ofnormal
bandwidth (1 Mc/sec) gave velocity measurements accurate to approxi-
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mately 1 per cent corresponding to an error of 30 ft/sec in a distance of

2000 yd. In this method the rate information is not immediately
available, nor was it immediately needed. In systems used for tracking

the fluctuating signal from aircraft when the rate information is needed
immediately for fire control, the accuracy is not so good, and in a system
comparable to the one employed above, errors of 2 or 3 times the values

obtained for a projectile are observed. In a system having an intrinsic

accuracy of about 10 ft, errors of range rate about 20 ft/sec with smooth-
ing times of one-half second are observed in tracking a 300-mph aircraft.

2*17. Radar Beacons.—Isolated reflectors such as aircraft, ships,

buoys, and abrupt points of land extending into water make relatively

satisfactory objects for range-finding but it is often extremely difficult

to find satisfactory objects overland. Even isolated reflectors, however,

give inexact range readings since they have irregularities which result in

considerable variation of the intensity of the reflected energy. Purther-

Fia. 2*23.—Block diagram of radar beacon.

more, moving objects result in additional intensity variations. A
specially constructed reflector called a '^corner reflector” (see Vol. 1,

Sec. 3-2) is necessary for more reliable range readings.

For accurate overland distance measurement with microwave radar

and for all types of measurements made with longer-wave systems, it is

desirable to employ a precisely located beacon in place of a reflector.

These devices, variously called “beacons,” “responders,” or “slave

stations,” are pulse relay systems that repeat the incident pulse with a

known and constant time delay.

A beacon responding to the interrogations of the pulse system replies

on a wavelength suitable for the receiver of the distance-measuring system

and often in a manner characteristic of the particular beacon. For

example, the system of Fig. 2-1 may interrogate the responder shown in

Fig. 2-23. The beacon consists of an amplifier and detector suitable for

generating a pulse of sufficient amplitude to initiate the operation of an

r-f pulse generator which replies to the incoming pulses as in (1) of big.

2-23. Often the reply is in the form of a train of pulses, the number and

spacing of which are determined by a coder as in (2). In certain cases
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the beacons are arranged to respond only to a particular code in order

that a particular transmitter may designate the beacon to reply.

The reply of the beacon is characterized by two faults in so far as

accurate distance measurements are concerned. The first is the inevi-

table delay between the reception of the interrogation and the trans-

mission of the response. This delay is due to a number of factors which

are discussed in Secs. 3T and 3 ’2. The principal cause, however, is the

delay of the receiver. In addition, the decoding of a coded interrogation

pulse requires an interval equal to the length of the code. These delays

introduce a fixed correction in the distance measured and the apparent

distance of the beacon is always greater than its actual distance by several

hundred yards. The second fundamental fault is due to the variation

of the actual delay in the response with variations in the amplitude of the

interrogating signal. This effect is due not only to the characteristic

of the receiver discussed in Sec. 3*2 but also to the characteristic of the

decoder. With careful design this variation may be reduced to 0.1 /xsec

for a wide variation of signal intensity. A complete discussion appears

in Vol. 3.

2-18. Hyperbolic Systems.—Th^e systems, known as ‘‘Loran^' and

“Gee'’ navigational systems, permit distance-finding in a number of

applications where weight or power restrictions prevent the use of trans-

mitting equipment. In military operations requiring secrecy, these

systems are advantageous in that no transmission is required. In other

situations, for example, where a large number of mobile craft require

distance information, no problem of mutual interference is involved.

One serious drawback to their use as traffic control systems is that no

indication of the position of the receiver is obtained at the transmitting

stations.

A system has already been mentioned (see “Decca,” Sec. 2-4) in

which synchronized continuous waves are sent from two stations to a
remote receiver and increments of distance are obtained by phase demodu-
lation. The Loran and Gee systems, however, employ a pulse subcarrier

of sufficiently low frequency (25 and 500 cps, respectively), to permit

unambiguous distance measurements over the entire range.

In these systems a simple beacon indicated by Fig. 2*23 is not employed
because the bandwidth and signal-to-noise ratio are inadequate to permit

direct synchronization of the responder. In addition, it is desirable to

introduce very large coding delays to permit identification of master and
slave stations. A block diagram of a possible system is indicated in

Fig. 2*24 and it is seen that the system contains three synchronized timing

oscillators. The PRF is set by the master station, and those of the slave

station and the receiver are controlled by a process of frequency and
phase demodulation which may be either manual or automatic.
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The receiving station employs time demodulation for measurement

of the interval elapsing between the reception of master and slave pulses.

Accuracies of Msec are achieved with 2-Mc/sec Loran under good condi-

tions. For higher accuracy, some experimental systems employ a com-

R«mot« receiver

Fig. 2-24.—A hyperbolic systoni.

bination of time and phase demodulation as indicated in Fig. 2*5 and

discussed in Sec. 2*4, and values of 0.1 Msec may be obtained. Practical

timing circuits are given in Sec. 7'31 and the whole system is presented in

Vol. 4.
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2-19. An Omnidirectional Beacon Using Time Modulation.—An
interesting use of precision distance measurements for obtaining angular

data is indicated in Fig. 2-25. In a hyperbolic system in which the base

line is extremely short compared with the distance of the remote receiver,

the time dijfference measured is proportional to the angular position of the

receiver with respect to the antenna system. A master and slave com-

bination similar to that used for position-finding is indicated in Fig. 2-25

except that the distances are so short that direct wire transmission from D
to A

f
Bj and C is possible and the transmitter is alternately switched from

Fig. 2-25.—^An omnidirectional beacon using time modulation.

A to 5 to C. The relative times of arrival of pulses from A
,
B, and C at a

remote receiver varies, depending upon its angular position. For exam-

ple, when a receiver is positioned as indicated in Fig. 2’25, pulses from

B are received first—^those from C second—and those from A last. The

time difference of the received pulses, for example, on switching from

antenna A to 5 is proportional to D cos 6 where 6 is the direction of the

receiver. In a typical system where d is equal to 500 ft, the maximum
time difference is equivalent to g' ^lsec^ and a sensitivity of 0.01 /asoc or

approximately 1® is obtained. Details of this system are given in Sec.

10 -8 .

1 One-way transmission at approximately 1000 ft//isec.



CHAPTER 3

TECHNIQUES OF PULSE TIME MEASUREMENTS

By Britton Chance

This chapter deals with the characteristics of the components and
with their possible arrangements

to make different types of sys-

tems. Methods of time measure-

ment will be surveyed, and an
attempt will be made to establish

continuity between the treatment

of the basic methods of waveform
generation and manipulation dis-

cussed in Vol. 19 and the practical

circuits to be described in later

chapters of this book on manual
and automatic time measuring

systems. The transmitter and
receiver are treated briefly and
the time-measuring components
in some detail. As stated in Sec.

2*3, precision time demodulation

requires the processes of time

modulation, time discrimination,

and control.

TRANSMISSION AND RECEPTION
3*1. Transmission of Pulses.

Common to all distance measur-
ing systems using pulse time

methods is the necessity for trans-

mitting a rectangular waveform of

short duration. Usually a high-

voltage switch is used to connect

the supply voltage momentarily
to an r-f oscillator, for example,

the magnetron. Figure 3T shows
two typical circuits for generating

in Vol. 5.

c

Fia. 3’1.—Two typos of high-voltago
pulse-gonerator circuits. In (a) vacuum
tubes are used in the switch to discharge
condenser C. In (6) a hydrogen thyratron
is used to discharge the pulse forming net-
work d.

a l-/zsec pulse. Pull details appear

37
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Accurate time measurements require exact reproducibility of tiic*

switching waveform and rapid rise of the transmitted pulse. The switch-
ing waveform and the rise of the oscillator current for a 0.1-juse<5 pulse
are shown in Fig. 3‘2. More rapid rises 6 X 10“** see) have btMui

employed, but unstable operation of the magnetron is often ol)K<‘r\'t‘d

(see VoL 6). It is often desirable to employ as short a ptilse as jjossible

to obtain high discrimination in range. Durations of 0. 05 to (). 1 /iwee

have been used in experimental systems.
The actual buildup of oscillations in three types of oscillators, a

3000-Mc/sec magnetron, a 2-Mc/sec triode, and a IG-kcs/sec timing
oscillator, is shown in Fig. 3*3. It is seen that the number of cycles
required to reach full amplitude in the case of the two r-f oscillators is

(b)

current waveform in a magnetron oscillator, (a) tilum-H flu*

T waveform and (6) the oscillator current. The pxilHO (lunUitii. »

j
slow decay of the switching waveform is not typicnl of good mMUulafop

arranged to decay more rapidly. Th«*M‘ |.u!h.‘«were generated by a circtxit simhar to that of Fig. 3-la.
«

toge compared \vith that of the timing oscillator. The rise of the oscillu-
tions in the magnetron (30 cycles, 0.01 /xsec) is probably limit eil by tht*
rise of the switching waveform but is sufficiently rapid for most distance
measurements. The buildup of oscillations in the Loran transmitter is
intentionally limited to 8 cycles or 6 jusec in order to avoid an tsxctcssivtdv^de spectrum and consequent interference with radio communh-at ion.
I o achieve reproducibility of time measurements, the shapes of tla* trans-mitted pulse is carefully monitored and controlled. The initiation of
oscillations in the 16-kc/sec oscillator is obtained by interrupting the
initial conditions either of maximum current through the indtietanef* or ofma^mum voltage across the capacitance of the oscillating eirtuiit (.s<*e \ul.
19, Sec. 4*14) Under these conditions starting times of a small fi-aet ion ofa cycle are obtained. Similar performance has been obtained frenn
lators operating at 30 to 60 Mc/sec, but is rarely obtained in pulscl r-foscillators where a switching wave usually supplies the plate pmwv niuthe buildup of osciUators is determined by the Q of the tuned .-hr sand the negative resistance of the oscillator.

ui .
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Although the time delay between
the rise of the switching waveform
and the initiation of r-f oscillations

in the magnetron is extremely small

(< 10“® sec), this interval may be
appreciable in other oscillators, for

example, the lighthouse-tube oscilla-

tors.^ Figure 3-4 indicates 0.3-Msec

delay between the rise of the switch-

ing waveform and the initiation of

oscillation in type 2C43. Not only

does this factor have to be taken

into account in the calibration of

ranging equipment, but short- and
long-period variations of this value

must be kept at a minimum in order

to avoid serious errors.

The short-time' variations can be
practically eliminated by the intro-

duction of a low-level c-w signal at

approximately the resonant frequency

—and some reduction of the delay

is also achieved. This method is

particularly useful at frequencies of

200 Mc/scc.
3*2. The Reception, of Pulses.^

—

As far as is known, the propagation

of the transmitted pulse to the reflec-

tor and ba(;k to the receiver occurs

at the velocity of light. The distor-

tion of th<^ loading edges of pulses

(a) 3O0Q Mc/sec

(b) 2 Mc/sec

(c) 16 Kc/sec

Fio. 3*3.—Tracings of oscillograrnB

roprosonting the starting times of

various oscillator circuits, (a) repre-
sents the starting of a 3000-Mc/soc
inagnotrou oscillator. To achieve full

amplitude 30 oscillations are required.

(J>) represents the initiation of oscilla-

tions in a Loran transmitter operating
at 2 Mc/sec. The buildup of oscilla-

tions liero closely follows the rise ot the
switching waveform, (c) shows the
initiation of oscillations in a IC-kc/soc
timing waveform generator. Note that
practically rapid starting is obtained.

reflected from some small stationary

objects is slight, but distortion of pulses

reflected from other objects may be very

serious and is due to the interference be-

tween rays reflected from various parts

Fm. 3*4, - Delay Instwecm the
switching waveform and the initia-

tion of r-f OHcillutions. The l>uild-

up of OHC.illationH in a lighthouse

tube (2C;43) operating with 1000
volts at the plate is shown, indi-

<iatiug a dtday of rotxghly i/xsoo.

The dtiration of tlxo current pulse

is I.IO /usee.

of the object (see Vol. 1).

Bandwidth and Rise Time .—^An ideal

receiver would exactly reproduce the

transmitted waveform, and thus achieve

optimum accuracy. Unfortunately, no

receiver has been made to reproduce

1 A microwave triodo transmitter tu'bo (see Vol. 7).
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faithfully the shape of the magnetron pulse represented in Fig. 3*3a. At
present, considerations of signal-to-noise ratio and the characteristics of

available vacuum tubes set a limit to receiver bandwidths of 10 to 20

Mc/sec which restricts the accuracy of the distance measuring system.

For optimum signal-to-noise ratio, the receiver bandwidth (see Vol. 18,

Fig. 3‘5.—Output pxilse of a •wide-band
receiver displayed on a cathode-ray tube.
The sharp ptilse following the abrupt drop
of the range index has a duration of roughly
0.1 /xsec and is obtained from an experi-
mental receiver of approximately 16 Mc/sec
bandwidth. The steep drop of the range
index (0.1 /tsec) can be set to the rise of the
video pulse to an accuracy of better than
1 yd. The sweep duration is roughly
6 jasec.

Sec. 7-1, and Vol. 23) is related

to the pulse duration by the

expression

where t is the pulse duration

(microseconds) and (B is the inter-

mediate-frequency bandwidth
(megacycles per second) . Devia-

tions from this optimum give only

slight decreases of signal-to-noise

ratio.

The rise time U obtainable

with a given value of (B is

The output of a wideband receiver is shown in Fig. 3-5. The error of

time measurement, Lt, will be roughly -h the time of rise of the received

signal for usual types of displays (see Sec. 7-13).

Some typical examples are given in Table 3T:

Table 3-1.

—

Calculated Values op Ereor op Time Measurement

System
Mc/sec /xsec

At
1

/xsec ft

Experimental radar — 0.05 0.003 1.5
SOR^584 0.5 0.03 15
Loran 0.050 20 1 500

The figures in the last column are in good accord with the observed con-
sistency of measurements on distinctive targets for the first two systems.
For Loran the accuracy is intrinsically much greater than that indicated
because of a more accurate method of pulse-matching.

Delay Time.—A. second important characteristic of a receiver is its

delay time, which adds a fixed correction varying from 50 to 200 ft
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depending upon the bandmdth and number of stages of the receiver (see

Vol. 18
,
Chap. 4).

This delay is expressed approximately as follows:

, 0.6

for a six- or seven-stage single-tuned amplifier. The delay is roughly
twice this value for a double-

tuned amplifier of the same num-
ber of stages. In actual practice, f
td is measured for each particular =

radar system, and for a given f

radar it is found to be repro-
g

ducible. The measurement of td ^
is discussed bnefly in Sec. 3 -6 . -

Variation of Delay with Signal o 350 700
Amplitude.

—

A third practical Range in feet

consideration in the choice of re-

ceiver bandwidth is the effect of

signal-amplitude fluctuations

upon the time delay of the re-

ceived pulse. In radar systems f
for tracking moving targets, such 1.

as ships or airplanes, interference 1 N.
effects give very large signal fluctu- 1 \
ations. Also the echo is often M \
amplitude-modulated by the an- —

r

gular scan of the radar. Figure
°

indicates variations of the time s-s.-Tto e«oot of signal ampUtudo
delay of an echo due to two variation upon time delay in receivers of

.vP inadequate bandwidth. In both (a) and
typ(,s of receivers of inadequate signal of sniailost amplitude is de-
bandwidth. layod the most, and increasing amplitudes

r'/.ew apparent dooreaso in range. The
GaZfl Conti ol. Ihe error due rocoivor of AN/APS-15 is I’opresonted by

to signal-amplitude fluctuations («) and that of AN/APG-S is represented

is considerably reduced by auto-

mati(; conti’ol of the gain of the receiver. Simple circuits that will

maintain the avc'rage value of the signal amplitude constant are well

known, and manyfold reduction of the range errors is readily obtained.
Often the flufituations of signal intensity are at a rate comparable to the
pulse-repetition frequency—for example, fluctuations due to propeller

modulation, slow changes of aspect, or angular scanning. Rapidly
acting gain-control circuits may be used to remove amplitude changes
due to these causes. Since some of these modulations may bear

0 60 120
Range In yards

Fro. 3*6.—Tho effect of signal amplitude
variation upon time delay in receivers of
inadequate bandwidth. In. both (a) and
(b) tho signal of snrallost amplitude is de-
layed tho most, and increasing amplitudes
give an apparent dooreaso in range. Tho
receiver of AN/APS-15 is represented by
(a) and that of AN/APG-6 is represented
by (6),
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desirable information—^for example, modulation due to angular scan

—

these voltages are recovered as a fluctuation of the control signal to the

intermediate frequency amplifier and are suitable for directional control

(see Sec. 9-5).

In hyperbolic navigation systems, the time difference between the

reception of two signals is required. Since both these signals pass

through the same amplifier, they are delayed an equal amount provided
they are adjusted to the same amplitude. The Loran display is designed

to pernoit the adjustment of the received signal amplitudes to equality.

An electronically switched display and gain control are used so that the

two received signals are alternately displayed and controlled in response
to the setting of separate gain controls. If signal-intensity changes occur
simultaneously for both waveforms, then the compensation for time
errors occurs automatically. Otherwise, manual or automatic gain con-
trol may compensate for differential fluctuations of the signal amplitudes.

In this way a high accuracy of time measurement is obtainable with a
narrow-band receiver.

Since time-discrimination circuits are never perfectly balanced, their

sensitivity to amplitude changes is minimized by satisfactory gain control.

In addition, automatic gain control gives optimal immunity from smaller

interfering signals, since the gain control is always held to the value
relevant to the desired signal. In view of all these advantages, this

feature is included in all receivers in which range accuracy is important.
Automatic gain control does not always ensure the elimination of

receiver-delay variations due to signal-intensity changes, since alterations

of the gain-control voltage itself may cause variations in receiver band-
width and hence variations in time delay. In particular, gain control

that depends upon variation of the transconductance of an amplifier tube
must also vary the bandwidth of this stage to a certain extent. Quanti-
tative data are available on this effect for SCIl-684, where a 30-db signal-

amplitude change resulted in a variation of receiver delay of 0.1 /xsec

in spite of the maintenance of a constant output amplitude.
Differentiation.—Pulse-sharpening or pulse-differentiating circuits and

large amplification have been used to increase the rate of rise of the
receiver output; some typical circuits are given in Vol. 19, Sec. 9*8. No
real increase in accuracy is obtained, however, that could not be achieved
by more sensitive time-discrinxination circuits. A differentiated pulse,

however, may be convenient for manual range-tracking on a cathode-ray-
tube display.

SYNCHRONIZATION

Synchronization is the process of ensuring that the time reference for

the time-modulation system and the time-demodulation system is the
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same or differs by a known amount. The accuracy of range measurement
depends upon the consistency of synchronization.

Various methods of synchronization are shown in Fig. 3-7 and are

discussed individually in Secs. 3*3 to 3*5.

3*3. Synchronization by the R-f Pulse Generator.—Some high-voltage

pulse generators generate their own recurrence frequency; for example, a

motor-driven switch is often used. As indicated by (1) in Fig. 3*7, this

provides a simple and straightforw'ard method of synchronization,

because the s\vitching waveform or the oscillator current waveform may
be used to initiate the operation of the time demodulator without the

Control output

Fiu. !J’7.—TUnito ttiothodM of Hynohronization. (1) Synchronization by the r-f pulse

gonomtor. (2) Synchronization by timing waveform generator. (3) Synchronization
front the PRl*’ generator. Tito numborH on each line indicate the path of the various
rtignals in each system.

need for a separate PllF generator. This method imposes severe design

restrictions upon the time-demodulation circuits. For example, the

timing-waveform generator must be restarted with every transmitted

pulse in order to maintain synchronism. Crystal, or LC, pulsed sinu-

soidal oscillators or /^(7-c;ontrolled triangular-waveform generators are

therefore^ reejuired. Variable delays in the initiation, and the termination

of wavesform l)efore the next transmitted pulse represent serious design

problems. In this respect RC^ and XC-controlled timing circuits are

much more satisfactory than pulsed crystal oscillators (see Vol. 19,

Sec?. 4* 15). The stability of continuous oscillators is, however, closely

approac‘.hed in some designs of pulsed oscillators (see Sec. 3TO).

Initiation of the Timing Waveform .—Simultaneous initiation of the

timing waveform by the transmitted pulse is not usually achieved even
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in th.e most carefully designed circuits. As a result, each system has a
correction to be applied to compensate for this delay. This correction

varies from a fraction of a microsecond for jRC-controlled triangular

timing waveforms to several microseconds for pulsed crystal oscillators.

The starting time of pulsed LC-oscillators is very small, and the transient

response of associated phase-shifting networks usually determines the
delay in operation. This, however, rarely exceeds ^ cycle of the timing
wave. The necessary correction is usually determined by measuring
the error in the range of a target at a known distance.

Minimum Range .—Another consequence of the delay in the initiation

of the timing waveform is the inaccuracy of range measurements made a
few microseconds after the transnoitted pulse. This sets a limit to the
minimum distance measurable. In many circuits this corresponds to a
few per cent of the full range scale, and it is often desirable to insei't a
delay device between the receiver output and the time discriminator as

shown in Tig. 3-7. This permits continuous range readings through
zero. A delay line of 3 to 4 >cseo is required, and its temperature coeffi-

cient may cause additional errors (see Vol. 19, Sec. 13*7).

3*4. Control of the PRT by the Timing Waveform.—This method of

synchronization, shown as (2) in Fig. 3*7, permits complete freedom in the
design of the timing-waveform generator and usually results in a distance-

measuring system of greater simplicity and accuracy than any other.

One of the principal advantages is that a continuously oscillating time
standard, such as a crystal-controlled oscillator, is employed. The
reliability and stability of the quartz crystal remove the need for any
other time standards. A chain of frequency dividers may be employed to

generate a synchronizing pulse of a constant or adjustable PRF for the
transmitter, as discussed in Secs. 3*13 and 3*16. Simple circuits are
available for giving precise phasing between the sinusoidal oscillator and
the trigger pulse. Finally, the essentials of simple and accurate multiple-
scale range systems form an integral part of the oscillator frequency-
divider system (see Sec. 3*15).

Another advantage of this type of synchronization is that continuous
and accurate time measurements may be made before and after pulse
transmission. Since the timing-waveform generator operates continu-
ously, any errors due to its starting time are eliminated. In their place,

however, other errors arise. In some designs the phase of the output
of the frequency-dividing system may vary with respect to the timing
waveform. This error may be almost completely avoided by the use of

a frequency divider that incorporates time selection of a pulse generated
at the frequency of the timing waveform (see Sec. 4-8). Another error
may arise from a variation in the delay between the trigger to the high-
voltage pulse generator and the transmission of the r-f pulse. In order
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to minimize these difl&culties, an extremely rapid trigger is used to initiate

the high-voltage pulse generator that in turn must initiate the radio-

frequency oscillations with extreme rapidity. The latter is accomplished
satisfactorily in most cases (see Sec. 3-1).

If the given synchronizing waveforms are of equal rapidity, there is

very little to choose between the accuracy of synchronization obtainable
with this method and that described in Sec. 3-3. The main advantage
of this method is the simplicity, economy, and accuracy of the time
modulator built around the crystal oscillator and the frequency divider.

The disadvantage is the regularity of pulse-recurrence interval.

3*6. Synchronization by a PRF Generator.—

A

separate PRF gener-
ator may be used to initiate the operation of the time demodulator and the
r-f pulse generator as shown by (3) of Fig. 3*7. This connection is sub-
ject to the errors of both the previous systems since the starting times of

both the r-f oscillator and time demodulator may vary. This connec-
tion is, however, often employed for medium-precision ranging systems
having RC timing elements in the time demodulator and vacuum-tube
switches in the high-voltage pulse generator. The operation of the time
demodulator is usually started in advance of the r-f transmitter by a
precisely known time interval to permit accurate zero calibration and to
indicate the transmitted pulse on the cathode-ray-tube display.

A variant of this type of synchronization is one in which the function
of the PRF generator is to select a train of timing waves from a continu-
ous oscillator. The first member of this pulse train serves as the reference
pulse of the time-demodulation system and also as the trigger for the r-f

pulse generator. The other members of the selected pulse train are
used in the timing circuits. The necessity for a frequency divider is

avoided, and yet exact synchronism between the timing waveform and the
r-f pulse is maintained. Also the average PRF is continuously variable
(see Sec. 4*9).

3*6. Zero Calibration.—The existence of a number of fixed or variable

delays between emission of the r-f pulse and initiation of the demodulation
system has been indicated. If accurate time measurements are required,

a zero-calibration procedure must be employed to determine the exact
value of the deday and to correct for any variation which may occtqt

because of the effects of time, temperature, or other variables upon the
equipment.

The zero point for distance measurement is the moment of appear-
ance, at the terminals of the time discriminator, of an echo from a target

corresponding to zero range. This echo is, of course, never physically

realizable because of the finite length of the transmitted pulse. A satis-

factory substitute is a reflector placed at a known distance (approximately
1000 ft) that is large compared with the pulse length. The time-de-
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modulation circuit is calibrated against some known standard such as

the crystal-controlled oscillator. The difference between the reading of

the time demodulator and the known distance of the artificial reflector

then gives the proper zero correction for the system. This correction

takes into account all errors. Particular care is needed when using time-

demodulation circuits in which the calibration of the zero point interacts

with the calibration of its slope.

Since the precise location of such a reflector is an extremely awkward
operation under field conditions, any alternative proposal is preferable

although the zero-calibration procedure becomes much more involved
and much less accurate. One may assume that the signal of largest

amplitude appearing at the output terminals of the receiver is the r-f

pulse and that this pulse corresponds to an echo of zero range. This
assumption is rarely justified since the energy of the high-voltage of r-f

pulse may be sufficient to excite the later amplification stages of the
receiver and in this way arrive in advance of energy which has traveled
the same path as a received echo. Depending upon the shielding of the
receiver and the energy of the transmitted pulse, the signal obtained in

this manner may anticipate the true zero point of range by values indi-

cated in the following table and must, therefore, be initially calibrated as

described above. Such calibration is constant and holds true for a given
type of radar.

Table 3-2.—Approximate Zero Correction for Typical Radar Systems
System A^o, Atsec

Experimental radar 0.1
SCR-584 0.2
AN/APG-6 0.3

A practical difficulty in measuring the time of appearance of the pulse
corresponding to zero range is due to possible nonlinearity of the char-
acteristics of the time demodulator near zero range. If the time demodu-
lator covers a range greater than the interval between transmitted pulses,

the zero setting is made, not with respect to the transmitted pulse, but
with respect to the pulse immediately succeeding it. For systems having
a known and constant repetition interval, this eliminates the effects of

any short-range nonlinearities of the time-demodulation circuit.

3*7. Remote Control of Synchronization.—^Navigational systems in

which a time demodulator is located remotely are synchronized by radio
transmission of the reference pulse. This pulse may initiate the timing
waveform of the remote receiver by direct triggering, or may be protected
by pulse coding and decoding or pulse-recurrence-frequency demodulation.
It is necessary to consider not only the rate of rise of the synchronizing
waveform but also the effects of noise and interference on the reliability

and accuracy wdth which the remote time demodulator is synchronized.
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Since a single uncoded pulse is rarely satisfactory, the simplest systems
employ coding and decoding circuits depending upon pulse duration
or spacing. As shown in Vol. 19, Sec. 10-2, the earlier members of a
multiple-pulse code permit unique time selection of the later members.
The security of a code against interference increases much more rapidly

than the number of pulses in the code. In a particular case the frequency
at which a three-pulse code will be simulated by several interfering

radars is but that of a two-pulse code.

If interference is heavy or the rise time of the synchronizing pulse is

not sufficiently rapid to secure accurate triggering by pulse coding and
decoding, pulse-recurrence-frequency demodulation is employed (see

Fig. 2-23). This method has several advantages. If the transmitted

PRF is crystal-controlled, the frequency-modulated oscillator of the fre-

quency demodulator may also be crystal-controlled and have a stability

permitting operation for appreciable intervals in the absence of synchro-

nizing pulses. For example, in Loran. ground stations synchronization

loses accuracy /isec) only after a 3-min interruption—corresponding

to a loss of 4500 pulses. Another advantage of crystal-controlled PRF
is that the oscillator may generate the timing waveform of the time
demodulator.

Often initial selection of the correct PRF is made on the basis of

pulse coding and decoding since instantaneous response to the correct

code is obtained. This process is then combined with PRF demodulation.

TIME MODULATION

General Description

The subject of time modulation has been discussed extensively in

Vol. 19, Chaps. 7, 9, and 13, and a number of practical single- and
multiple-scale circuits are given in Chaps. 5 and 6 of this volume. Only
the general properties of time-modulation devices are presented here.

3*8. Single-scale Time Modulation.—Time modulation is defined as

the modulation of the time interval between two waveforms or between
two portions of a waveform. The

Pulse repetition interval

_n n_earlier waveform or portion of a

waveform is termed the “ time-

reference pulse while the latter

is the “time-modulated” pulse.

The interval over which time

modulation may be expected is

termed the “range of modulation.

Reference pulse

IT
Time- modulated pulse

jj

Range of time
modulation

Fia. 3*8.—SinKlo-soalo time modulator.
This may be equal to the pulse-

recurrence interval of the radar system, but is usually rather less

than tliis value to permit the pulse-waveform generator to return to
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its quiescent condition. The range of modulation, on the other hand,

may be small compared with the pulse-recurrence interval as in pulse

communication where the duration of the transmitted pulse is sometimes
varied. A circuit is termed “single scale if only one time modulator is

used. It contains two timing waves, however, one for synchronization

and the other for time modulation, but neither timing wave occurs more
than once during the pulse-repetition interval, as shown in Fig. 3-8.

3«9. Multiple-scale Time Modulation.—The range of time modula-
tion may be subdivided by a train of fixed pulses as shown in Fig. 3*9.

If these pulses are generated from crystal- or L(7-controlled oscillators,

Reference pulse n
•Pulse repetition Intervol

Fixed pulses

Tinne- modulated
selector pulse
(coarse scale)

Range ot time moduiatlon

Seiected reference _ „
pulse n Q

Time-modulated

r
ulse
fine scale

}

n“'*’
>

Range of time modulatiop

Pig. 3-9.—Two-scale time modulator employing selection of a fixed pulse and interpolation.

extremely accurate subdivisions are obtained and the pxilse-recurrence

interval may be set by accurately phased frequency dividers. With fixed

pulses, there is no actual time modulation, that is, valuation of a time
interval in response to a control signal. When used on visual displays,

interpolation between the fixed pulses is possible, but greater accuracy is

obtained by using a time-modulation circuit that is initiated by one of the
fixed pulses and has a range of modulation equal to the pulse spacing.

By the time selection of different fixed pulses to serve as the reference

pulse for this “interpolating’' time modulator, a range of modulation
equal to the repetition interval is covered. Time selection of the desired

fixed pulse is carried out by a ''coarse” time-modulation circuit covering

the full range and generating a selector pulse of duration less than the
interval between fixed pulses. Mechanical or electrical coordination

of the controls for the fine and coarse systems gives a single control of the
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fine-scale pulse over the entire range. As shown in Fig. 3-9 this process

depends upon two time modulators and a fixed pulse train generated by a

precise timing waveform recurring many times during the full modulation
interval. Three timing waves are involved, one for the fixed pulses and
two for the coarse and fine scales. This combination is said to be

“double scale.’’ This arrangement is similar to double-scale synchro
systems (see Yol. 19, Sec. 12-6), and the same accuracy increase is

obtained.

The error of a time modulator may be considered a fixed fraction of

the full range of modulation independent of the time scale. Thus the

smaller the range of modulation in time units, the greater the accuracy

in time units. Thus the accuracy is proportional to the number of times

Reference pulse JT n_— Pulss repetifion interval

Fixed pulses

Phase -modulated
pulses

TIme-modu la ted
selector pulse
(coarse scale)

Time-modulated
pulse

Phase modulation is

continuous over this interval

rnr:____
< Range of time modulation

mr
Range of time modulation ^

Pio. 3*10.—Two-aoalo time modulator oinploying selection, of a phaBO-modulated pulse.

the range of modulation is subdivided by the fixed pulses. The accuracy

gain corresponding to Fig. 3*9 is 10-fold.

A different type of multiple-scale system depends upon phase modu-
lation^ (see Sec. 13*13, Vol. 19) of the timing waveform that is also used

to generate the train of fixed pulses as shown in Fig. 3-10. Since phase

modulation may he carried out by capacitance and inductance phase

shifters that shift the phase continuously, effective interpolation over the

interval between fixed pulses is immediately achieved, and the phase

shifter replaces the interpolating delay.

In multiple-scale operation the extent of phase modulation may cover

many cyclas of the timing wave, and time selection of a particular mem-
ber of the pulse train is carried out by a coarse time modulator. The
mechanical or electrical connection between the coarse and fine scales is

so arranged that a single control gives the same rate of change of time

delay to both the phase-shifted pulse train and the selector pulse. A
^ Frequency modxilation of the timing w'aveform is rarely used.
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particular phase-shifted pulse, once selected, is continuously selected

over the entire range. The factor by which the accuracy is increased

over a single-scale phase modulator is theoretically equal to the number of

subdivisions of the range of modulation.

The next sections discuss the accuracy obtained with these timing

systems.

THE CHARACTERISTICS OF COMPONENTS
The precision of waveform generation and the stability of voltage

measurements determine the accuracy of electrical timing. Before pro-

ceeding with a discussion of the employment of these methods, a brief

review of the characteristics of available components will be presented.

Greater detail is available in Vols. 17, 18, and 19.

3*10. Timing Standards.—Resistance-capacitance, inductance-
capacitance, and quartz-crystal standards are used for the generation of

precisely timed sinusoidal waves. The RC-standards are also extensively

used for determining the slope of triangular, exponential, hyperbolic, and
parabolic waveforms. The accuracy of the iSC-standards for determin-
ing the slope of a wave is compared with the accuracy of quartz and
iC7-standards for determining the period of a sinusoidal wave.

Accuracy of Specification.—^The perfection of methods of manufacture
and quality control yields quartz crystals of an accuracy considerably
in excess of one part per million—

a

simple and most accurate standard.
The precision of manufacture of L-, C-, and i2-components is negligible

by comparison. Ordinary carbon resistors and paper condensers used in

radio receivers are specified to vdthin 5, 10, or 20 per cent depending upon
the degree of selection which is specified. Mica dielectric condensers,
wire-wound resistors, and permeability-tuned inductors are obtained
within considerably closer tolerances, and specifications of 1 per cent are
met by most manufacturers. The process analogous to the final grinding
of quartz crystals may also be carried out with LC- and iSC-standards
since the period of sinusoids or the slope of triangular waves may be
checked against quartz standards and adjusted to an equal precision.
This is a more satisfactory procedure than direct measurement of the
component values because variations of stray capacitance and tube char-
acteristics usually necessitate a final calibration of the actual circuit.

The form of a sinusoidal or triangular wave may be accurately con-
trolled by the characteristics of the associated amplifier. Negative

-

feedback circuits of extreme gain stability may be used to achieve a
linearity of a triangular wave of a few parts in ten thousand (see Vol. 19,
Sec. 7-11).

Relative Stahility of Similar Oscillators.
—^The relative stability of

crystal-controlled oscillators is outstanding. For example, the relative
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drift of the PRF of the timers used in the Loran master and slave stations

lies between 0.1 and 0.03 jusec/min, or 100 and 30 ft/min. This cor-

responds to a relative stability of one part in 10® or 10®, equivalent to that
obtainable from high-quality clocks. Greater relative stabilities are

observed in cavity-stabilized microwave oscillators where values of five

parts in 10^° have been obtained (see Vol. 7).

Temperature Coefficient .—This characteristic of the timing element is

extremely important, especially for airborne applications. Here again

the quartz crystal excels since temperature coefficients of several parts

per million per degree centigrade are readily obtainable. In LC and RC
timing elements the components have appreciable temperature coeffi-

cients. In jRC-combinations carbon resistors and paper condensers often

give changes of 6 or 10 per cent in temperature intervals of 40°C. On
the other hand, carefully selected combinations of mica condensers of

negative temperature coefficient with wire-wound resistors of positive

temperature coefficient give an over-all temperature coefficient of ten to

twenty parts per million per degree centigrade.^ By careful quality

control jLC-combinations having over-all temperature coefficients of five

parts per million per degree centigrade are also obtained.

To obtain ultimate precision thermostatic control of all three types of

timing standards is desirable. This practice has been employed for many
years in communications transmitters. Relatively compact and simple
temperature regulators are available for this purpose.

3*11. Vacuum Tubes.—^Although the slope or duration of a wave is

accurately determined by precision timing elements and negative-feed-

back amplifiers, the generation of accurate timing indices depends upon
comparison of the amplitude of the timing wave to a reference voltage.

At the moment of equality of these two voltages, a high-gain nonlinear

vacuum-tube amplifier instantaneously responds and marks the equality

by a sharp pulse. This process is termed “amplitude comparisons^ and
the combination of circuit elements producing the pulse, an “amplitude
comparator” (see Sec. 9-8, Yol. 19). Fluctuations due to the effect of

time, voltage, etc., upon a particular vacuum t\ibe or variations among
different vacuum tubes of the same type may cause large errors in the

indicated instant of equality of the two voltages.

Accuracy of Specification .—^The thermionic vacuum tube is the least

reproducible circuit element used in the processes described in this book.
In the case of the popular GSN7 double triode, the JAN Specification

lists an allowable variation of the plate current at constant plate volt-

age, grid bias, and heater voltage of between 5.5 and 12.5 ma from
tube to tube because of variables in the manufacturing process—

a

^ These coeflicients iirfortunatcly vary slightly with temperature, and the compen-
sation is unsatisfactory over wide temperature ranges.
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variation resulting in. an error of time measurement roughly a million times

greater than that of ordinary quartz crystals.

There is, however, a specially selected double triode, type 6SU7, in

which a pair of triode elements is matched in such a way that the differ-

ence between their plate currents is very small. In terms of equivalent

grid bias this amounts to less than 0.1 volt, roughly 3 per cent of the

linear range.

The cutoff point of thermionic vacuum tubes is very poorly defined

and variations between ^ volt and 10 or more volts (depending upon the

type of vacuum tube and the cutoff voltage) may be expected. Diodes,

on the other hand, are much more stable in this respect and stabilities

of a few tenths of a volt may be achieved. Contact rectifiers, such as

germanium crystals, are excellent in this respect, and variations consid-

erably less than a millivolt are obtained. Other portions of their char-

acteristic may, however, be very temperature-sensitive and unsuitable

for this purpose.

The grid current of vacuum tubes, although often found to be in the

region of a hundredth or a ten-thousandth of a microampere, is permitted
to reach a few microamperes in nearly all vacuum tubes before they are

rejected by the manufacturer. The type 6SXJ7 has, however, a specifica-

tion requiring a grid current of less than 0.01 juamp.

Effect of Time and Mechanical Shock.—^The change of the character-

istics of a thermionic vacuum tube with time is considerable, and varia-

tions corresponding to 10 mv of grid bias (at constant plate current) per
week are obtained even under the most carefully controlled conditions.

Diodes represent some improvement over this figure, and contact rectifiers

are superior. Another variable in vacuum-tube circuits is the effect of

mechanical shock which ranges from several hundred microvolts to com-
plete destruction of the elements. In this connection it is interesting to
note that ^‘ruggedized” tubes apparently give little reduction of micro-
phonics, although they undoubtedly withstand larger accelerations with-
out failure. There is some evidence to indicate that the subminiature
tubes, type 6K4 etc., have very small microphonic noise.

The stability of gaseous discharge tubes used for voltage standards is

roughly 1 per cent of the nominal voltage if variations due to tube changes
are excluded. For higher accuracy, electrochemical standards are prefer-

able (see Vol. 21, Sec. 15-2).

3*12. Calibrated Subassemblies.—The largest variable of timing
circuits based upon R-, L~, and C-components and thermionic vacuum
tubes is the accuracy of their specification. Nearly all the difficulties of

manufacture and maintenance of precision equipment may be attributed
to this factor. This is due, in a large part, to the desire of consumers to
replace vacuum tubes without recalibration simply because they may be
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plugged into their sockets, as opposed to the replacement of fixed

components, such as an inductor in an oscillator circuit where recalibra-

tion is recognized as essential.

A solution to this difficulty lies in the use of functional subassemblies

in which the circuit components are adjusted to account for the variations

in the characteristics of vacuum tubes. In fact, such functional sub-

assemblies may be precalibrated to equal standards of performance

during the manufacturing process. The replacement of a faulty sub-

assembly can therefore be accomplished without loss of calibration

provided the consumer is willing to discard the faulty unit.

This procedure is probably impractical mth ordinary receiver tubes,

but the “solder-in” subminiature vacuum tubes present new possibilities,

Fig. 3*11.—A calibratisd subasaembly used in an oxporimontal model of a Loran indicator.

and an example of a calibrated subassembly using these tubes is shown

in Fig. 3*11. The resistance elements of this circuit (not shown since

they are mounted on the back of the card) are chosen with regard to the

characteristics of the particular vacuum tube used in order that the per-

formance of all subassemblies may be adjusted to the same standards

with a very close tolerance. The success of this procedure must depend

upon tubes of adequate life and freedom from drift and mechanical shock.

At the present time, the life of these tubes under normal operating

condition is in excess of 1000 hours and they are exceptionally insensitive

to mechanical shock.

FIXED AND MODULATED TIMING PULSES

The generation of waveforms of precisely controlled slopes or periods

and their comparison with fixed or variable reference potentials lead to

the important methods of producing fixed or modulated pulses for time
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measureinent. The general types of circuits and the range of accuracy

obtainable are outlined below. Circuit constants for practical designs

are presented in Chaps. 4, 5, and 6.

3*13. Fixed Pulses.—An elementary example of the generation of a

train of low-frequency pulses suitable for controlling the PRF of a timing

L-f Amplitude
SinUSOlQQ 1

oscillator (1)

’ comparator .

Fixed pulses

(2)

Ji

Fio. 3*12.—Fixed-piilse generator giving single-frequency markers.

system is shown in Fig. 3T2. The moment of equality of positive

excursions of the sinusoidal waveform to zero voltage is indicated by a

sharp pulse from an amplitude comparator. Other methods of PRF
generation include the use of relaxation oscillators in which the sawtooth

generation and amplitude comparison are carried out in the same circuit.

They are, however, less stable than the circuits based upon Fig. 3T2.

(2 )

(I)

12)'

(3)-

wm
J I I I I L

Fig. 3-13.—Fixed-pulse generator giving multiple-frequency markers.

The spacing of members of a train of pulses remains constant in spite

of slow variations in the comparison circuit since the fluctuations vary

all members of the pulse train equally.

If the pulses are generated at a higher frequency by means of a con-

tinuous oscillator, as shown in Fig. 3T3, frequency division is required to

establish a PRF accurately synchronized with the high-frequency pulses.

(I)J
^

{3)_J i

Fig. 3- 14.—Fixed-pulse generator giving grouped markers.

L

A crystal oscillator operating at 80.86 kc/sec (one nautical mile) has

usually been employed, and the frequency has been extended in either

direction by multiplication or division over a range from 20 cps to 10

Mc/sec. Rectangular pulses as short as 0.01 /isec have been obtained.

As in the case of single-frequency markers, voltage variations in the

comparison circuit displace all timing pulses equally. Errors may arise
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due to variations in the phase of the output of the frequency divider
unless it operates to select a particular one of the fixed pulses (see Vol. 19,

Chap. 15).

The third method of generating fixed pulses is indicated in Fig. 3-14,

where a pulse-recurrence frequency generator (for example, that of

Fig. 3T2) is employed to initiate the operation of the pulsed sinusoidal
oscillator. This method is essential when the PRF is generated by a
mechanical switch. The accuracy depends upon the rate of rise of the
waveform initiating the sinusoidal oscillations. If this is sufficiently

rapid, small fluctuations in the characteristics of the switching tube for
the pulsed oscillator will have little effect. The objectionable features
mentioned in Sec. 3*3 apply here.

3*14. Single-scale Time-modulation Circuits.—Two important
methods of time modulation depend upon variation of the parameters
in the processes of waveform generation and comparison. The reference
potential of the comparison circuit is amplitude-modulated or the timing
wave is phase-modulated in accordance with the desired signal. The
instant of equality of the waveform and the reference potential is no
longer fixed but is variable in accordance with the modulating sig-

nal. In the first method time modulation may be carried out by elec-

trical means, but in the second method only mechanical signals may be
employed (unless a servomechanism is used). The two types are there-
fore often classified as electrical and mechanical methods.

Variaiion of the Reference Potential of the Comparison Circuit .—Time
modulation by waveform generation and amplitude comparison is shown
in Fig. 3T5. The instant of equality of the triangu ar waveform and the
control voltage applied to the comparison circuit is variable in response
to changes of the control voltage. This produces a variation of the spac-
ing of the delayed pulse in accordance with the control voltage as shown
by the waveform. The process of amplitude comparison may occur exter-
nally as indicated in Fig. 3*15 or within the waveform generator as in the
case of the multivibrator, phantastron, etc. (see Vol. 19, Sec. 13-12).

As already explained, the slope or shape of the waveform may be
controlled to a high degree of precision by negative-feedback amplifiers
and temperature-compensated timing elements to accuracies of one part
in five thousand and 20 parts per million per degree centigrade, respec-
tively. The level of the waveform and the performance of the com-
parison circuit are, however, subject to the voltage fluctuations of
vacuum tubes. Since these fluctuations are likely to amount to a few
tenths of a volt on changing tubes and a few tenths of a volt per week
with time, over-all accuracies of single-scale time modulators of this
type are limited to roughly 0.3/y, where V is the amplitude of the timing
waveform corresponding to the full range of modulation. Since reason-
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able values of V obtainable with ordinary vacuum tubes are limited to a
few hundred volts, their stability is the dominant factor in determining
the error of this method.

Errors due to the level of the waveform may be compensated by the use
of two similar comparison circuits, one for generating the trigger for the
radar system and the other for the time-modulated marker as indicated
by (2) in Fig. 3 ’15. Because of the substantial increase in the tube
requirement, there has been little practical use of this method, which
in any case is subject to differential variations between the two com-
parison circuits. Alternately, electrical or mechanical switching of the
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single-sc^e electrically or mechanically controlled time modulator.
triangular wave and the control potential is indicated by asharp pulse and is adjustable in response to the control potential. Numbers on linosindicate alternative paths of signals in the two circuit configurations.

voltage to a single amplitude comparator between a fixed and a variable
rcfcroiicc volt^igG b© usGd "to rGciucG the error.

The control voltage for the comparison circuit may be derived from a
potentiometer if mechanical signals are available. For a triangular
waveform, a linear potentiometer gives a linear relation between time
delay and shaft position. A number of accurately linear potentiometers
are available for this purpose

; the Beckman Helipot and the Gibbs Micro-
pot (see Vol. 17) are especially suitable. These potentiometers have a
winding about a 10-turn helical mandrel. They have high precision

-

many samples have been obtained in which the linearity approximates
•

Another type of potentiometer recently developed
in the laboratory is termed the RL 270. These have a winding about a

mandrel and have accuracies varying from one to five parts
in 10,000.
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A high-resistance potentiometer (approximately 20k) is desirable in

order to have adequate resolution and to dissipate a small amount of

power when supplied with a steady voltage equal to the full range of the

timing wave (approximately 200 volts) . The potentiometers listed above
fulfill these requirements.

Phase Modulation of the Timing Waveform .—Phase shift of a sym-
metrical waveform by an inductance or capacitance goniometer varies

the instant at which the waveform passes through zero amplitude as

shown in Pig. 3-16. A comparison circuit responding to the zeros of the

amplitude of the phase-modulated wave will give a train of pulses that

are time-modulated with respect to the unshifted pulse train as shown in

Fig. 3T6. The process of comparison is therefore the same as before, but

the reference potential is constant, usually at ground.

I

• Mechanical signal

Fio. 3" 10.—Single-scalo mechanically controlled time modulator employing phase
modulation of a sinusoidal waveform. The moment at which the sinusoidal waveform
crosses the zero axis is indicated by the generation of a pulse. Variation of the time of

occurrence of this pulse with reference to the unshifted sinusoid i.s accomidishod by rotating
the shaft of the phase shifter.

The purity of the sinusoid and the constancy of its frequency may be

determined by the properties of negative-feedback amplifiers and pre-

cision-timing elements such as quartz crystals. The coupling of the

symmetrical wave through a low-impedance transformer to a high-

impedance amplitude comparator is often used to set the level of the wave
without error; but the stability of the process of amplitude comparison

limits the accuracy of pulse generation. As before, practical considera-

tions limit the amplitude of the sinusoid to 100 or 200 volts, but, since

the slope of the sinusoidal waveform at zero amplitude is x times that of

a triangular wave of the same total amplitude and range of modulation,

less difficulty is experienced with fluctuations of vacuum tubes.

Also, it is usual practice to employ two similar comparison circuits as

shown in Fig. 3T6, one operating on the timing wave and the other upon
the phase-shifted wave. This results in compensation of some errors.



68 TECHNIQUES OF PULSE TIME MEASUREMENTS [Sec. 3-15

The fractional accuracy of phase-shifter is much less than that of

precision potentiometers and errors of one part in 360 are commonly
observed. Since additional errors are introduced by imperfect balancing

of the phase-splitting bridge, at best there exists an error of one part in

300, compared with about one part in 2000 for the linear potentiometer.

This sixfold difference in accuracy is not maintained in practical circuits

because of the error introduced by the amplitude comparator.
The choice between phase- and time-modulation methods is usually

decided by the requirement for automatic control; where only electrical

output data are required, electrically controlled time modulators are

used. In double-scale systems mechanical control of phase modulation
is much simpler as is shown in the next section.

3*16. Double-scale Time-modulation Circuits. Pulse Selection and
Interpolation .—Figure 3T7 illustrates a two-scale electrical time modu-
lator based upon interpolation between selected members of the train of

multiple-frequency pulses generated in Fig. 3T3. With proper design

the increase of accuracy over that obtainable in Fig. 3T5 may equal the

number of times that the fixed pulses subdivide the desired range of

modulation- The theoretical number of subdivisions is determined by
the accuracy of the coarse scale which, if operating as indicated in

Sec. 3T4, could be one part in 300, resulting in an over-all accuracy of one
part in 10®. In practice, however, full advantage is rarely taken of the
theoretical accuracy because faulty operation of the coarse scale causes

an error equal to the period of the fixed pulses, and such a gross error is

intolerable. Usually less than 100 subdivisions of the full range of

modulation are made, and this has given accuracy compatible with the

characteristics of the transmitter and receiver, and their synchronization,

approximately one part in 30,000. (Usually 1- or 10-mile subdivisions

are employed.)

In the actual design of such a timing system, the characteristics of

the radar system usually determine the required repetition rate. The
frequency of the fixed pulses is chosen not only with regard to the desired

number of subdivisions of the scale, but also with regard to the unihs
employed, for example, 1 nautical mile (80.86 kc/sec), 1 statute mile
(93.11 kc/sec), 2000 yd (81.94 kc/sec), etc.

In some cases independent control of the coarse and fine scales is

satisfactory, especially for navigation, etc., where continuous measure-
ments are rarely needed. Considerable difficulty is encountered in

coordinating the controls to achieve continuous modulation over the
entire range. For example, when the fine control is increased to an
interval exceeding that between two fixed pulses, the coarse control must
be advanced to select the next pulse. This requires that the setting

of the fine scale be simultaneously reduced from maximum to zero in
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Fig. 3*17.—^Two-scale olectrioally or mechanically controlled time modulator. The
selection of any one of the fixed pulses lying within the range of modulation is accom-
plished by a single-scale circuit. This selected pulse operates a fine scale that serves to

interpolate between a pair of fixed pulses.

Fig. 3’18.—Two-scale mechanically controlled time modulator. A particular pulse

derived from the phase-modulated sinusoids is selected by moans of a selector pulse derived

from a similar system operating at a lower frequency. The gear ratio n between the con-

trols is chosen so that the rate of change of delay of the two circuits is identical and the

same pulse is continuously selected.
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order that approximately continuous movement of the time-modulated
pulse be achieved. Although mechanical devices employing cams,
switches, and potentiometers covering 369^° have been constructed to
accomplish this, the apparatus is nearly impractical.

Ptdse Selection in Phase-shift Systems .—Figure 3*18 represents a two-
scale system based upon the method of Fig. 3*16, except that pulsed
sinusoidal oscillators are shown instead of the continuous oscillator of the
previous case to permit operation under control of the r-f pulse generator.
Rotation of the control of the fine scale causes continuous phase modula-
tion of the sinusoid and a train of phase-shifted pulses is produced, as in
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which is derived from the phase-modulated sinusoid issingle-scale electrically controlled circuit. Equality of the rates of

auton^aticany

^ particular member of the pulse train is continuously
selected by a coarse scale in which the rate of time modulation is made
equal to that of the fine scale by appropriate gearing of the phase shifters.1ms method of obtaining continuous modulation is very straightforward
compared with the cumbersome mechanism required in the previous case.The repetition rate of this system is variable over a wide range, aslong as the coarse scale has adequate time to recover. If, however con-

Td
frequency dividers were employed, the repetition

rate would be fixed to that of the coarse scale or a submultiple of it.Since the repetition rate, the fine-scale interval, and the number of
subdivisions of the range of modulation are not independently variable,
tnis system is often awkward to employ.
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The ultimate accuracy that might be expected from this system
would be roughly ten parts per million, but, as in the previous case, a
considerable safety factor should be applied to the operation of the
coarse scale.

In Fig. 3*19 is shown a combination of a phase-shift modulator for the
fine scale and an electrically controlled time modulator for the coarse
scale. Although a pulsed sinusoidal oscillator is shown, a continuous
oscillator similar to that shown in Fig. 3*13 may be used. The pulse-

repetition frequency of the coarse scale may be varied over a wide range
provided the pulse-repetition interval is roughly 25 per cent greater than
the range of modulation. This is a definite advantage over the version
of Fig. 3-18, which uses a continuous oscillator for the coarse scale.

Continuous time modulation may be obtained by connecting the potentio-
meter to the phase shifter with appropriate gear ratios and electrical

scale factors so that the movement of the selector pulse and the phase-
shifted wave train occurs at the same rate.

The possibility of electrical control of the fine scale permits a novel
alternative indicated by the dotted lines of Fig. 3T9. If, for example,
the selector pulse of the coarse scale and the phase-shifted pulse train

are connected to a time discriminator (see Sec. 3T7) instead of to a time
selector, an electrical signal may be obtained which will control the
modulation of the coarse scale. This system has the advantage of

simplicity since it does not require a potentiometer or associated mecha-
nism for controlling the time delay of the coarse scale. On the other
hand, momentary power failure or a transient mechanical shock might
cause the time discriminator to operate upon a pulse other than the one
initially selected and would result in a gross error of the reading. The
accuracy would, of course, be regained by a simple reset mechanism.

3-16. Multiple-scale Systems.—Accuracies considerably in excess of

those mentioned in the previous section may be obtained with systems
employing a third or a fourth scale. The frequency stability of available

sinusoidal oscillators would seldom warrant an increase beyond three
where, for example, a potential accuracy of three parts in 10^° is obtain-
able. There are, however, some mechanical difficulties in multiple-scale

systems of high accuracy especially if a precise counter reading is desired,

since the fine scale has a large number of turns for the full scale. A
least count of nearly shr of the fine scale may be desired for accurate
reading. Most military applications require that the output be shifted

from one end of the scale to the other in roughly 20 sec, which demands
impossible shaft speeds in the counting mechanism. Although these
difficulties are mitigated by dial indicators, they still remain serious in

high-accuracy systems.

In a continuous-reading three-scale Loran indicator this difficulty is
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avoided by emplo3dng an independent step control for the coarse scale;

the intermediate and fine scales are operated very much as indicated by
Fig. 3*19. Rapid transfer from high to low readings is obtained by opera-

tion of the coarse step control. Continuous indication is obtained

becaiise the step control alters the first two digits of the counter while

the remainder of the count is indicated from the continuous system.

These practical problems are discussed in more detail in Chaps. 6 and 7.

The possibility of employing a coherent oscillator for a timing stand-

ard has been pointed out in Sec. 2*4. This arrangement permits the fine

scale to depend upon phase demodulation of the received radiation. This

is a process of theoretically high accuracy, because radio frequencies up
to several megacycles per second may be employed and the errors of

phase modulators correspond to a small distance. The problem of scale

coordination is similar to that of any multiple-scale system and the

preceding methods are suitable.

TIME DEMODULATION
The circuits of the previous section may be employed for generating

pulses which are time-modulated with respect to certain reference pulses.

These pulses may then be used as a component of a time-demodulation or

precision data transmission system (see Chaps. 10 and 11).

3»17. Time Selection and Discrimination.—^The process by which
relative times of occurrence of an input pulse and a locally generated pulse

are compared is termed “time discrimination.” The output of a time

discriminator is a signal indicating the sense and approximate value of

the time difference of the two signals. The process consists of time
selection and differential detection. A brief description of a typical

process of time discrimination will be given in terms of a specific example
in the next section.

The process of time selection is used to pick out a portion or portions

of the time-modulated pulse. This results in sensitivity to small time
differences and in an elimination of most interfering signals since the

duration of the selection pulse or aperture is approximately that of the

received signal. It is usual practice to employ two time selectors as a

balanced time discriminator in order that the null point of the circuit be
independent of variations of the amplitude of the time-modulated pulse.

A simple form of time discriminator is sho^v^l in Fig. 3*20. Selector Pulse
1 is applied to the suppressor grid of pentode amplifier Vt. At the
termination of this pulse, Pulse 2 of similar duration is applied to the
suppressor grid of V^. The second pulse is usually obtained by passing
the first pulse through a delay line of delay equal to that of Pulse 1.

The time-modulated input signal is applied to the parallel-connected

control grids of Fi and Portions of the time-modulated signal which
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overlap the selector pulses appear in the plate circuits of Vi and V2 bs

negative pulses. Condensers C4 and C5 are charged to potentials cor-

responding to the overlap of the signal and the selector pulses. The
average potential difference at the plates of the two tubes is therefore

proportional to the misalignment of the signal and the selector pulses.

Selector pulse 2

Time modulated
signal

Current in

Current in

Voltage at A

Voltage ot B

A -B

Fio. 3*20.—-An. olomontary timo-discriminator ciromt.

Chance
3/25
SmfiCb

I.A.

With more elaborate circuits, sensitivities of jt volt/ft are obtainable for

the 0.1-Msec pulses of Fig. 3-5.

The output of the time disciiminator may vary the reference voltage

of the amplitude comparator or it may operate an electromechanical

servomechanism controlling a phase-shifting device and vary the time of
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oocurrenGe of the selector pulses so as to follow the time-modulated signal.

In either case problems of stability and transient response are important
(see Chap. 8).

SOME PROPERTIES OF CATHODE-RAY-TUBE DISPLAYS
The cathode-ray-tube display has two important functions in time

measurement by pulse methods: selection of the proper time-modulated
signal and demodulation or measurement of a time-modulated signal.

These two processes will be discussed briefly, but the material is

introductory to the discussion of Chap. 7. A more complete description
of all uses of cathode-ray-tube displays appears in Vol. 22.

3 *18 . Time Selection and Discrimination.—The type A or linear-

sweep oscilloscope is used niainly for the purpose of selecting a particular
target on the basis of its range. Other types of displays such as the
B-scope or PPI are used to select targets in range and azimuth or range

and elevation. This selection pro-

cess is, of course, an essential pre-

liminary to accurate measurement.
Often the selection process in-

volves manual adjustment of the
selector pulse of an electrical time
discriminator to the approximate
range of the target. In this way

Fig. 3-21,—Photograph of step display the Operation of an electric time
for target selection using type A sweep. demodulator is initiated and con-

tinuous tracking of the target may proceed. An example of a cathode-
ray-tube display for this purpose is given in Fig. 3*21. Manual control
of the selector pulse, can, of course, be used for manual tracking of the
target as discussed in the next section.

3 *19 . Time Demodulation.—The cathode-ray-tube display may
be used in two ways for time demodulation. First, it serves simply as a
time discriminator or null indicator; that is, it gives the operator visual
indications of the displacement between the time-modulated signal and
an electrical range index generated by the time-modulation systems of
Secs. 3-14 and 3T5. In the second case, a mechanical index is used to
represent a time-modulated pulse.

Time Discrimination on Cathode-ray~tuhe Displays .—This is the proc-
ess of determining the position of a time-modulated pulse with respect to
a given index; the accuracy with which it can be done is often termed the
^^resettability ” of a display. The process may be crude or sensitive;
Fig. 3*22 gives examples of both. Highly sensitive indications of the
displacement of signal and index are afforded by the fine electronic cross-
hair, and accurate time demodulation or range-tracking is possible. In
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addition, the figure shows two additional echoes. The range of these is

obtained by visual estimation, and the accuracy may be considerably

improved by the use of the transparent overlay over the face of the

expanded type B oscilloscope. The position of crosshairs inscribed on
the overlay is controlled by means of. a
joystick and may be set rapidly, to the
echoes.

The accuracy of time discrimination on
cathode-ray-tube displays is considerable

and, for the type B display shown in Fig.

3-22, the setting of the electronic index to

a target may be repeated to an accuracy
of ±12 ft, roughly the rise time of the
received signal.

On other types of displays the accuracy
of time discrimination is considerably

greater; for example, in an experimental
version of the Loran display (see Sec. 7*11)

where two similar signals are superim-
posed, time discrimination accurate to
of their rise time is obtained under idea
conditions.

Time discrimination carried out on
cathode-ray-tube displays usually implies

manual control of the tracking index by
means of direct or aided tracking (see Sec.

7*14). In one case, however, a pair of

photocells has been used to measure the
displacement of a target echo on a circular cathode-ray-tube display

(see Vol. 19, Sec. 14*9).

Many other types of indices have been employed for the purposes of

time discrimination on cathode-ray-tube displays. The detailed char-

acteristics of a number of indices are discussed in Chap. 7.

3*20. Time Modulation.—In the previous discussion the us© of a fast

time base on a cathode-ray tube permitted the discrimination of the
error between a controllable electrical index and a time-modulated signal.

If a smaller accuracy is acceptable, an electrical index may no longer be
needed, and the process of time demodulation is greatly simplified by
employing a mechanical index on the face of the cathode-ray tube. If,

for example, we apply a triangular waveform to the horizontal plates, the
moments of arrival of the spot at various points on the face of the
cathode-ray tube denote definite time delays with respect to the initiation

of the triangular waveform. Movement of a mechanical cursor across

Fig. 3- 22.— tsrpo B cathodo-
ray-tub© display indicating rough
and precis© range measurement.
The range of the echo set exactly to
the horizontal crosshair is exactly
measured, although that of the two
other echoes (one immediately
preceding the target echo and the
other some distance beyond it) is

obtained by rough estimation of
the displacement of these echoes
from the crosshair. {Courtesy of
McCrav)-Hill Publishing Co.)
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tile face of the tube on which a triangular waveform is displayed thus

creates an effectively time-modulated index with which the process of

demodulation may be readily carried out.

It is profitable to compare this process to that used in the generation
of electrical indices, where an electrical amplitude comparator indicates

the equality of a timing wayeform and a voltage by the generator of an
index. The moment of displacement equality of the spot of the cathode-
ray tube and the mechanical index represents the same process. As in

the case of electronic indices, the mechanical indices may be fixed or

movable; for movable indices the display serves not only to create the

time-modulated index but also to permit time selection and discrimina-

tion by a human operator in order to give continuous time demodulation
of a signal of variable range.

The lack of an electrical pulse corresponding to the mechanical index
often causes difficulty in securing automatic operation of these methods
without resorting to photocell pickoffs.

The accuracy of time modulation with a mechanical index on a linear

sweep is low. The relation between spot deflection and applied voltage
is no more accurate than 1 or 2 per cent in most cathode-ray tubes. In
addition, a number of factors alter the position of the trace with respect
to the index, especially variation of accelerating voltage and stray mag-
netic fields. Other practical difficxilties are involved in avoiding parallax
between the mechanical index and the trace. It is often desirable to
project an illuminated grid directly upon the face of a cathode-ray tube
(Chap. 7 and Vol. 22). The inaccuracy of the cathode-ray-tube display
is usually so large that one encounters little difficulty with the variations
in the properties of waveform generators.

The accuracy may be increased by subdivision of the range of time
modulation by the use of fixed indices (Secs. 3T3 and 3T6) or by the use
of phase modulation as discussed in the next paragraph.

Phase Modulation .
—^The circular or type J cathode-ray-tube display

may be used as an electromechanical phase modulator very much in the
fashion of those described in Sec. 3T4. The circular pattern is obtained
by applying distortion-free two-phase sinusoidal voltages of appropriate
amplitude to the deflecting plates of the cathode-ray tube. Since
various points on the circle have a time delay which is proportional to
their distance along the circumference, the angular position of a mechan-
ical index rotating about the center of the display represents a linearly
phase-modulated index. In circular-sweep displays the signal may be
applied as a deflection modulation by means of a central electrode as
shown in Fig. 3-23.

The stability of the circular sweep is somewhat better than that of the
linear sweep because variations of accelerating voltage cause a negligible
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error. The main errors of the display are due to decentering, eUipticity,

and parallax. The employment of the mechanical cursor mounted very

close to the face of the tube and including an inscribed circle makes these

errors evident and easy to correct. A detailed analysis of the errors of

the circular-sweep display is given in Vol. 22. One advantage of the

circular-sweep phase shifter over inductance-capacitance goniometers is

that the achievement of a circular pattern immediately indicates proper

adjustment of the phase and magnitude of the applied voltages.

J'lo. 3 '23.—Circular-sweep range system.

The accuracy of a properly adjusted circular sweep is roughly 1®,

comparable to that obtainable with other electromechanical phase

shifters. One of the great advantages of this type of display is the fact

that it may be converted to a multiple-scale system by employing a high-

frequency sinusoid to generate the sweep and a single-scale electrical

circuit to supply an intensifying pulse that will select the desired cycle

of the high-frequency timing waveform as shown by the block diagram
of Fig. 3-23.

This multiple-scale system has a number of advantages; the obvious

one is simplicity and economy of vacuum tubes because the functions

indicated in the block diagram may be carried out with ai few as five

double triodes. A less obvious but equally important advantage is

gained by the employment of the mechanical time index that is equivalent

to a marker pulse of accuracy equal to i- per cent of the period of the tim-
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ing waveform and of infinitely rapid, rise time. This situation is prefer-
able to that existing with an inductance or capacitance goniometer where
the phase-shifted timing waveform must be amplified and passed through
an amplitude comparator before an electrical marker pulse is obtained.
On the other hand, no electrical pulse is available for electrical time
selection or discrimination necessary for automatic tracking without the
use of photocells. Circular-sweep displays operate satisfactorily at
frequencies near 1 Mc/sec.

A type A display or type B display is usually included in the circuit of
Fig. 3-23 for surveying simultaneously all targets within the desired
range of modulation and for permitting initial target selection, as in the
radar system(HR) mentioned in Chap. 2 and discussed further in Chap. 7.

!Miechanical coordination of the coarse and fine scales is carried out
in a manner similar to that of previous multiple-scale systems

j
the

mechanical cursor and a potentiometer controlling the coarse scale are
geared together at a ratio determined by the quotient of the full range of
modulation of the coarse and fine scales.

The multiple-scale system corresponding to that of Sec. 3-15 employ-
ing several circular sweeps is not a useful system and has several basic
limitations. If, for example, a low-frequency circular sweep is used in the
coarse scale, one of the weaknesses of this type of phase shifter is immedi-
ately obvious; no selector pulse is generated by the display which may be
used to select the desired portion of the fine scale, and it is necessary to
use an electric circuit for the coarse scale. If the timing oscillator oper-
ates continuously and if the repetition rate is equal to the frequency of the
sinusoid applied to the coarse scale, variations of the repetition rate are
not permitted. If, however, pulsed oscillators are used, variations are
permitted in the same way they are permitted in the circuits discussed in
Sec. 3-15.

Pulsed sinusoidal oscillators may be employed to initiate the circular
sweep. The minimum range of time modulation at which linear indica-
tions are obtained is slightly greater in this case

,than in the case of the
pulsed-oscillator and condenser phase-shifter system of Sec. 3T4. This
difference is due mainly to the necessity of applying large deflecting
voltages to the cathode-ray tube to obtain a circle of adequate diameter
as opposed to the relatively small voltages, that can be used with the phase
shifters. The pulsed sinusoidal oscillator system is undesirable because
it lacks the simplicity and stability of the crystal-controlled continuous
oscillator system; only one tube and a transformer are necessary for the
latter system, but the .former rnay require five or more vacuum tubes to
generate pulsed oscillations and an accurate sweep.



CHjSlPTER 4

GENERATION OP FIXED INDICES

Bt R. I. Htjlsizer, D. Sayre, and R. B. Leachman

In Chap. 3 it was pointed out that a sequence of j&xed time markers is

needed in time measuremeiit to initiate operations periodically, to mark
off time intervals on CRT displays, and to provide a coarse scale for
multiple-scale time modulation. Some methods of generating fixed
markers were also outlined and illustrated wdth Mock diagrams. The
first method is to derive pulses from a sinusoidal oscillator Tvith an
amplitude comparator, as in Fig. 3*12. The second employs relaxation
oscillators which perform the operations of sawtooth waveform generation
and amplitude comparison in the same circuit. If markers of more than
one frequency are desired, it is possible to employ frequency dividers
(Fig. 3-13) or frequency multipliers, A somewhat more flexible, though
more costly, method is to use low-frequency markers to initiate pulsed
oscillators of higher frequencies to generate markers of any frequency
desired (see Fig. 3* 14)

.

The purpose of this chapter is to describe several useful circuits for

generating fixed markers by thcvse techniques. In general those circuits

have been chosen for description, which have been used enough to be
(sonsidered relial^le, although some of them represent techniquesnow con-
sidered to be inferior. The reader will fijidJln yol. 19 detailed treatments
of the various component circuits that are used in marker generation

—

for example, crystal and relaxation oscillators, amplitude comparators,
and frequency dividers and multipliers.

SmOXE-FIOEQUENCir MARKER GENTERATORS ’

By D. Sayre and R. I, Hulsizer

44. Sinusoidal Oscillators and Amplitude Compeurators.—The follow-

ing circuits were designed as PRF or range-mark generators to provide
markers of good frequency stability. Often PRF triggers are required to

be stable to 1.0 per cent either for coding purposes or because of r-f

switch or indicator sweep-generator duty-ratio sensitivity. Range mark-
ers are usually reqtiired to be within 1.0 to 0,001 per cent of the desired

frequency and furthermore must usually be accurately defined with

respect to the phase of the reference sine wave,
69
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Circuit Using RC-osdllator, Squaring Amplifier, and Blocking-oscil-

lator Pulse Generator.—^This type of circuit is typical of single-frequency

pulse generators used to generate PRr triggers (see Fig. 4*1). A
sine-wave oscillator was chosen because the frequency was specifiLed.

to remain within 5 per cent even under severe operating conditions.

There were no other special requirements.

+250 V 22k

Fig. 4*1.—A300-apsi2C sine-wave oscillator, squaring amplifiers, and blocking-OBcill8.tt.»r
pulse generator.

Tubes Fi and Y2 comprise a conventional Wien-bridge oscillator.
Frequency control provided by the variable R\ compensates for manu-
facturing tolerances in the other components. From the plate of is
taken a distorted sine wave approximately 23 volts peak-to-peak. This
is squared in. Vz and again in 1^4, from the plate of which is taken it

square wave 300 volts peak-to-peak. After differentiation by Ci and
Ri this is passed, via the cathode follower Vs, into the grid, circuit of hbici
blocking oscillator Vs- An alternative and satisfactory way of trig-
gering the blocking oscillator would be to inject a negative pulse onho
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tihe plat© of T^e by removing Rs and connecting the plate of Vs to the
plate of Fe instead of to the plate supply. The decoupling network
and (72 prevents the lai'ge current pulse from getting onto the plate supply,
from -which it could get into other parts of the circuit. The output pulse
of 230 volts is at an impedance level of 500 ohms. If greater frequency
stability is desired it could be obtained by using a crystal oscillator in the
100-kc/sec range followed by stable frequency dividers, or for frequencies
down to 2000 cps, by using a low-frequency crystal oscillator of the type
described in VoL 19, Chap. 4.

A further weakness of this circuit, -which would become apparent if

accurate phase lock between the sine wave and the pulses were required,
is that inadequate provision is made for accurate determination of the
exact point of the sine wave at which the pulse shall be generated. The
amplitude comparison is performed by the cutoff and grid-current points
of the triode control-grid characteristics of Fa and F4 . A much more
accurate circuit in this respect will be described next.

Crystal Oscillator and Diode Amplitude Comparator.—^The circuit of

Fig. 4-2 is part of a radar synchronizer and two-scale time modulator.
A series of fixed pulses is pro-vided, one of which is selected as the PRF
trigger every 330 jitsec. It also supplies 3-phase sinusoidal voltages to a
condenser phase shifter. The phase-shifted output of the condenser
is used to generate phase-shifted pulses. Thus it is important to maintain
not only accurate freqxicnoy, but also accurate phase.

This circuit generates pulses approximately 6 /isec apart whose time of

appearance, relative to the sine wave which controls them, is stable

to 0.01 jusec. In order to maintain the phasing -with that accuracy,

the pulse must always be formed at precisely the same point of the

sine wave. The zero point is the best, because there the rate of change
of voltage is greatest. By taking the sine wave across the inductance

Li the zero point is always accurately at ground. Since the plate of

the diode Fr,a is held at ground by R&, it will conduct on just exactly the

lower lialf of the sine wave, the only possibility of err^r being a change

in the diode cutoff potential. Such a change is not likely to affect the

pickoff point by more than 0.1 7olt, and by using a moderately large

amplitude sine wave, perhaps 40 volts peak-topeak, the resultant error

amounts to about 0.003 jusec.

The operation of the entire circuit is as follows. Balanced 163-kc/sec

sine waves of very good quality are fed from the triple-tuned transformer

Zi. In addition to the train of pulses whose phase relative to these sine

waves is fixed, it is desired to generate another similar train of pulses

which can be continuously phase-shifted. The balanced sine-wave out-

put, therefore, is fed into a phase-splitting network which provides

3-phase sine waves for a continuous phase-shifting condenser (see Chap. 5
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and Vol. 19, Chap. 13). Controls Ci and Cz are provided for adjusting

the amplitudes of two of the outputs to equality with that of the third,

while Rx and permit adjustment of their phases to ± 120° relative to

the third. The three phase-shifted sine waves are fed out to the con-

denser phase-shifter via the cathode followers V V%h, and Vsa- The
nonadjustable sine wave from V^b is also fed into the cathode follower

Taft, from which it enters upon a series of amplifying and squaring

circuits, finally emerging as the desired series of fixed pulses. The phase-
shifted output of the condenser, after a stage of amplification to bring it

up to its initial level again, goes through a similar circuit and ends up as a

series of continuously phasable pulses.

Tube F36 is a cathode follower with a transformer Ti in the cathode.

The decoupling network Rs and Cs serves to lower the plate voltage

so that a larger current can be passed through the primary of the trans-

former T\ without exceeding the rated plate dissipation of the tube.

Similar networks are used in the plates of Va, V7,
and V&, The trans-

former is used to obtain a balanced output to drive the adjustable phase-

shift network jR4 and C4 thus providing a zero adjustment on the phase

shift between the two sets of pulses. The output of this network is ampli-

fied in Via’ Tube Vib is the cathode follower that drives the inductance

Z/i, The operation of the inductance Li and the diode V^a has already

been described. The diode is arranged to pick off the negative half cycles

rather than the positive ones so that Fe may be fully conducting and
consequently in its region of highest g^, at the moment of pickoff. After

amplification in Fs the signal is differentiated in Cs and Rq, amplified

once more in F7 ,
inverted and stepped up in Tz, and finally fed out

through either of the cathode followei*s Fg. The shape of the output

waveform is shown on the figure. The main weakness of the circuit lies

in the expensive amplifier following the diode amplitude comparator.

The transformer Tz used with F7 for inverting the pulse has excellent

high-frequency response and might well have been connected with the

diode Fbo and the amplifier Fo to form a regenerative amplitude com-
parator similar to the one described in Vol. 19, Sec. 9-14, and in the

following section. It would also be possible to vary the quiescent plate

potential of the diode Vsa to provide 0-phase adjustment rather than the

more expensive phase-shift circuit of F3& and the transformer Ti.

4*2 . Regenerative Amplitude-comparison Circuits.—Regenerative

devices are economical for generating a pulse at the instant a sinusoidal

waveform passes through a particular potential, but nearly all such

devices suffer from the fact that the point on the sine wave at which

regeneration begins is subject to rather Severn variation with a cor-

responding instability of the phase relations between the sine-wave input

and the pulse output. Multivibrators, blocking oscillators, and other
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regenerfiitive <i6vic6S can b© used but all suffer from this fault. GsiS"*

filled tubes likewise are economical but subject to variation of

characteristics. The regenerative squaring amplifier to be described in

therefore especially valuable because the moment of regeneration is

determined by a diode and is quite well defined.

The fundamental circuit is shown in Fig. 4*3 and typical waveforms in

Fig. 4-4. The action of the circuit is described in considerable detail iii

Vol. 19, Chap. 9. Briefly, a sine wave of the desired frequency up U*

perhaps 200 kc/sec and with an amplitude of 60 volts pcak-to-peak is

Voltage at A

introduced through the low-resistance transformer 7\. The pulse trails-
former T2 is arranged to give about a 2-to-l stepup to the grid, withe Jiit
reversal, from the cathode. When point A is positive the diode is cut olT,
the grid of the triode is at ground, and the triode is on. Point A movow
downward; when point A reaches ground the diode cc>ndu(d,s, the igricl
begins to move down, and the current in the primary of the traiisfoiuicKsr
is decreased, inducing a larger negative signal on the grid. This action ih
regenerative and very quickly the triode is cut off. The plate volUx^a
increases rapidly to the plate supply voltage, and a negative pulses is
generated at the cathode. The sine wave now performs its negative iTitiljf

cycle, during which time the diode is on and the triode is off. When
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grid comes back far enough, the triode begins to conduct; the current

through the primary of the pulse transformer increases causing point B
to go positive with respect to point A

,

and the diode is cut off, permitting

the grid to rise as fast as the grid resistor and the stray capacities permit.

The plate voltage falls, a positive pulse is generated at the cathode, and the

circuit returns to its initial conditions.

It is important to notice that of the pulses formed at the cathode of the

triode, only the negative ones are accurately timed since they are deter-

mined by the diode, while the positive ones are determined only by the

turn-on characteristics of the triode. Furthermore, the negative pulses

are started when the triode is at its maximum gm‘, hence there is minimum
delay in generating the pulse.

“Ln_r

Fig. 4’6.—Regonerativo amplitude comparator with ifC-input.

One reasonable alternative to this circuit arrangement is to use a

1-to-l transformer with the primai’y in the plate of the triode, providing

both square waves and pulses are not required as outputs. It would be

expected that lower-impedance pulse transformers could be employed in

this circuit arrangement.

An alternative arrangement, shown in Fig. 4*5, permits the sine wave
to be introduced by a simple iSC-circuit instead of a transformer. Here

72 1 == 7^ 2 ,
so that just as much current is drawn through the coupling

condenser in one direction as in the other, and the average level of the sine

waves on the right-hand side of the coupling condenser remains at ground.

4-3. Class C Crystal Oscillator and Blocking Oscillator.—The circuit

of Fig. 4*6 illustrates the use of a Class C sinusoidal oscillator as both an

oscillator and an amplitude-comparison circuit. The amplitude com-

parison is performed by the oscillator-tube grid as it passes its cutoff

potential starting a pulse of current in the oscillator tube. This tech-
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nique provides an economical method for controlling the frequency
of a blocking oscillator with a crystal. Tube Fi is a Class C crystal

oscillator which-has a tank circuit and one winding of the pulse trans-

former (Utah X 124T3) of the blocking oscillator Fa in the plate. The
current pulses through that winding, which occur accurately at 81.94
kc/sec, bring the blocking oscillator into synchronism.

Although the amplitude comparison is performed by the oscillator

tube with reasonable accuracy, the pulses that are formed are not large

enough to trigger the blocking oscillator without considerable error. At
this frequency errors of 0.4 jusec may be expected as the line voltage and
oscillator amplitude are changed by ±30 per cent. Changes in the
tubes and the blocking-oscillator grid network may be expected to cause
even larger errors.

+250v

Fig. 4*6.—Crystal-controlled 81.94-kc/seo Class C sine-wave oscillator and blocking
oscillator. Type 256-B, A/R range scope.

A very similar circuit, taken from the AN/APS-15 range circuit, is

shown in Tig. 6-35.

4*4. Gas-tetrode 300-cps Relaxation Oscillator.—Though the pre-
vious sinusoidal-oscillator circuit performed its own amplitude com-
parison, in general the nature of sinusoidal oscillators does not lead to
accurate performance of this function. On the other hand, relaxation
oscillators by definition go through a very rapid change of state as a result
of amplitude comparison at some time during their cycle of operation.
Pulses derived from the rapid change of state mark the pei'iod of the
oscillator and, in fact, the frequency depends upon the performance of
the amplitude comparison process as well as on the slope of the timing
waveform.

The exponential waveform of a gas-filled tube relaxation oscillator
can be formed at any of its electrodes. In the customary linear”
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sweep generator built into oscilloscopes the timing waveform is on the
plate, and the moment of firing is, therefore, determined by the plate
firing characteristics. Much more accurate determination of the moment
of firing is possible if the timing waveform is applied between grid and
cathode instead of between plate and cathode, the factor of improvement
being approximately the critical firing ratio ix of the tube. In a type
884 gas-triode ju is about 1 1 ;

in a 2050 tetrode, it is about 250. Thus, for a
2050, the same change in tube characteristics which would cause the
firing point to move 25 volts along an exponential in the plate will cause
a 0.1-volt change when the exponential is in the grid circuit.

Such a circuit, employing a 2050, is shown in Fig. 4*7. Here the
exponential waveform is on the cathode, and the grid is motionless; the
tube fires when the cathode has dropped to within a few volts of

the grid. Upon firing, the cathode rises very rapidly to within about 12
volts of the plate supply, remains there during the deionization time, and
then falls along an exponential whose time constant is RiC = -^lysec until

the tube fires aga n. Each time
the tube fires, a narrow positive

pulse is generated across R 2. The
pulse rise time is less than 0.1

jusec. Its fall is an exponential

whose time constant is R2C =« 2.25

jusec, and the pulse amplitude is

about 200 volts. A negative pulse

could be obtained by inserting a
small resistor in the plate. The
frequency is controlled by varying
the grid voltage with P. The
severest fault of the circuit is the

large heater-cathode voltage,

which reduces the life of the tube and affects the recurrence frequency
by changing the cathode-to-heater resistance. If the heater voltage is

supplied by a separate filament winding that is driven along with the

cathode through an added cathode follower, both effects will be reduced.

Instability of the oscillator can be attributed to two causes in addition

to changes in the time constant RC. One cause is change of the critical

firing point and the other is change of clean-up time. If the exponential

waveform is adjusted to fall to 1/e of its initial value before firing, a
change of 1 volt in the firing voltage will cause a 0.8 per cent change in

frequency regardless of the operating frequency. Variations in cleanup

time of 10 ^isec will cause an 0.3 per cent change in frequency at 300 cps.

Variations of 1 volt and 10 ^tseo in the firing voltage and cleanup time
seem reasonable as tests show the frequency stability of this circuit to be

330

V

Fio. 4*7.—Gas-totrodo SOO-cps relaxation
oscillator.
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about ±1 per cent. This error increases with frequency. At high
frequencies, gas triodes like types 884 or 6D4 are more suitable since

they have cleanup times of only about 20 jusec.

4*6. Blocking Oscillators.—Low-voltage blocking oscillators using
receiver-type tubes, have much to recommend them for PRF and range-
marker generation, for although their free-running frequency stability

is only good to about 5 per cent, with considerable ^‘jitter (see Glossary),

the pulse which they supply is useful. The voltage pulses from the pulse
transformer windings are at impedances from 300 to 1500 ohms, either

polarity, with amplitudes from 100 to 300 volts. Most blocking-oscil-

lator voltage pulses have negative overshoots which are sometimes useful

+300v

Output pulses
Fig. 4-8.—Blocking-oscillator PRF generator operating on 360, 700, or 1400 ops.

as delayed triggers. Furthermore, the pulse of current drawn during the
regeneration period may be about one ampere. This permits large-
amplitude pulses to be formed across series resistors of from 10 to 200
ohms, suitable for driving terminated cables. Blocking oscillators also
have the property in common with gas-filled tube relaxation oscillators
that current flows only for a very small percentage of the time, giving
negligible average currents.

Blocking^oscillator PRF Generator of AN/APS-Z .—^This blocking
oscillator, which is of perfectly conventional type, uses a GE68-G-979
pulse transformer and generates 4-yusec pulses at a recurrence frequency
of 350, 700, or 1400 cps, depending on the grid-leak resistor value (see
Fig. 4*8). Components R\ and Ci decouple the circuit from the power



Sec. 4-6] BLOCKING OSCILLATORS 79

supply, a precaution which should always be observed. Two positive

outputs are obtained, one across the cathode resistor of the blocking

oscillator Vx and the other from the cathode follower V%, which is sup-

plied with a signal from a third winding on the pulse transformer.

Quenching (JSquegging') Oscillator with an Air-core Transformer .
—^To

avoid the ‘^jitter” effect of an iron-core transformer (see Vol. 19, Chap. 6),

the quenching (squegging) oscillator of Tig. 4*9, which uses an air-core

transformer, can be used. The transformer itself consists of two six-

+ 250

Negative

pulse

Positive

pulse'

turn windings, spaced 1 in. apart, on a 1-in. polystyrene rod. The train

of oscillations, taken across a small resistor in series with the tube, is

detected in the diode and filtered to obtain the output pulse, which inay

be of either polarity, depending upon which way the diode is facing.

Rise time is about 0.1 /isec, amplitude about 40 volts. The recurrence

frequency is determined by RC.
An obvious simplification of this circuit is to bypass the r-f oscillations

at i2i with a small condenser C (say 0.001 /if), to provide a low-impedance

average-current pulse at allowing the oscillator tube to perform the

detection. In some radar systems, the r-f oscillator is allowed to operate

as a quenching (squegging) oscillator rather than the usual switched

type, and may then define its own PRF.
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4*6. Multivibrators.—The symmetrical multivibrator of Fig. 4T0,
which oscillates at about 440 cps, shows a frequency change of — 1 cps
for a 10 per cent increase of heater voltage and change of a — 1-| cps for

a 10 per cent increase in plate supply voltage. Thus, a 10 per cent change
in line voltage should cause about a 0.6 per cent change in frequency.
Wire-wound resistors and good-quality condensers must be used to

achieve this stability. Tube changes cause a further change of ± 3 per
cent.

Compared with other types of PRF oscillators the multivibrator has
the advantages of fairly high frequency stability as indicated by the
data, low current drain (5 ma or less), and economy of space. The

blocking oscillator requires a pulse
transformer which when hermetically
sealed is almost as big as a tube.
The RC sine-wave oscillator and
squaring amplifiers are extravagent
of parts and space and draw more
current (19 ma). One drawback of

the multivibrator PRF generator is

that the positive output pulses are
formed when the tube is cutting off

and therefore when the impedance is

essentially that of the plate load
resistors. It is necessary, however,
to keep the plate load resistance high
for frequency stability. The nega-
tive pulse appears at the impedance

of the triode plate resistance. When a lower impedance is desired a
cathode follower may be used.

A similar multivibrator design using 6AK5 pentodes rather than
triodes was studied and found to have only slightly better frequency
stability than the triode with high plate loads.

Work done at Rensselaer Polytechnic Institute led to some stabiliza-
tion methods mainly effective against changes in plate supply voltages
but also to a certain extent, against changes in heater supply voltages. ^

A more effective refinement is the use of the double phantastron
described in Chap. 7 of this volume and in Sec. 6*16 of Vol. 19, which
should be as much better than the multivibrator as the phantastron
time-modulation circuit is better than the delay multivibrator. Con-
siderable thought has been given to the design of highly unsymmetrical
multivibrators which would provide a short low-impedance pulse during
one state of its operation, and remain in the other state for the remainder

^ See NDRC Report 14-166, Project No. 18.07, Contract OElVfsr-TSl.

Fig. 4*10. -Symmetrical multivibrator as
PRF generator.
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of the recurrence interval. This subject is treated in Vol. 19, Secs. 5*10,

6 . 11 .

MULTIPLE-FREQUENCY MARKER AND TRIGGER GENERATORS

By R,. I- Hulsizer

Single-frequency marker generators are useful in providing triggers

and time markers. If a trigger with an associated timing scale, or a

system of time markers at various frequencies is desired, it is necessary

to synchronize two or more single-frequency marker generators. There
are five methods of synchronization: independent pulsed oscillators,

frequency division, frequency multiplication, automatic frequency track-

ing, and pulse selection between two independent oscillators. The first

three methods are standard practice and are described in detail in

Vol. 19, Chaps. 4, 15, and 16. The fourth method involves frequency-

modulating a slave oscillator according to the error signal from a phase

detector that compares the relative phase of the reference oscillator and a

pulse derived from each cycle of the slave oscillator. The fifth method
generates a selecting gate from the low-frequency oscillator to select

one of the high-frequency markers for each period of the low frequency.

The resultant selected pulses will have an average period of the low-

frequency oscillator but will differ from it by an amount up to one period

of the higher frequency. The result will be a jittery time interval

between selected pulses.

Examples of these types of synchronization appear in the following

sections. The technique of generating markers at independent frequen-

cies will be discussed under grouped markers in the last portion of the

chapter.

Before discussing the electrical techniques of generating multiple-

frequency markers it might be well to mention again a convenient electro-

mechanical system for producing time markers. If a linear sweep is

displayed on a CRT, time markers can be obtained by placing a linear

scale along the display sweep. The circular sweep mentioned in Chap. 3

is a widely used method of obtaining a sweep of adequate linearity for

this use. In this case the time markers are made by inscribing equally

spaced radial lines on the CRT face.

Two quantities specify the performance of multiple-frequency

—

marker generators. One is the stability of the ratios of the several

frequencies. The other is the stability of the phase lock between pulses

of the separate fi’equencies which should normally occur simultaneously.

4*7. Frequency Division.—The following synchronizer represents a

good example of a system in which exact frequency ratios are specified, but

in which only moderate phase lock is reqmred. As a result of this condi-
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tion, very stable frequency dividers are used and the triggers and
marks are derived directly from the frequency dividers.

Pulse recurrence frequencies of 390 and 1170 cps are simultani^i.iiii

provided. In addition, range marks were desired at 4000-, 20^0i)iU
40,000-yd intervals with mixed 4000- and 20,000-yd marks.

1170-cps 390-cps
trigger trigger

UiliiiiLiitlJiiiiiiiiiliUJiiihiiujiiiiiitiiiiiiimjiiiiiniiiiiii irrtmiffiniifmitiHLiiiMiiiiiiillilimilfHl

O
L.

10 15 20 25 3035 40 45 50 55 60 65 70 75 80 65 9095 I

JL_I I I L_1 J I_J \ \ \ \ \

TOI05 5 10 15
J

O 5 10 15 2025 30 55 5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15

O 10 20 30 40
..J—

50 60
-I-

70
-J.-.

80 IQO 10

40.47kc/sec or 24 44*
markers

8.194 ke or
markers

Scale of two circuit,
recycled at 390 «iMi

244ft sec mo rker» »***

use with low freQ.

1170 cps triggers;

— ^ 390 cps trigger
Fig. 4-11.—Timing and block diagram of special synchronizer for output at two •*•«>!

taneous PRF’s.

specification required that each trigger and range mark have fou.r
circuits, any two of which might be short-circuited without interCrrir
with the other two, or with the operation of the circuit as a wh-ole. 11

block and timing diagram. Fig. 4-11, indicates the sequence of operfil»»**<
An accurate timing wave is generated by an 81.94-kc/sec crv«».

oscillator, a 40.97-kc/sec crystal being bulky and less procurable. *11

necessary division ratio of 2 to 1 from the oscillator to the 2-m.ile
is unlikely to give rise to any frequency instability. The two freciui*i»*
40.97 and 8.19 kc/sec, are harmonics of both the PRF’s and h.eiuf’<‘
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first two dividers operate continuously. The next frequency of markers,

4.097 kc/sec, is not a harmonic of either PRF. Since they are used
only at 390 cps, it is only necessary to synchronize them with 390 cps

as shown in the timing diagram; the method of recycling will be described

shortly. Following the 10~mile marks there are two blocking-oscillator

dividers dividing first by 7, and then 3, to produce the two PRF’s.
Figure 4-12 shows the crystal oscillator, the first two dividers, and the

2- and 10-mile range mark mixer. A triode crystal oscillator is used since

the specified range accuracy was only 0.1 per cent. Synchronizing

synchronizer of Fig. 4*11.

triggers were obtained from the crystal oscillator by passing the Class C
current pulses through a damped choke to develop a pulse every 12.2

jusec. Synchronization is applied to the first blocking oscillator, as to all

the rest, through a triode trigger amplifier connected in parallel with the

blocking-oscillator triode. The current pulses arising from the trigger

triode induce synchronizing triggers in series with the grid waveforms.

All the dividers save one are blocking oscillators operating at low division

ratios and with JLC-stabilization to insure constant frequency division

for large variations of voltage and temperature and for tube changes.

This technique is discussed in Vol. 19, Sec. 16-12.

The first blocking oscillator divides by 2, generating 40.970-kc/sec
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marks. A 20-kc/sec stabilizing resonant circuit in the cathode
circuit effectively adds a one-half cycle cosine waveform to the exponen-
tial waveform in the grid return. Two-mile marks appear across a

43-ohm resistor in series with the cathode, developing a 17-volt positive

pulse from the current surge of each blocking oscillation. Ten-mile
markers are similarly derived in a 5-to-l divider stabilized by two
resonant circuits tuned to 20 kc/sec and 12 kc/sec {%fr and l/r). To pro-

vide the required mixed marks at four terminals, the 2- and 10-mile

Fio. 4*13.—Scale-of-two multivibrator and blocking-oscillator pulse generator.

markers are mixed in a biased-off cathode-follower mixer using two
6AG7's, driving a 51-ohm load. The 2- and 10-mile markers add and
accentuate every fifth mark as shown in Fig. 4T2. Each of the four

70-ohm range-mark cables are driven through 68-ohm resistors from the

cathode follower- Short-circuiting any two cables changes the cathode
load from 21 ohms to 15.3 ohms, a decrease which is acceptable. Of
course, the rest of the circuit remains unaffected, since the cathode fol-

lower acts as a buffer.

The circuit of Fig. 4*13 counts the 10-mile marks in a scale-of-two

counter circuit with the injected 390-pps trigger acting to make the

counter inoperative for one of the 10-mile marks each recurrence interval.

Therefore, the counter responds only to twenty 10-mile markers, thus

providing only ten 20-mile markers in each 220-mile interval. The
The symbol fr will be used to represent the recurrence frequency of the output

pulses of the stage being discussed.
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recycling is accomplished by coupling the 390-pps trigger into the counter

through a trigger amplifier which resets the circuit to the state it was in

before the twenty-first 10-mile marker occurred.

The square wave from the second plate of V’14 is differentiated in C 4

and Re and triggers a blocking oscillator F4 to form the 20-mile range

markers. Its cathode is normally held at -4-27 volts and the grid time
constant is only of the recurrence interval. Pulses occur, therefore,

every time the scale-of-two circuit counts. The four 70-ohm range-mark

Fio. 4-16.—Cathode waveforms of frequency dividers, (a) Cathode of Vt, fr “ 40.97
kc/sec. (6) Cathode of Vz, fr = 8.194 kc/sec. (c) Cathode of Vi, fr « 1170 pps.
(d) Cathode of Vz, fr = 390 pps. Or is the output frequency of the divider stage.)

cables are each driven from the blocking-oscillator current pulses through
68-ohm resistors, as in the 2- and 10-mile mixer.

Also, following the 10-mile marker divider are the two PRF dividers
shown in Fig. 4-14. The first divides by 7 to 1170 pps and is synchro-
nized by tuned circuits at 1.750 kc/sec (f/r) and 2.730 kc/sec (l/r). The
second PRF divider divides by 3 to 390 pps using a single resonant
circuit tuned to 586 cps (f-Zr). The output circuit for the two sets of
triggers. Fig. 4-15, is a pair of four-tube blocking oscillators, each tube
having a separate cathode resistor thereby providing the required four
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independent trigger sources for each trigger, any of which may be short-

circuited without affecting the
rest.

Figure 4-16 shows the cathode
waveforms of the various dividers.

The complete system was
found to operate without change
of frequencies for JAN limit tubes
and +20 per cent change in line

voltage.

If more accurate phase lock of

the triggers and the oscillator

sinusoid were desired, pulse selec-

tion as described in the next sec-

tion might have been applied.

4*8. Frequency Division and
Pulse Selection.—In contrast to

the previous synchronizer, the Model III calibrator has lax specifications

on its PRF stability but very high specifications as to the accuracy of the

+450v

Fia. 4*18.—Schematic diagram of synchronizer portion of Model III calibrator.

time relationship between the PRF pulse and the crystal-oscillator

sinusoid. The sinusoid is used to form a sweep for accurate time meas-

frequency selecting gate

Fig. 4*17.—Block diagram of synchronizer
for Model III calibrator.
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urements; hence the position of zero time—^the PRF trigger—^must be
defined as closely as the time measurements are specified (about 0.03
Msec). A wide range of PRF^s was desired, and it was necessary for the
circuit to be simple to keep the size of the calibrator down to that of a
useful bench instrument. Figure 4*17 shows the resulting design. ''Phe
schematic diagram of the synchronizer is shown in Fig. 4*18.

^

A tri-tet crystal oscillator Fi is used to maintain good frequency stabil-
ity while the plate-load tuning is varied to control the desired circular-
sweep amplitude. A damped choke in the cathode lead provides a pulse?
at the oscillator frequency. These pulses are amplified in and trigger
a variable-frequency blocking-oscillator frequency divider Fg. Sincje it
IS expected that the grid timing network will be varied, there -will l>e
arge phase s^ts between the blocking-oscillator pulses and the 82-kc/see
sinusoids. To provide a trigger whose phase does not vary relative to the
sinusoid, the 18-Msec pulse of the dividing blocking oscillator is used to
select the 82-kc/sec pulse immediately following the one which triggered

osciUator The coinddenee tube F. is a triode with tho
c/sec pips applied to the grid and the repetition-frequency selecting

quiescent grid-to-cathode bias is30 volts, ^d the 400-ohm vanable resistor in the frequency-divider
a ode return is adjusted to keep the selector gate below cutoff Uponcomeidenoe the sum of selecting gate and oscillator pip drives the wridabove cutoff and plate current flows in the coincidence tube, firing the trig-ger blocking oscillator Vt. Positive and negative triggers at lOOO-ohmimpedance are provided by the trigger amplifier F..
Tie frequency (fivider might have been omitted and replaced hvselection at random if a pentode time selector were used. In the IVTodelIII ^brator, W selection by waveform addition and amplitudeselection is used. For this process it is desirable that thoTeW i ^pul^ be of constant amphtude, or that the relative times or ooour-reneethe pulse ^d the selecting waveform be fixed. The latter alterruit ix cwas chosen m the Model III eahbrator and implemented by

output pulse is used as a sele<,«ng

its ^e and faU am short compared^thiterrlw^
mfrequeptly if

0^1 Msec for aU repetition frequences, “f theoS 1ch^ed, the position of the trigger changes ±0.25 pseo for ±5o”por
1944.

Modd III Calibrator,” P. W. Sickles Co., Mamh
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cent change in sinusoid amplitude at the plate. Varying the line voltage
with constant 82 kc sinusoid amplitude yielded the data in Table 4-1.

Table 4’1.—Shift in Trigger Phase with Line Voltage
Line voltage Trigger displacement, jusec

75 0.10
85 0.05
100 0.00
115 0.10
130 0.15

Other examples of this technique are the TS-lOO test oscilloscope and the
Dumont 266-B A/R oscilloscope (see Vol. 21, Sec. 18*4). An example
of a frequency-divider synchronizer system in which both accurate fre-
quency and accurate phase were required is the SCIl-584,^

Independent

selected pre-trigger

Fio. 4*19.—Trigger-selector block diagram of experimental radar synchronizer.

4*9. Separate Oscillators and Pulse Selector.—In some circuits an
external sine wave oscillator is used to determine the recurrence fre-

quency, but the crystal oscillator is desired as the time standard.

In contrast with the Model III calibrator where the alignment of

the selecting gate with respect to the pulse is obtained by the use of a
frequency divider as a PRF generator, the synchronizer of this section

employs an external PRF oscillator (3 kc/sec) to select a pulse A at

1 D. G. Fink, *‘The SOIt-584 Radar,’* Electronics^ 19, February 1946.
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random that forms a selecting gate whose position with respect to the suc-

ceeding pulse B is thus adequately defined. As shown in Fig. 4.19,

selection of pulse B results in a trigger which is stable with respect to the
phase of the 163-kc/sec oscillator. Figure 4.20 shows the circuit. The
first two rows of tubes perform the operations indicated on the block
diagram. The third row uses the pretrigger to select a third pulse C which
in turn triggers a selector gate to select the fourth pulse D, thus providing

a trigger delayed exactly from the pretrigger by 2000 yd. The selected

pulse D drives a low-impedance blocking oscillator to supply the modu-
lator trigger. The advantages of this type of synchronization are that it

permits complete freedom of choice of the PRF and at the same time
jitters, or phase-modulates, the triggers with respect to the PRF signal.

The latter is an advantage in radar applications since it makes the radars

less susceptible to mutual interference.

A proposed and as yet incompletely tested synchronizer was to be
incorporated in a revised model of AN/APS-10 radar, and this circuit

incorporates a number of good techniques and highly economical circuit

practices. This design was made possible in part by the development of

baseless subminiature triodes which permit very low stray capacitances, a
powdered iron 1-mh choke having a high resonant frequency, and the
germanium crystal rectifier which has a very low capacitance, about
0.5 ixfxi, and a forward resistance of less than 1000 ohms. Shunting the

crystal across the choke provides an economical method of obtaining

short pulses for triggers or markers since the crystal does not lower the

choke-resonant frequency appreciably and yet offers severe damping after

the first half cycle. The low-capacitance tubes and wiring permit the
design of stable high-impedance multivibrators with reasonable output
rise times.

One precaution that was observed as a result of large variations in the
characteristics of the tubes was that when two circuits are direct-coupled

the most significant value of the signal voltage should occur when the
associated vacuum tubes are in a nonconducting state. A study of the

schematic and block diagrams \vill illustrate the use of these special com-
ponents and this philosophy of design.

One of the special requirements of the AN/APS-10 synchronizer was
that it should operate on an external PRF source without introducing

more than 2 per cent jitter. In addition the following markers were
desired: positive and negative 1-mile markers; positive and negative
6-mile markers

;
positive 1-mile markers phasable with respect to the first

set; a marker which would be movable in integral multiples of 5 miles,

called the ‘'6N-mile delayed trigger”; a PRF trigger accurately phased
with respect to the above 1-mile markers; and a prestart trigger at the
PRF preceding the zero range marker by 135 /tsec.
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Fixed I mi marks
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The value of plate supply was set at 150 volts for the following reasons:
a simple llO-volt line-operated rectifier could be used, the average
current consumption is in general proportional to the plate supply, and the
low voltage permits the use of low-voltage condensers and low-wattage
resistors. To supply synchronizing triggers from the external PRF
without introducing more than the specified 2 per cent jitter, it was
necessary to select one of the accurate 1-mile markers and to use a gated
divider to supply the 5-mile markers.

A-xto? morks '\/vv>yv/\/vyvv/V'v\/\Ajoyv\A>^v^^

J5* l-mile marks

C- Phaseable marks

I>-PRJ=' synch. MV.

jE7- Selected pulse

Jp-S-mlle delay gate

G'Zero range
selector gate

H- Phanto stro n
plate

J"* Divider switch
gate

jfiC-Rve-tnile divider

Zj" Five-mile pulses

M~ Zero- range
trigger

JV" Selected five-
/nile mark

iFxo. 4<Z2.—Tinainp: diagram of proposed AN/APS-10 synchronizer. 1, 2, and 3 mark the
three time-selection oporations.

Referring to the diagrams, Figs. 4-21, 4-22, and 4-23, an SO.Sfi-kc/sec

triode crystal oscillator Vi generates sinusoids, waveform A, whose
period corresponds to 1 nautical mile of radar range. The unusual
features of this oscillator are the plate-to-grid coupling condenser neces-

sary here because of the low interelectrode capacitances of the sub-
miniature tubes and the combined resistive and inductive coupling into

the movable mark shaper V\. Tuning the secondary of the plate trans-

former provides the necessary variation of phase shift of the movable
l-mile calibrating marks, and the addition of the resistive coupling places

the center of the phase-shift variation at the desired phase. The movable
mark shaper V i acts as a Class C amplifier, whose current surges shock-

exoite the damped choke in the cathode circuit, forming a short pulse,

waveform C. The phasable pulses are required to permit the zero
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correction of radar system (see Chap. 3). Pulses of fixed phase with
respect to the crystal oscillations are formed from the current pulses in

the crystal oscillator itself, and are developed across the damped choke
in its cathode. The succeeding amplifier 1^3 supplies these marks at low
impedance with both polarities to the rest of the synchronizer, and as
range marks for the indicators, waveform B. As indicated in Fig. 4-23,

the next operation on the sequence is the selection in Fg of the pretrigger
by the PE,F synchronizer pulse, waveform D, which is a positive gate
slightly over 1 mile in duration. It is applied to the grid of a triode
coincidence stage Fg whose cathode is driven by the 1-mile marker

Fig. 4-23.—Block diagram of proposed AN/APS-10 synchronizer. Letters botwoon blocks
refer to waveforms of i ig. 4-22.

pulses. The resultant selected trigger E initiates an 8-mile delay gate F
in Flo and Fn which in turn triggers the zero-range selector gate G
Fi2 and Fis. These three gates are generated from unsymmetrical
monostable multivibrators (Vol. 19, Chap. 5) whose outstanding char-
acteristics are the large plate resistors made possible by the low capacities
of the tubes and the practice of using only the negative output when steep
wavefronts are desired.

In order to follow the sequence of operations it is necessary to leave
this train of operations at the generation of the zero-range selector gate
waveform G and consider the generation of the 5-mile marks, since one
of the 5-mile marks is to be selected by the gate G to form the zero-range
trigger M.

The 5N pulse-selecting phantastron Fis, Fis is triggered by the
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selected pulse E. Its plate waveform immediately shuts off Vn, which

in turn gates the 5-mile divider switch Ve with the waveform J. The

voltage to which the grid of the divider switch tube T e is brought by J is

determined by a bleeder jRi, Rqj and Rz between Epp and the 105-volt

supply at a time when Vn is nonconducting. With this arrangement,

variations in characteristics of Vn do not affect the level to which the

grid of the triode coincidence tube V'e is raised.

As a result of the divider switch action, the divider V4,
Vz, starts to

divide on the first 1-mile marker after the prestart trigger and continues

to divide until the phantastron (Vu) plate reaches a voltage sufficiently

low to cause conduction in the injector diode V19. As this happens, the

Nth 5-mile mark couples into the cathode follower Vlo of the phantastron,

driving the pentode grid more positive, generating a positive pip in the

cathode of that tube. This is coupled to the 5N selector shutoff and

trigger amplifier Vn which then provides a low-impedance SIST delayed

trigger which shuts off the phantastron. As the phantastron shuts off,

its plate rises, turning the divider-switch gate amplifier V 17 on again and

shutting off the 5-mile divider switch Vq, thus terminating the divider

(F4 ,
1^ 5) action until the next repetition period. Since the zero-range

trigger-selector gate does not turn on until after the S-mile delay gate

and is 5 miles in duration, it overlaps the third 5-mile pip which occurs

11 miles after the pretrigger. The coincidence of these two waveforms

in 722 triggers a thyratron 728 to form the zero-range trigger for the

radar modulator. It is interesting to note that although the coincidence

between the externally synchronized selecting multivibrator will have

occasional jitters when the overlap occurs on the rising edge of the

selecting gate (about 1 per cent of the time), the zero-range selector gate

maintains a constant time relationship to the 5-mile marker that it

selects. Thus a stable PRF trigger is provided. The zero range trigger

maintains a fixed time relationship to the fixed markers to within 0.0 l^s.

One essential design practice required by the use of triode time

selectors is that described in connection, with the action of the time

selector 7c; the potential to which the grid is brought by the selecting

gate is independent of variations in the characteristics of the gate-

generating tube, 7 17. This precaution is observed in the time selectors

79 and 722.
-tn i

4-10. Synchronization by Automatic Frequency Tracking.—Develop-

ment of pulse techniques has led to a modification of the conventional

frequency-tracking circuits that permits oscillators of two widely different

frequencies to be synchronized. If, as indicated in Fig. 4*24, pulses are

formed from each oscillator, the relative times of appearance of these

pulses can be compared at A, B, C, etc. with a time discriminator.^ If

1 Secs. 3*17 and 3*18.



96 GENERATION OF FIXED INDICES [Sec, 4-10

the two frequencies are fixed, but aligned at A, the error signal of the
time discriminator would indicate an increasing time difference at B and
C, When this error signal is applied to a reactance tube controlling
either oscillator, the two oscillators will be made to operate at an integral
frequency ratio with an accurately controlled phase relationship. If the
limits of control of the reactance tube are such that it cannot change the
frequency ratio by one integer, and the mean frequency of the controlled

Fig. 4-24.—Frequency tracking by pulse time discriminator.

oscillator is within plus or minus one integer of the desired ratio, the
system cannot synchronize at the wrong frequency ratio. Since the
limiting factor to the frequency ratio obtainable with this system is
essentially the stability of the two oscillators, one would expect to be
able to work with frequency ratios from 100 to 10,000 depending upon
the type of oscillator used. The distinct advantage of this technique is
that in spite of large frequency ratios the time relationship of the pulses
derived from the two oscillators is as stable as the time discriminator.

Figure 4-25 shows the block diagram of an automatic frequency-
tracking synchronizer where a high-frequency oscillator is controlled by

Fig. 4*25. Block diagram of automatic frequency-tracking synchronizer.

reference to a low-frequency oscillator. The dashed connections indicate
its use as a low-frequency oscillator controlled by reference to a high-
frequency oscillator.

A design proposed for a lightweight direct-reading Loran indicator
is a good example of pulse frequency tracking. The block diagram of
Fig. 4-26 indicates that the frequency of the 20-kc/sec oscillator is
adjusted so that its 1/800th subharmonic agrees exactly with the PRF
of the incoming video pulses received from the Loran ground stations.

The automatic frequency-control circuit is shown in Fig. 4-27. The
20-kc/seo LC-oscillator and pulse generator form 50-jusec pulses which trig-
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ger a multistage -

5^ divider tliat in turn triggers a 100-Msec multivibrator

to form the early gate for the time discriminator. The back edge of this

gate triggers a similar multivibrator to form the late gate. These two
gates turn on successively the grids of the top and bottom sections

of a triode time discriminator Vz and Vz (see Chap. 3 and Fig. 4*28).

The output controls the reactance tube Vi.

The grid of the reactance tube has full sine waves from the cathode

of Fi2 impressed on it. The cathode is connected to the high-potential

end of the tank coil through 24 /i/zf . If F1 conducts for the whole cycle

of the sine wave, only a negligible voltage at 20 kc/sec appears across C2

and no detuning occurs. On the other hand, if Fi is so biased that it does

Fig. 4-26.—Block diagram of lightweight Loran automatic frequency-tracking circuit.

not conduct during any part of the cycle, C2 is essentially connected to

ground through 10k from the high-potential side of the tank coil. These

two conditions define the limits of frequency modulation by Fi as 0.24 per

cent. Intermediate values of frequency result when Fi conducts for a

portion of the cycle, as controlled by the bias produced by the time

discriminator. The effect of switching a small condenser C2 across the

tank circuit for a portion of the cycle apparently has little effect on the

waveform of the oscillator since it was found not to affect the accuracy

of the condenser phase shifter fed by the oscillator.

The application of this circuit to the more direct problem of synchron-

izing two oscillators can be accomplished by triggering the early- and

late-gate generators from the low-frequency oscillator and feeding para-

phased sine waves of the high frequency rather than paraphased video

pulses into the time discriminator. The time discriminator thus becomes

a hybrid time and phase discriminator. Circuits exemplifying this type
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of time discriminator may be found in Cbap. 6. A sinailar example of

sjrnclironization can be found in tbe Britisb omnidirectional beacon

described in Sec. 10 -S.

Precise Synchronization of Random Oscillators .
—^The two examples of

Sec. 4-8, that employ pip selection as a means of synchronizing two

independent oscillators, are characterized by the fact that the selected

Received Loran
video pulse

j-i IOOm sec

2
\ Early gate

2
I Late gate

r 100 ju sec

Fiq. 4’28.—^Loran time-discriminator timing diagram.

pulses can occur after the onset of the low-frequency synchronizing pulse

by any amount up to one period of the high frequency. This is often

undesirable and a method of obtaining high-frequency pulses accurately

defined in time with respect to the low-frequency waveform has been

developed and is illustrated in Fig. 4-29. The accurate timing oscillator

is used to form a continuous circular sweep on the face of a storage tube.

PIckoff

Fig. 4-29.—Block diagram of precise synchronization system for two independent oscil-

lators.

The intensity of the electron beam is normally low. When the positive

synchronizing pulse arrives at the storage-tube gi*id, the beam is momen-

tarily intensified and charges up a short arc of the circular sweep. The

succeeding sweeps of the electron beam around the tube face produce at

the pickoff electrode a train of short pulses equally spaced at the period of

the master oscillator but initiated at the exact instant called for by the

external synchronizing pulse. This circuit may be very useful for phys-

ical measurements where there is no control over the time at which the

interval to be measured commences. Complete details and actual
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of time discriminator may be found in CKap. 6. A sinular example of

synchroniEation can be found in the British, omnidirectional beacon
described in Sec. 10*8.

Precise Synchronization of Random Oscillators .—The two examples of

Sec. 4*8, that employ pip selection as a means of synchronizing two
independent oscillators, are characterized by the fact that the selected

I

Received Loran
- video pulse

Z

3

XOOt* sec

Early gate

h lOO/t sec -
I

Fiq. 4-28.—^Loran tinio-diseriminator timing diagi'am.

Late gate

pulses can occur after the onset of the low-frequency synchronizing pulse

by any amount up to one period of the high frequency. This is often

undesirable and a method of obtaining high-frequency pulses accurately

defined in time with respect to the low-frequency waveform has been
developed and is illustrated in Fig. 4*29. The accurate timing oscillator

is used to form a continuous circular sweep on the face of a storage tube.

Pickoff

Fig. 4-29.—Block diagram of precise synchronization system for two independent oscil-

lators.

The intensity of the electron beam is normally low. When the positive

synchronizing pulse arrives at the storage-tube grid, the beam is momen-
tarily intensified and charges up a short arc of the circular sweep. The
succeeding sweeps of the electron beam around the tube face produce at

the pickofi electrode a train of short pulses equally spaced at the period of

the master oscillator but initiated at the exact instant called for by the

external synchronizing pulse. This circuit may be very useful for phys-

ical measurements where there is no control over the time at which the

interval to be measured commences. Complete details and actual
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circuits are described in Yol. 19, Chap. 21 oa the use of storage tubes. An
alternative method of setting up an equally spaced train of markers

starting at any random instant is to use a pulsedXC-oscillator and ampli-

tude comparator. This is described in Secs. 4'13 and 4-14.

Frequency Dividers with Injection Feedback

There are some applications where a pulse recurrence frequency is

desired with a frequency ratio to the master oscillator that is not factor-

able into practical single-stage division ratios. It is also often desired

to change the PRF by small increments without radically modifying the

synchronizer circuit. Both of these problems may be solved with the use

of injection feedback dividers.^ In one form of this technique the last

divider stage, in firing, effectively adds one or more extra triggers to the

first stage of the chain. Fewer master-oscillator triggers are thus

required to complete the next dividing period. In another form of

feedback divider, the first divider stage is held ofi from dividing for a few
triggers after the last stage fires. As a result, a complete dividing cycle

takes a few more than the usual number of master-oscillator triggers.

These methods will be illustrated with two examples.

4*11. Lightweight Direct-reading Loran PRF Generator.—In the

previous section, the PRF divider circuit of the direct-reading Loran was
indicated as a standard frequency-dividing circuit having a ratio of

800 to 1, Actually the Loran PRF's are given by the ratios '

20 kc/sec , 20 kc/sec , .. . t •

2(A66~—Ny 2(500 — 77)

^ whereN is any integer from 0 to 7 inclusive

and corresponds to different stations. Variations in N give pulse recur-

rence periods which differ in steps of 2 X 60 jotsec.

The method of providing these odd-valued PRF's from the frequency-
controlled 20-kc/sec oscillator is shown in the schematic diagram. Fig.
4*30. Figure 4-31 shows the timing sequences drawn as though the
l-to-5 counter were missing and the last counter were set to count by 6,

with N set for 2. To study the operation of the circuit, let us consider
the action of the circuit without injection feedback. The counters are
gas-filled tube step counters similar to those described in detail in Vol. 19,

Chap. 16 of this series. Consider Vie just after it has fired. The
cathode is held by Vu and Vm from going above -f-lOO volts. Fifty
microseconds after it fires, a negative pulse will come from the plate of
the blocking oscillator Vis, causing the diode Vu to conduct, whereupon
the voltage of the trigger pulse will be shared between C7 and Cs, lower-
ing the cathode of Vie by about 6.4 volts. The succeeding pulse will

^ Feedback in this sense does not have the connotation usually attributed to feed-
back in amplifiers.
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find 6.4 volts bias across Yxa which it must overcome before F14 conducts;
Ct and Cs will share the remainder of the pulse voltage. This process

Fio. 4-30.—Schematic circuit of lightweight direct-reading Loran feedback PRF divider.

Cathode waveform of ^16
Fig. 4-31.—^Abbreviated timing diagram of lightweight direct-reading Loran PRP gen-

erator. Dividing ratios are and injection feedback number, iV, - 2.

continues for nine pulses from Viz, each one bringing the cathode of Tie
closer to its firing potential. If Ci has been properly adjusted, the tenth
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1

pulse "will cause Viq to conduct. A similar process occurs in T

F22 . In the absence of injection feedback, a total division ratio oi .5(H),

400j or 500, will be produced.

When y22 fires, its plate drop appears across Co, _Cio, and the lOO-onm

plate resistor of Fis forming essentially a capacity divider. The fi action

appearing at the junction of Co and Cio is not quite large enough to uc

Tas, but 50 /isec later, when Vis fires, the pulse developed across the

100-ohm plate resistor adds enough to the cathode of Vza to triggci it .

When it fires, its plate drop is coupled through one of seven condcnsiu s

back to the cathode of Vie through the diode Kas- The size of tlic Hovcti

condensers is adjusted so that the voltage change on the cathode ot 1 i«

is equivalent to that which would be produced by zero to sevcji pulses

from Vie. As indicated on Fig. 4-31, where iV == 2, this decx'easc.s iht*

number of pulses required to fire V le by iV, where N varies from »!<*ro to

seven depending on the setting of the ground station selector- The ii«*t

effect is to decrease the pulse recurrence interval by JV X 50 /^sec, which

after a division by 2 gives the PRF's described at the beginning ot t hiH

section. The second and third counters are unaffected by the ftHHlhiick

except that the time between the PRF pulse and the next pulse which
they receive is less by W X 50 gsec than 500 and 2500 /xsec respc<‘tiv<’ly

.

The reason for employing Vez as a time selector, thus delaying the

injection to Fie by 50 jusec, is that Fie requires at least 20 gsec to licitiii-

ize. If a hard-tube regenerative counter of some type had been einplo.v«‘d

only a small delay would be necessary and the pulse from Fa? couUl hi*

coupled to Fie through a delay line.

It is obvious that counters are more advantageous for this purpoHi*
than conventional frequency dividers. First, the master-OHcilliitor

quency might be subject to variations which would change tlie actuiil

time between triggers to the dividers, hut not their number.^ Se<*ond*
the time between triggers to the second and third dividers is not <*onsiant

.

Hence a divider that operates by virtue of a synchronized tlnu* hitsi*

would be liable to change its division ratio if the time between synch rot lin-

ing triggers changed appreciably. In contrast, count<^r diviihu’s iin*

relatively insensitive to the time spacing between the pulses that they
count.

An interesting application of this fact is the use of counters as <li\’iih *rN

in multiple-frequency marker systems in which it is desired to cdiange t la*

units of time without switching the time constants of ea(jh clivhhn-. If
counter dividers are used it is only necessary to change the master-
oscillator frequency. A good example of this situation is the de.sign of it

universal instrument to calibrate range units on radar systems. Three
1 Actually the ground station PRF’s in the Loran system arc maintained with

high accuracy.
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units of time or distance are currently in use: the nautical mile, which
corresponds to 80.86 kc/sec, the 2000-yd mile or 81.94:0 kc/sec, and the
statute mile or 93.11 kc/sec. A test instrument to provide calibrating

time markers for any of these three systems of units could easily be built

using counter dividers to obtain the desired frequency ratios. The time
scales then could be changed by switching master-oscillator crystals.

4*12. InjectioiL Feedback Divider for Oboe PRF.—^Although time-

base frequency dividers are less adapted to frequency division with

injection feedback than counter dividers, it is perfectly possible to design

such a system providing the number of injected pulses is not too large.

Such a system is used to generate the PIIF for the British Oboe ground
station. The PRF pulses are obtained by dividing in two stages from
5-mile markers (53.75 jusec) to produce recurrence frequencies between
90 and 150 cps. If it happens that the desired division ratio is a prime
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mimber or is not the product of two small convenient factors, injection
feedback is employed. In this system, the method of injection is that the

trigger initiates a phantastron-gate generator which prevents the first
phantastron divider from dividing for 0, 1, 2, or 3 miles, after which it
divides in a normal fashion. In contrast to the Loran feedback divider,
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the time interval between the PRF pulse and the first pulse fed to the
second divider is increased by the feedback rather than decreased.

Figure 4-32 shows the timing sequences of the dividers set to divide
by 21 = 4 X 6 1. The injection feedback is set to 1, the first divider
divides by 4, and the second by 6 . Figure 4-33 shows the circuit of the
dividers. The negative 5-mile pulses are used to trigger the first PRF
divider stage F4 on one cathode of the double diode Vx. The phan-
tastron cathode waveform is shown in line B of Fig. 4-32. The nega-
tive edges are coincident with every ?ith 5-mile trigger pulse in the
case of no feedback. The diode Fs is introduced in connection with

A
I and 5 mile pips

B
Cathode waveform
of feedback phantostron

C
Screen woveform of
feedback phantostron

D
<33 of I St. PRF phant

E
Cathode of 1st.

PRF phant

F
G3 of I st. PRF phant

G
K of 1st. PRF phant

Fio. 4-34.—Feedback •waveforms of Oboe PRl*’ divider.

the feedback. With no feedback, which is the case to be considered
first, the diode is short-circuited. The second half of the diode Fi is

taken directly to -h200 volts on the bleeder and is employed to catch
the plate of the phantastron as it rises on the flyback. The next 5-mile

pulse developed across Rx pulls the phantastron plate down (cutting

off the diode Vx) and thus triggers the phantastron. The switch and
potentiometers in the grid circuit of F4 allow the division ratio to be
adjusted to either one of two numbers. The cathode and screen wave-
forms of the second PRF divider phantastron are shown on lines E and F
of Fig. 4-32. The screen waveform F is differentiated and fed out
through a cathode follower to form the PRF pulse G. It is also applied to
the suppressor grid of the feedback phantastron Fs. The dmation of the
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waveforms from this phantastron is adjusted by Rz to be about 7^

for r = 2. The negative pulse fed to the suppressor grid of F’r has ra^

effect, but the positive pulse triggers the phantastron. The catlnxh*

waveform is therefore as shown in Fig. 4’34, line B and the screen Wiivci*

form as in line C. These two waveforms are used to obtain feedba<*/k as

follows. The principle of the feedback is to apply to the suppressor f^rid

of the first PRF phantastron a negative pulse F of sufficient amplitude to

cause the phantastron to return to its quiescent condition. As indicat«<Ml

by the cathode waveform Gj the negative pulse cuts off the plate whi<di

then rises towards Epp until it is caught by the diode Fi at tlie +200 volt

level. At the same time the cathode O and grid return to theii' quiescent

voltages. The phantastron is then ready to be triggered off again by a
5-mile pip when the suppressor grid is allowed to return to its normal
level. The gate fed back to obtain r = 1, 2, 3 is obtained from t»he

feedback phantastron V%. The number of five-mile intervals to be adtltni

to the pulse recurrence interval by the feedback is r. The two cases of

r = 0 or 2 will be dealt with separately.

1. When r = 0, the suppressor of the phantastron V4 is held at a
steady potential by short-circuiting the diode F3.

2. When r = 2, the cathode waveform F of Fg is applied to the atip-

pressor of V4 . The first PRF phantastron is thus caused to retairii

to its quiescent state immediately after being triggered, and the
suppressor voltage is held down while the next 5-milo pulse in ftni

to the plate. Hence the first PRF phantastron cannot retrigiger
at 5 miles. The negative feedback gate, however, is lifted from
the suppressor before the second 5-mile pulse, and the phiintuBtron
is allowed to trigger at 10 miles (Fig. 4*34/i and ;). Thenuifter it

divides normally.

Little difficulty should be expected in this application from using
base dividers with triggers of variable spacing since the maximum chaiitgi*
of the PRF division ratio caused by feedback is only 15 per cent.

GROTJPED-MARKER GENERATION

Bt R. B. Leachman and R. I. FIulsizer

Probably the majority of physical situations in which time meastiiro-
ments are to be made require that the time measurements start at a i>er-
fectly random instant. For this purpose circuits have been dcvelopetl
which will remain dormant until triggered externally, whereupon tht»y
provide a series of time markers of appropriate recurrence fre<|uenci<*H,
After a suitable period, the markers are terminated and the circuits return
to their quiescent condition, awaiting another triggering pulse.
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Two metliods exist for iastrumenting this performaace. One
employs a storage tube fed witli a continuous circular sweep from a stable

oscillator as described in Sec, 4-9. The other employs pulsed oscillators

which are turned on by the external pulse and provide markers of a

particular frequency via an anaplitude-comparison circuit. Several

examples of the latter will be described in the followng sections.

JFia. 4'36.

—

Pulaofl nmgo-marli: oirctiit dosigti«d for a. PPI indioator.

4:-13. Single-frequency Grouped-marker Generators.—If a single-

frequency marker is desired, techniques similar to those of Secs. 4-1 to

4-6 may be employed with the modification that the oscillators and
amplitude-comparison circuits must be switched on and come to a stable

operating condition quickly, and when switched off, they must return

completely to the quiescent state before the next external pulse.

Although any type of oscillator may be used for this purpose, L(7-oscil-

lators were nearly always used and relaxation oscillators appear in few
of the completed radar systems. A delay-line pulse generator was
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employed in the preproduction AN/APG-S range calibrator, but it was
abandoned for a more stable pulsed 2vC-oscillator because the delay-line
temperature coefficient was poor. Many synchroscopes simply pulse a
tuned circuit to obtain a damped sinusoidal train for use in time calibra-
tion. The Germans used a supersonic delay-line time-marker generator
to calibrate one of their height-finding systems. A pulse coupled into a
glass rod produced a series of time markers by supersonic reflection.

Pulsed LC Range-marker Circuit.—Figure 4-36 shows the schematic
diagram of a circuit for producing range marks of any one of four differ-
ent frequencies for use on a radar indicator. Tube Vx is a cathode
follower feeding a gate onto the grid of V^. When V2 is on, it supplies a
steady current at a very low impedance through one of the tank coils,

maintaining heavy damping on the tank circuit. When Fa is cut off, the
sudden change of current starts sinusoidal oscillations in the tank circuit.
Examination of the initial conditions for the transient shows that a
negative sine wave commences immediately with no distortion. With
finite Q, the oscillations would die out rapidly, but Vz provides just
sufficient positive feedback to maintain the oscillations at fairly constant
amplitude. Tubes F4 and Vz amplify and distort the sine wave to
trigger the blocking oscillator Yz which forms the range markers. Tube
Vz is provided with a steady bias greater than cutoff. The grid-circuit
time constant of 2 /xsec is short enough to prevent any cumulative change
in the point of triggering. It will be noticed that the point of amplitude
comparison as performed by F4 depends on the grid characteristics and
the bias provided by the average current of 1^4 and Vz flowing through
their common cathode resistor. The stability of the bias depends on the
symmetrical behavior of the two tubes which may lead to some error,
either in long time stability, or as a transient error at the beginning of
each marker group.

Precise Pulsed LC Range-marker Circuit from Precision Ranging
Indicator.—The range-marker circuit just described provides range mark-
ers for the PPI where high accuracy is not required. This is reflected
in the design of the amplitude—comparison circuit and the absence of
temperature control on the resonant circuits. In the same indicator
there is a precise pulsed range-marker circuit for use with the time-
modulated range-marker circuit. This is described in Sec. 6-2 as an
example of precision two-scale time modulation. The principle differ-
ences from the PPI range-marker circuit are that the Z/C-circuit and the
feedback resistor of the oscillator are placed in a temperature-controlled
oven, an oscillator circuit whose frequency is less sensitive to tube
changes is employed, and the amplitude comparison of the sine wave to
form the range marks is performed by a diode amplitude-comparison
circuit. An inexpensive single-frequency grouped-time-marker circuit
is described in Sec. 7-28.
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4-14. Multiple-frequency Grouped Markers.—^The most general
solution to the problem of providing groups of multiple-frequency mark-
ers initiated by an external pulse and lasting for a fixed time is to employ

Pio. 4*36.—Mtiltiple-froQuonoy groupod-markor circuit using blocking-oscillator divider.
All transformers are Raytheon 17X8204.

several pulsed oscillators and amplitude-comparison circuits of the type
described in Sec. 4*13. Each type of marker then is independent of the
other and any desired frequency ratio may be easily obtained. Only
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one of the oscillators need possess long-time frequency stability for the

others may be calibrated against that one. A more economical, but less

flexible solution is the use of a single-frequency marker generator and

several pulse-divider circuits. The main precaution to be observed in

the design of the dividers is that they remain inoperative except when
receiving pulses from the gated oscillator, and that they should respond

to the first few pulses of a group in exactly the same manner as to all the

rest.

The circuit of Fig. 4*36 provides an example of this type of operation.^

The external trigger initiates a multivibrator gate whose duration

determines the length of time after the trigger that the markers will

occur. It gates a 328-kc/sec Z/C-oscillator similar to the one described

in Sec. 4T3. The amplitude comparison is performed by the diode half of

Vz fed by the cathode-follower half. The cathode Fs is indicated as hav-

ing a quiescent level of 1 volt. The point of conduction of the diode half

of Vz will depend on variations of this potential. A better solution would

be to replace the cathode resistor of Fs with a low-resistance grounded

choke. A 10-mh choke would provide equivalent impedance at that

frequency, and would provide an accurate reference potential, ground,

when the sinusoid passes through zero amplitude.

Following the diode is a squaring amplifier and a 500-yd (328-kc/sec)

blocking oscillator employing a 6V6 biased to 52-5 volts, about 10 volts

below cutoff. The use of a tube with a long grid base seems inadvisable

at this point in the circuit where switching action at the instant the sine

wave passes through zero amplitude is desired.

Plate-to-plate triggering is employed to synchronize the succeeding

blocking-oscillator dividers. As in the 500-yd marker blocking oscillator,

each divider is normally biased below cutoff. Since the impedance of the
Raytheon UX8204 pulse transformer is about 500 ohms, the effective

triggering pulse appearing at the grid must be about 20 volts, which is

perfectly adequate to overcome the quiescent bias. The division ratios

are adjusted by varying the grid timing network resistance.

The requirement of maintaining the dividers nonoperative in the
absence of an external trigger is certainly met by this circuit. In regard
to assuring identical response to the first and last pulses of a train, there
is some uncertainty. Because the grid timing networks are all very short
compared with their operating frequency, little cumulative bias may be
expected to develop there, but the bias bleeders have time constants
which are neither short compared with the highest pulse recurrence inter-

val (3 /xsec) nor long compared with the average external trigger recur-
rence interval. The saving feature may be that the average grid current
might be too small to effect a change in bias during a pulse group.

1 War Department Technical Manual TMll-1661, Aug. 31, 1944.



CHAPTEE 5

GENERATION OFMOVABLE INDICES—SINGLE-SCALE CIRCUITS

By R. Kelner

INTRODUCTION

6-1. Applications of Time-modulated Indices.—^A time-modulated
index is a means for the identification of an instant of time that precedes

or follows a reference instant by a controllable interval (see Sec. 3-8).

The reference time instant may occur periodically or sporadically many
times per second. The time interval (usually a delay) between the

reference instant and the index is the useful variable of such arrange-

ments. This interval is continuously or stepwise controllable and thus

may be considered as an adjustable magnitude or a variable. This

variable may be constrained so that a number is assigned to it by an
automatic computer or an observer. Continuous variability is an
essential property for most applications. The maximum delay of the

indices discussed in this chapter is a fraction of a second. The index is

usually a voltage pulse or step, or a mechanical index on a cathode-ray-

tube display. Such a pulse can be used as a visible marker on a cathode-

ray-tube display, as a trigger for starting the action of a circuit, or as the

input to a demodulator.

The various methods for time modulation include the oscillator with

phase modulator, the oscillator with frequency modulator, the sawtooth-

waveform time modulator, propagation-time devices, and combinations

of these methods (see Vol. 19, Chap. 13). The first three types utilize

a comparator to derive a marker from the fundamental timing wave.

The circuits described in this chapter have, for the most part, been
designed as components in time-demodulation systems, but there are

numerous other applications. The transmission of data by time modula-
tion is exactly analogous to data transmissions by frequency or amplitude

modulation. In time modulation, a time interval is made propor-

tional to the signal input. The transmitter emits a series of reference

pulses at regular intervals; each is followed by a movable pulse, and a

series of time intervals is defined. The frequencies of the data spectrum
must be lower than the repetition frequency of the reference pulse^ (see

Chaps. 10 and 11).

^ G. L. Predendal et al., "Transmission of Television Sound on the Kcture Carrier,

Proc. I. R. E., 34, No. 2, February 1946.

Ill
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The relation between the control variable and th.e delay (the

transfer function of the time-modulation circuit) may t>e linear l>nt tilnt)

may be parabolic, hyperbolic, or some other shape. Mleans for n-ohicving

nonlinear functions are described in Yol. 19, Chap. 8.

Nonlinear time-modulation circuits are useful for aiutomatic
computations (see Vol. 21). An example of this type of transfer <‘:hiiruo-

teristic is shown fun<;t,ioi»ainy in

Fig. 6-1. In this case the delay

time At is given hy

where r is proportional to tlie con-

trol variable and. A to a con.siunt.

This equation is used for eonvert

-

Air borne

*1^ radar

reference pulse

Pig. 6-1.—Transfer characteristic of a non-
linear time-modulation circuit.

Ground ronge.

Earth
-Distanco int»UMurtn»i<%3n I

aiiisitlatiuti.

^ . 1 .

Pig. 6-2.- utul tri>

ing a voltage that is proportional to ground range into a dehiy f iinc
that is proportional to slant range. These variables tire identiU'C'd ft»r a
practical distance-measurement problem in Fig. 6-2. '*Fhe control viirin-
ble of the time-modulation circuit is proportional to ground raiijge if the
altitude value is properly set in.

Time modulators of lesser precision may be used for controlltil tiirie
delays. In order to obtain the proper sequence of events in ti st

time-modulation circuit with a readily adjustable but c5omi>«,rativ 4*ly
unstable or unknown transfer characteristic may be used since tliis <icdii*v
can be set by reference to some form of indicator. For example ca t ain
magnetic deflection coils for radar displays delay the start of u Itiuutr
current in the coil from the start of the applied trapezoidal wavo. t ''om-
pensation is achieved by applying the time-base waveform b<fror4 * the
sweep of the electron beam is to start. An adjustable delay is umimI to
relate the triggering of the timing components and the radio-fi“tS(|ii<uiry
components. Figure 5'3 is a timing diagram of these circuits.

6-2. System Requirements and Definition of Error.—From the
standpoint of the system designer, the time-modulation circuit rcqmrcH
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or delivers a reference pulse, delivers an output pulse at a time later than
that of the reference pulse, and accepts another input variable whose
magnitude controls the duration of the interval between the pulses.
The system designer ordinarily specifies

the nature of the pulses and of the control

variable and the relation between the con-
trol variable and the interval duration.

Moreover, the pulse-repetition rate, the
supply voltages, the permissible weight,

size, complexity, power dissipation, the
calibration procedure and the conditions

of temperature, humidity, and accelera-

tion to which the circuits will be subjected

are more or less fixed. These external

design factors are, of course, subject, to

control if extremely high accuracy is

desired.

The transfer characteristic (relating con-

trol variable to delay time) is distorted

by the drifts in component characteristics

(see Chap. 3). Any deviation from the

desired characteristic causes an error. In

order to provide a basis for the comparison
of the errors in various circuits, the

following terms are useful:

1. The limitmg e^ror is the largest

deviation from a normal character-

istic that can ever be observed as

long as each component value does

not exceed its tolerances. Such a
value exists because each compo-
nent and input for a circuit must
lie within a certain set of values.

Quality control insures the discard of components that are

not within the required values. The normal transfer charac-

teristic for a circuit is defined by the most probable of these values.

The limiting error is caused by the worst possible combination

of component values. Since each quantity can vary in either

direction from its most probable value, the limiting error value is

usually preceded by both the positive and the negative sign.

2. The probable error is that deviation which will be exceeded in half

the cases of a statistical study of a large number of these circuits

k

Delayed pulse, which
gates r-f components

* Time-

Fio, 6*3.—The prestarting of

magnetic CRT sweep coils. The
arrow on the r-f trigger pulse indi-

cates that it is adjusted to coincide
with the start of the electron beam
deflection.
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operating under various conditions. The analysis by which this

number is derived requires assumptions about the distribution of

component values, the distribution of temperature variation, and
other unpredictable quantities. The results, therefore, are sub-

ject to the validity of these assumptions. In most complex circuits,

the verification of a probable error value is extremely difficult.

3. The liriearity of a circuit is a criterion for those time-modulation

devices that are designed to maintain a time interval proportional

to the control variable. If the transfer characteristic is graphed
and the straight line that best fits is superimposed, the differences

in ordinates are the errors from linearity. The best fit is that

which gives the smallest maximum difference of ordinates- The
term linearity’’ always has this connotation in this book. Sinccj

approximately linear circuits are common, slope and zero errors

constitute convenient categories for linearity error analysis.

VOLTAG-E SAWTOOTH CIRCUITS

6-3. A Gated Miller Integrator with a Multiar Comparator.—The
principle upon which all voltage-sawtooth time modulators depend is

Fig. 6*4.—A simple Miller feedback time modulator. The pontod© may bo V It U 1

.

6AS6, VR 116, 6AC7, 6SA7 etc., or any other types in which plate current can bo cut t.»lT

by Gs. The diodes may be VR 92 or 6AIj5. A pulse output may be taken from tho cathoi b*

of V».

the identification of the instant at which a sawtooth wave reaches a
certain amplitude. This amplitude is the control variable. The intesrval
between the start of the sawtooth wave and the time when the
reaches this amplitude is the delay that is modulated. The formation
of a step or pulse at the instant when the waveform amplitude equals tiu*

control-variable amplitude is performed by a comparator such as thoH<»
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of Vol. 19, Chap. 9. The generation of linear sawtooth waveforms or
triangular waveforms is described also in Vol. 19, Chap. 7.

The circuit of Fig. 5-4 is an excellent example of a simple but accurate
linear modulator. The circuit consists of a triangle generator—^the

gated Miller integrator—and a multiar^ comparator. The control vari-
able is a potentiometer shaft rotation. When the linear rise reaches the
voltage at the tap of this potentiometer, a diode conducts and the multiar
produces a step and a pulse marker. The delay produced by the circuit

is the interval between the marker and the start of the gate for the saw-
tooth generator.

The circuit details may be understood by reference to Fig. 5*4.

Ordinarily Vz is passing screen current but no plate current since the
suppressor grid is held considerably below the cathode potential. The
plate is caught 2 at by the diode Vi. When the positive gate raises
the suppressor sufficiently, plate current starts to flow and the plate
rundown® proceeds after a small initial step. The fall of plate voltage
is linear and is of slope proportional to (Epp^ — Vg^), where is the
initial potential of the control grid of Vg.

The multiar action is a regenerative cutoff of Ve when V4, starts to
conduct, that is, when the plate rundown I’eaches the voltage at the tap
of the potentiometer. The regenerative loop is completed through the
transformer Ti. A positive step appears at the plate of V5 when 1^4

starts to conduct. The interval between the rise of the gate and the
step in the output is approximately proportional to the difference

between the quiescent plate voltages of Fa and V4, divided by the slope
of the triangle. The diode biases and the slope are proportional to Eppi.
The time interval is therefore nearly independent of Epp^.

The circuit of Fig. 5*4 accepts a gate and delivers a step; it may be
followed by a blocking oscillator or a quasi differentiator if a pulse output
is desired. Alternatively a pulse may be taken from the cathode. The
addition of a multivibrator or the use of the screen current of Fa to
provide a gate that may be applied to the suppressor grid of Fa will suffice

to make the circuit sensitive to a pulse instead of a triangle.

In an experimental circuit using type VR-91 for Fa, a transfer char-
acteristic that was linear to within ±0,05 per cent of the maximum
interval (36 fxsec) was obtained. A 5 per cent change of the supply
voltages, including the filament supply, produced less than 0.04 per cent
change in the zero and 0.1 per cent change in the slope of the character-
istic. These data were taken with a slightly different comparator (a

diode plus amplifier). The linearity could be somewhat improved by
using an inductance in series with the plate load resistor and thus increas-

^ See Glossary, and Vol. 19, Sec. 9-14.

“ See Glossary.
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ing the gain of Vi. Competisation of the drifts of Ta, Vz, and F4 would

result in considerable increase in accuracy. The methods discussed in

Vol- 19, Sec. 9-6, and Chap. 13, are suitable.

The recovery time of the circuit is the interval after the end of the

gate that is required for the circuit to reestablish its quiescent levels.

This time is shortened by the catching of the plate of Fa at a lower level

than it approaches asymptotically. It is also desirable to make C a
mirtiTnnm since the charging of C through the plate load resistor is the

main action of the recovery. The interwinding capacitance of the trans-

former Ti is effectively in parallel with C during recovery.

The control of the delay is effected by varying the voltage that is

applied to the comparator. This voltage may vary from Epp^ to approxi-

mately 50 volts above ground.

Fig. 6-5.—Multistage Miller integrator and double-triode comparator.

5*4:. A Gated Multistage Miller Integrator with a Cathode-coupled
Double-triode Comparator.—The circuit of Fig. 5*5 is used as the con-

necting link between a computer and an airborne radar. The principle

of operation is the same as for the circuits described in Sec. 5-3. An
external gate from a multivibrator turns on a Miller integrator. The
triangle which in this case is positive-going is generated and applied to a
comparator that also accepts the control voltage. A fast pulse is

derived at the time when the linear rise of voltage equals the control
voltage. This circuit is unusual in using three tubes as a high-gain
amplifier for the integrator and thereby increasing the linearity and stabil-

ity of the sawtooth wave.
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Since the control Toltage supplied by the computer occurs at a high

impedance, it is necessary that the comparator circuit does not draw

current from the control-'voltage source. The maximum distance at

which this radar receives useful signals is approximately 30 nautical

miles. The lengths of the gate and the triangle are set at a delay cor-

responding to this distance. A. positive trigger or reference piilse is

supplied to the gate generator at a repetition frequency near 1000 cps.

After consideration of the accuracies of the radar and the computer,

this circuit was assigned a probable error of about 20 yd at any point over

the range of 60,000 yd. This figure cannot be achieved without the

weekly resetting of a slope control and a zero control although the

maximum errors are only slightly greater with only an initial calibration.

These controls are not apparent in Fig. 5-5 since these operations are

performed on the control voltage in the computer. An absolute standard

is not required for the supply voltage that determines the slope of the

triangle because the control voltage is supplied from the same source.

Compensation of the drifts of V21 would improve the stability of the zero.

The linearity requirement for this circuit is somewhat higher than

the requirement for absolute calibration since it is to he used for rate

determination. 1 j • j.

The gn-te generator is a multivibrator of conventional design ^cept

for the diode Va -which is used to stabilise the amphtude of the t^ng

waveform and, hence, the duration of the gate. The rising grid of Fi.

acting through lifts the grid of Vc to its origin^ level after the small

fall during the sweep. The grid of Vr. stops its rise when gnd current

starts to flow. Thus the grid of Vs. is connected to ground throu^ two

diotles in series and of such polarity that the effects of oha,n»ng heater

voltage and of aging tend to cancel. In this way the slope of the tnangle

is accurately established. The chief variations arise through the replace-

^^The amplifier of the Miller integrator consists of two tnodes and one

pentode ;
hence a gain of 3000 is obtained. This enures t^t the tnan^eS halve an exceedingly linear rise. Tests have shown that the

dVartures from Unearity of the entire modulator do not exceed 1 ot 3

narts in 10 OOO. The limiting element is probably the comparator The

We is used for the first stage of the ^^ 7o
irrid current, thus eliminating nonbneanties and changes ® P

variations in grid current. The triangle which appears at the output

of the three-stage amplifier starts at a level that is determined entirely

S the direct-current characteristics of the last tube. In *0 avmd

emors from this source a level-chaugmg network and a diode F» are

™oted to start the linear rise accurately at ground-

the lyroier integrator amplifier as a negative feedback amphfier is

in Fig. 5*6.
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The triangular wave is applied to one grid of a double-triode com-
parator circuit Vt, which is described in Vol. 19, Chap. 9. The output
of the double-triode circuit is a selected portion of the input triangle
which rises at approximately volt/A6sec. This is increased to 40
volts/Msec in the regenerative amplifier Fe and to more than 200 volts/Msec
in the blocking oscillator Vn- The delays in the starting of the sawtooth

Midband qg ins 68 db
f3.77lcc°'^

Odb) (88.5 kc
27.5 db)

KS!£EQ 5
—

hhhIksssi (3 Me

70db) X
aooi 0.01 0.1

... ..
frequency Mc/s

High frequency phase shift

(6)

0.001 0.01 0.1

Frequency Mc/s
High frequency goln

(c)

ID

rpv f'S—The feedback amplifier must be stabilized against undesired osPillAtinti.,The methods described in Vol. 18 are convenient. The freSencyentire loop ^e shown m Fig. 5-6. (a) Equivalent circuit for gain calculations. (/;) Hiirh-

of the eTlS ?s^ nLlii'ble Th?^^^
gain. Note: The effective input capacitance

^ -presents . Miller The

ISnid^Jtore ^*e neXted
^^00 for average tube ohararteriatica.

wave and in the pulse amplifiers cause the minimum range of the device
to be about 1000 ft or 2 fisQc.

In an attempt to minimize the sensitivity to repetition-rate changes
all the time constants in the circuit are made sufficiently small for the
corresponding transients to decay to one thousandth of their maximum
value in the allowable recovery time.

e-S. S^-gating MiUer Integrator.—The Phantastron.—The phan-
tastron> tune-modulation circuit to be discussed here is the interpolating

Cirouits,” I. E. E. Convention
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device in a two-scale time-interval measurement system (see Chap. 6).

This system, as a part of the H^X airborne radar, aids in the accurate

determination of distance (see Mg. 5*7).

80.86 kc (I naut. mi) pips from crystal oscillator and pip gsnsrPtor

60.86 kc (10 naut. mi ) pips from IQ/l divider

1350 cps (60 naut. mi) or 340 cps (240 naut. mi) pips from or

Beacon phantastron delay gate

_l
8 mile selector gate

Delayed selected trigger

Ronge phantastron delay gate (0.6 to 16 miles)

Fio. 5*7.

—

HsX systoiu.

A
24/f divider

B

C

D

E

E

The results of the measurements are applied to the navigation of the
airplane and to the indication of the proper range at which to release

bombs. In this section, the system is briefly described and the time-
modulation circuit is treated in detail.^

1 See H. J. Reed, A. H. Fredrick, and B. Chance, ^‘HgX Range Unit for Naviga-
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Time-measurement System .—The range unit consists of a crystal-

controlled oscillator (80.86 kc/sec), pulse frequency dividers supplying

1-, 10-, and 60- or 240-inile pulses, a cathode-ray-tube display, and a
time modulator. The coarse-scale time modulator is triggered by
the reference pulse selector. The whole range unit is a multiple-scale

time-measuring circuit that includes the single-scale modulator that is

discussed here. The interpolating delay (from the triggering marker)

may be read from a dial on the shaft of the controlling potentiometer.

It is required that this precision ranging system have a probable

error of approximately 100 yd out to slant range distances of 200 nautical

miles.

The errors in the time-measurement circuits are those of the 10-mile

markers (errors which may be as large as 0.05 per cent of the interval

from the reference time) plus those of the time-modulation circuit. For
the 40-mile marker, the total is a 40-yd limiting error. The probable

error of the interpolating time-modulation circuit, therefore, can be
nearly 100 yd. The maximum delay which the interpolation device is

to produce must exceed the delay corresponding to 10 miles in order that

any instant can be conveniently identified. This value is arbitrarily set

at 15 miles. The delay circuit can therefore have a probable error of

approximately 0.3 per cent of the maximum delay.

This accuracy can be provided by a phantastron if the transfer

characteristic is adjusted by a resetting of slope and zero controls when
the phantastron tube is changed. A simple calibration method is pos-
sible. An auxiliary type J oscilloscope is provided with a circular time
base by the 80.86-kc/sec oscillator. This time base permits the interval

between the reference time and the movable pulse to be determined to
an accuracy that corresponds to ranging errors of ±20 yd plus the errors

in the oscillator frequency.

The temperatures, humidities, and accelerations that must be resisted

by these circuits are those specified for aircraft equipments. A par-
ticular effort was made to reduce the size and power requirements of the
H 2X range unit. An unregulated plate-supply voltage can be used
because the phantastron is insensitive to variations in the plate supply
if the control potentiometer is supplied from the same source as the
circuit. Since the duty ratio is at most 25 per cent, the recovery time is

sufficiently short.

tion and Bombing,” RL Report No. 342.

"Handbook of Maintenance Instructions for Model AN/APS-15 Aircraft Radar
Equipment,” CO-AN-08-30APS15-2, TSN.

J. V. Holdam, S. McGrath, and A. D. Cole, "Radar for Blind Bombing,” Part 1,
Electronics, 19, 138 (May 1946).
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Phantastron Operation.—The phantastron circuit of Fig. 5*8 accepts a

negative trigger and generates a negative-going triangle and a simul-

taneous gate that maintains the self-gating Miller integrator in operation.

A complete description of its operation is given in Vol. 19, Chap. 13.

+250v d-c unregulated

4-2507 d-c unregulated

The duration of the gate, the triangular wave, and the marker delay are

modulated.
Briefly, the circuit acts in the following manner. A trigger applied to

Qz of the 6SA7 disturbs the quiescent condition and starts the plate run-

down from the reference voltage . When the plate has run down to 50 volts.
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the circuit reverts to its original condition (see the waveform diagram,

Fig. 5-9).

Choice of Constants .—The H2X range phantastron details are included

in Fig. 5*8. The screen-potential divider is chosen as a fair balance

between power consumption and permissible impedance. Also, the

screen voltage cannot be too high if a large sawtooth voltage is to appear

at the plate. The plate resistor value should be high relative to the

potentiometer resistance in order that there shall be no small nonlineari-

ties due to loading effects. The cathode resistor is chosen to maintain

the Quiescent state of the circuit with the grid connected to the plate

supply through a large resistance.

This grid resistance must be large

enough to maintain the grid cur-

rent at a low value. The grid time
constant is chosen to give the

proper maximum delay and the

condenser is small enough to obtain

rapid recovery.

Phantastron Accuracy—Experi-

mental Results .—The accuracy tests

of the H2X phantastron have not

been exhaustive, and where infor-

mation is not available, data are

sometimes given for very similar

circuits. The insensitivity to

plate-supply voltages which has
been mentioned is such that a given

w delay will change by approximately

-fS yd per —1 per cent change in

(6) supply voltage for the 30,000-yd
Fia. 5-9.—Phantastron waveforms. maximum delay of this circuit.

The heater voltage changes the characteristic by about 2 yd per
— 1 per cent change. These figures are very approximate and vary
with the value of maximum delay and with the delay setting of a par-

ticular circuit. If a ripple of 6 volts rms is impressed on the plate-

supply voltage, the delay variation amounts to approximately 100 yd.

The effect is increased by connecting a large condenser between tlie

potentiometer tap and ground.

The effect of repetition-rate changes upon this particular circuit is

negligible because a maximum of 25 per cent of the period between
triggers is used. Phantastrons may be operated to give a usable dxity

ratio of considerably more than 50 per cent ;
a modification of this circuit

would usually be necessary (see Sec. 6*8). Undesirable transients are

Trigger
time
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reduced by plate-grid coupling through a cathode follower, direct-

coupling to the pulse amplifier, and use of a screen divider without a

bypass condenser.

The replacement of the 6SA7 tube has more effect upon the zero

than upon the slope of the transfer characteristic. The average zero

shift is between ^ and 1 per cent of the maximum delay, and the maximum
shift may be 3 to 5 per cent. The slope shifts are all considerably smaller

than 1 per cent.

Microphonic effects in the phantastron tube cause the delay to flutter

or “jitter” over a small range. The effect is particularly noticeable

in the HaX range unit because a blower operates near the tube and
vibrates it appreciably. Twenty different tubes were tested in one unit.

The average jitter was approximately -g- Msec or 100 yd for the phantastron

of Fig. 5-8. This value is less than 10 yd if the blower is not operating.

The effect of changing various components by +10 per cent is

given in Table 5-1, except for Rg and Cg to which the delay is directly

proportional.

Table 6*1.—The Effect of Component Variations upon a Phantastron Delay

Component*
"Plfl.f.A TARlRf.m*

Resultant delay
increment, %t

-0.1

Cathode resistor -1
Screen divider, top +2
Screen divider, bottom -2
Gt divider, top -0.26

Gi divider, bottom +0.26
* A 10 per cent increase was made in all components*

t In all oases except the first, the error was mainly a zero error. In the first case, it was mainly a

^ope error.

The temperature compensation of the phantastron is complicated

because the elements are all effective in determining the transfer char-

acteristic. Fortunately, the temperature coefficients of the tube are not

large enough to be of importance. The procedure used to fix the indi-

vidual temperature coefficient so that the transfer characteristic is

independent of temperature is primarily experimental. Each component

is heated alone to determine its effect. The effectiveness of each voltage

divider and other component is minimized and the remaining tempera-

ture coefficients are adjusted to compensate. The types of resistors

given in Fig. 5*8 have the proper coefficients. Components Rg and Cg

should have equal and opposite temperature coefficients. The usual

wire-wound precision resistor has a small positive coefficient. In order

to achieve a negative coefficient for the capacitor, a silver-mica con-

denser and a second unit with a smaller capacitance and a larger negative

temperature coefficient (Ceramicon) are ordinarily used. The results

that have been achieved indicate that the residual temperature coefficient
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ill the entire circuit need not exceed 0.005 per cent of maximum delay per
degree centigrade and may be adjusted nearer to zero for particular

units. This value represents a limiting-error rather than a probable-
error value.

The linearity of the transfer characteristic depends upon many com-
pensating factors. The plate-resistor value should be large with respect
to the resistance of the control potentiometer. The screen and biases
must not vary from the proper values. The limiting errors from linearity
of the arrangement in Fig. 6-8, as measured in the laboratory, are, for
selected tubes, less than ± tV per cent of the maximum delay—exclusive
of the potentiometer error. This value is approximately ±0.3 per cent
in the field with the potentiometer nonlinearities included.

If the heater- and plate-supply voltages vary by 10 per cent, if tlio
circuit is recalibrated as often as tube drift and tube changes necessitate,
if the phantastron nonlinearity (exclusive of the potentiometer) does not
exceed ±0.1 per cent, and if the potentiometer errors are also smaller
than ±0.1 per cent, the total errors from the calibrated transfer char-
acteristic will not exceed ±0.4 per cent. Temperature variations of
50°C increase this number by ±0.26 per cent. If tube changes are not
compensated by calibration, the limiting error is several per cent.

6*6. Self-gating Miller Integrator—^The Precision Sanatron.—'"riio
capabilities of the sanatron as a generator of extremely linear and «tal>le
triangles are described in Vol. 19, Chaps. 5, 6, and 13. This section is
intended to suggest means for realizing the accuracy of this wavt^foiun
in a time modulator.

The simple sanatron yields a well-defined and linear triangular wave-
form which can be used with the multiar comparator of Vol. 19, Chap. 1).

This use is similar to that described in Sec. 6'3. The present sc^ctioii
describes a method for exceeding the accuracy of a sanatron csircuiit
with internal comparison. The worst errors in the usual sanatron circuit
arise from the variable duration of the interval between the end of tlio
linear rundown and the start of the regeneration. This is the time
required for the grid of the cutoff tube to rise to its grid base. Thin
action is speeded by an additional circuit which is enclosed in clotted
lines in the precision sanatron of Fig. 5-10.

The operation of the circuit except for the speedup network has been
described in Vol. 19, Chap. 5. The speedup action is as follows. At tiic
end of the linear rundown, diode V2 catches the anode of Vs and there is
no further negative feedback to the control grid. This grid rises and
increases the screen current. The differentiating transformer-' in the
screen circuit provides a pulse that turns on F4 and Ve very soon after Vz
starts to conduct.

The largest errors of the improved circuit are caused by poor defini-
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tioa of voltages by Fi and Vs, the loading of the control voltage by the

plate resistor of T^s, the inconstancy of grid bias of Ts at the sveep start,

the finite and variable gain of V 3, the instability of the product RC, and
the variations of the supply voltages. The variation of the -260- or

4-300-volt supply by ±10 per cent results in less than ±0.1 per cent

error at any point. If the heater supply is varied by ± 10 per cent, the

delay increment is less than ±0.126 per cent at all ranges. Replacement

Control

of either Vz or Ve may cause ±0.1 per cent error; replacement of Vi,

0. 15 per cent; and replacement of Vs, 0.2 per cent error at maximum and
minimum ranges. The linearity of the circuit as shown is computed to

be ±0.05 per cent. By the use of an inductance as part of the plate

load, the computed linearity may be increased to 0.0006 per cent (see

Vol. 19, Chap. 7).

6-7, Bootstrap Triangle Generator with Diode Comparator. Time--

measuring System .
—^This time-modulation circuit consists of a gate gen-

erator, a triangle generator, a linear potentiometer and indicator, a

comparator circuit, and a pulse amplifier. The functions performed and

the relation of the time-modulation circuits to the other component
1 G. Hite, “ Mcflium-prociaioti Hange System” RL Report No. 679; V. W. Hughes,

*‘A RjEinge-measuring System Using an RC Linear Sweep," RL Report No. 640; and
Vol. 19, Chaps. 7 and 13.
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circuits in the range indicator are illustrated in Fig. 5*11. An oscillator

provides a reference pulse at the rate of 2000 per second ±10 per cent

or 500 per second ±10 per cent. Externally synchronized operation is

also possible. In either case, the reference pulse triggers the radar

transmitter, a time base extending from the reference time to either

240 or 960 jusec, and also the time-modulation circuit. The time-modula-

tion circuit provides a movable pulse delayed 15 to 240 jusec.

A marker pulse is delayed from the beginning of the expanded sweep

by an interval equal to half the duration of the sweep. The stability

To radar
transmitter

Fig. 5-11.—Block diagram of timing system.

of the expanded time base is unimportant because errors from this source

tend to cancel. The counters that indicate the shaft rotation of the

controlling potentiometer are set to indicate the time interval (actually,

the corresponding distance in yards) from the reference time to the

marker. The timing diagram shown in Fig. 6T2 illustrates the sequence

of events.

In this radar system position is determined by turning the range-

potentiometer shaft and the azimuth shaft until the center of the type B
display coincides with the unknown echo. The counters which are

coupled to the shafts can be arranged to read range and bearing of the

object which corresponds to the echo.

The external design factors which affect the design of these circuits

are those common to Navy equipment plus a few special requirements.
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The time-modulation circuit is subject chiefly to the accuracy require-
ments for range determination. In this case the limiting errors must not
exceed about ± ^ per cent of the maximum range. This error is appor-
tioned equally between the potentiometer and the circuits, although the
circuits must be calibrated frequently to be satisfactory.

In Fig. 5*13, the time-modula-
Reference pulses

.

SOO or 2000 it sec

Output of pulse amplifier

V r
Gate in sawtooth generator

t

Sawtooth waveform

Waveform in coincidence circuit

Same waveform, differentiated

B-trigger

B-gate

Marker

Fig. 6-12.-

>

tion circuits of the range unit are
shown schematically and in detail.

The discussion of the detailed
design of the circuit is clarified by
the functional diagram Fig. 5*11

and by the timing diagram Fig.
5*12. The reference pulse or

trigger, from a source either inter-

nal or external to the range unit,

is amplified in tube Fi. This
amplifier is a 6AC7 which is biased
beyond plate-current cutoff by
fixing the cathode at a potential
a few volts above that of the grid.

The 'trigger is positive and at least

5 volts in amplitude. Since a

pentode is used, the trigger causes
the tube to conduct strongly and
a large negative pulse appears at

the plate. This negative pulse is

applied to a monostable multivi-

brator Fa that generates the 300-

yxsec negative-gate pulse shown in

Fig. 5*13. This circuit is less

susceptible to changes of gate
duration and amplitude caused by tube changes than are cathode-
coupled circuits.

The negative gate at the plate of Fas is direct-coupled to the grid

of a switch tube. The direct coupling enables the start of the switch
action to be independent of the repetition frequency. The triode switch
Via is closed except during the 300 ^tsec which follow the reference time.
The triangle generator responds to the opening of the switch by producing
a voltage that increases linearly with time. The circuit is a bootstrap
circuit plus an integration network, which is analyzed in Vol. 19, Chap. 7.

A linear rise occurs at the grid of tube F and a rise which is less linear

but which occurs at a lower-impedance appears at the cathode. The grid

waveform serves as the input to the comparator. The linear rise

Time
-Timing diagram.
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IControl

variable

lulation

circtiit.
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above the reference voltage is selected and amplified in the comparator
amplifiers.

Accuracy .—The effects of changing the heater voltage, the regulated
plate-supply voltage, the repetition rate, the temperature, various com-
ponent values, and the vacuum tubes are represented by the data given
in Table 5*2. When several tube specimens were tried in turn, the
largest valuation caused by any tube is given.

The transfer characteristic was linear during these tests to ±0.1
per cent from 3 to 240 jusec. The delay could be reduced to 2 /4sec or less.

The linearity was checked whenever increments as large as 0.1 per cent
appeared. No adjustment of the integrating resistor was required in

order to maintain this linearity with tube change. Equation (12) of

Table 5*2.—Accuracy Tests on the Delay Circuit

Condition

Increment* in time interval at

original interval of Number
of tubes

3 /tsec 120 iusec 240 Aisec
tried

Filament voltage from 6.6 to 7.0 volts . . .

Regulated plate supply from 280 to 300
-0.05 -0,075 -0.075 2 sets

volts

Repetition frequency change from 300 cps

.

<0.01 <0.01 <0.01 2 sets

to 2400 cps <0.01 +0.05 +0.125 3 sets

Change of cathode-follower tube.

Change of switch tube and restorer diode
+0,05 -0.05 +0 . 25 8

across integrating” resistor -0.3 -0.2 +0.125 5

Change of other two diodes .

Change of all other tubes including gate

•+0.125 -0.125 -0.2 4

and amplifiers <0.0? <0,02 <0.02 8

In per cent of the maximum delay*

Vol. 19, Chap. 7 indicates that a change in g of 4 per cent, such as would
be caused by a 40 per cent change in the gm of the cathode-follower tube,

would cause a deviation from the original linearity of 0.3 per cent. The
experiments referred to in Table 6-2 probably did not include this

extreme variation in gn,.. Tube characteristics may be altered sufficiently

by a light tapping on the tube to cause ±0.2 per cent change in delay.

The temperature coefficient of the transfer characteristic depends
upon the temperature coefficients of two resistances and two capacitances,

to a first approximation. Some data that bear upon this point were taken
with a circuit similar to that described in this section. Each resistance

and capacitance in the circuit was varied by 10 per cent in turn, and the
effect upon the transfer characteristic noted. The effect of changing
and the C\, C2, Cz, Ca combination, was to change the slope of the transfer
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Oharacterisfio proportionaUy to the parameter moremenh The 10 per

cent change in Bi aUo changes the zero by 0.15 per cent. The integr^ing

resistor Rt causes 0.4 per cent change m the slope when it is changed by

10 per cent. Increasing the value (C. + C.) by 10 per cent decreases the

slope of the characteristic by 0.1 per cent. Changes in the remainder

of the components are less effective.
_

The circuit accuracy depends primarily upon a condenser, a resistor,

a potentiometer, and the various vacuum-tube switches. The problem of

temperature-compensation is practically that of maintaining constant

values of two resistances and two capacitances. These circuits must be

carefully designed to minimize stray capacitance, which may vary with

temperature because of mechanical distortions.

Because of the characteristics of available components, the tempera-

ture compensation of circuits that depend upon the constancy of resist-

ances and capacitances cannot be relied on to reduce Jibe errors below

0.1 per cent of the maximum delay over a range of 50°C. .In practice,

this error may be several times larger because temperature coefficient.s of

resistors and condensers are difficult to measure and control.

An estimate may be made of the limiting error of the circuit. If the

heater voltage varies ±10 per cent, the regulated plate voltage ±2 per

cent, and the repetition frequency from 400 to 2200 cps, the resultant

errors are smaller than ±0.2 per cent. Changing all tubes (jauses an

error of 0.5 per cent, at worst. The effects of component changes with

50°C temperature change may add 0.2 per cent error. If the hiwuirity

errors are at most ±0.1 per cent and the potentiometer errors :f:0.25

per cent, the over-all error cannot exceed 1.25 per cent. The cuTors

encountered in practice are considerably smaller because tliere ar<j many
independently contributing factors. It is probable that the small num-
bers of tubes that were tried did not include limiting cases of tube
characteristics. Although this estimate of the limiting error might
increased by a more careful study, the probable-error estimate wotikl

not be much affected.

To reduce the errors of this circuit appreciably would re(|uire a more
accurate potentiometer, a large amplitude sawtooth waveform, (»r

switches, constant repetition frequency and supply voltages, and mort*;

precise temperature compensation. None of these reqxiiremenfs irt

exceptionally difficult to meet, particularly in the laboratory. Periotlift

calibration reduces the effects of some errors. This circuit is of value* in
applications where accuracies as great as ±0.1 per cent are reqtiire<l.

A fundamental limitation is the variation of gm of the cathode follow^er
during the sawtooth wave. The tube nonlinearities of the feodhaek
amplifier can be removed by increasing the gain of the feedback amplifu^r.
Cathode followers are not the most convenient type of circuit for tViescs
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more linear amplifiers. When the Miller feedback principle is used, the
residual errors from linearity are much smaller. The Miller circuits are
therefore preferred for attaining good linearity.

5*8. The Delay Multivibrator.—The delay multivibrator (see Vol. 19,
Chap. 5) is a simple self-gated two-tube time-modulation circuit, of the
sawtooth waveform type. The sawtooth waveform is exponential in

shape but the transfer characteristic is linear. The output of the circuit

is a square wave that rises at the reference time and falls after a variable
duration. The fall is sufficiently sharp to identify an instant of time to
within an error considerably less than 1 /tsec for the maximum duration

used in radar. The simplicity of the circuit is its greatest virtue and it

is not now used as a precise time modulator although it was originally

developed for this purpose- Other voltage-controlled circuits with more
stable timing waveforms and more accurate comparators have supplanted
it.

In one instance the circuit was used for the measurement of time

intervals in a shipborne radar. The step at the end of the modulated
interval was used as a step on a CRT display. The time-measurement
system was therefore very economical, consisting of a potentiometer and
dial, the delay multivibrator, and a cathode-ray tube. A. crystal-

controlled oscillator provided means for checking the transfer character-

istic of the multivibrator.

The operation of the circuit is described in Vol. 19, Chap. 6. A circuit

diagram is shown in Fig. 6*14. The means for triggering and the regula-
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tion of the supjply vpl-fcage.miist be good, if satisfactory operation is to be

achieved. .

The linearity of the transfer characteristic is usually about 1 per cent,

although careful adjustment of constants may give better results with

selected tubes. Temperature sensitivity of the delay is large and com-

pensation is not usually profitable* The coefficient of delay change

with heater-supply variation has been ob.served to be approximately

— 0.2 per cent per volt. A change of Epp ivoni 250 volts to 200 volts

resulted in a 0.4 per cent change in delay* Tube changes result in varia-

tion of the transfer characteristic by as much as 10 per cent.

This circuit depends to a large extent upon the constancy of tube

characteristics. The application of precision tubes, such as the 6SXJ7,

to such circuits has not been sufficiently investigated. It is probable,

however, that the development of more accurate voltage-sawtooth time-

modulation circuits is most easily done with more complex circuits.

Some increase in accuracy might be expected by the use of diodes to

stabilize the initial amplitude of the timing waveform and the firing

point of the regeneration.

Va-riable Delay Line

6*9 . Supersonic Delay Tank.—

K

delay-tank time-modulation sys-

tem^ consists of two crystals, a transmitter and a receiver, of supersonic

oscillations mounted in a tank of liquid (see also Chap. 12). The delay

is variable over a range of 2 to 240 jusec by alteration of the distance

between the transmitter and the receiver. A 240-)Lisec delay is achieved

with the transmitter and receiver approximately 20 in. apart.

The functional diagram of Fig. 5-15 shows the delay tank and the

necessary circuits. The pulse generator accepts the reference pulse and
produces a sharply rising high-voltage pulse that is applied to the trans-

mitting crystal. The crystal oscillating at its natural frequency produces

a short damped wave train of alternating compressional waves in the

liquid-surrounding the crystal. This wave train is propagated along the

tank, and when it reaches the receiver, a voltage appears across that

crystal.

The amplifier follows the receiver to raise the signal to a usable level

since there are considerable losses in the tank. The amplitude-selector

circuit accepts only signals that are greater than a certain magnitude.
The automatic gain control ensures that only the largest signal from the
receiver exceeds this level. The undesired signals are reflections from
the tank walls. The amplitude selector produces a pulse that triggers a
multivibrator whose output is a short low-impedance movable pulse.

* See “Instruction Book for Model SJ Radar Equipment,” BuShips.
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This system is capable of an extremely high degree of accuracy
because the two crystals can be controlled in position to within 0.002 in.

over the range of 20 in. The delays in the associated circuits may be
made so small that normal variations in them are negligible. The rate of

propagation of the supersonic waves through the liquid is a function of

its temperature and composition. The tank normally contains 15.8

volumes of iron-free ethylene glycol to 100 volumes of water at 70°F.
The velocity characteristic of the mixture has zero temperature coefficient

at 135®F and is maintained at this temperature by a thermostatically

controlled regulator. If the standard conditions are varied by 1 part of

glycol in 100 parts of water or by 14°C, the transfer characteristic changes
by -rdW-

^

The linearity of the system is nearly an order of magnitude better

than that of voltage-sawtooth delay circuits. The slope and zero may be

Fiu. 5'16.—Model SJ radar range unit functional diagram.

maintained to this high degree of accuracy by specific-gravity and refrac-

tive-index measurements of the liquid and careful setting of the thermo-

static control.

The device may be difficult to maintain for field operations and more-

over weighs 60 lb. The difficulty of sealing the mechanical coupling

between the movable crystal and the external crank against the leakage

of liquid reduces the reliability considerably.

The various circuits are given iix detail in Fig. 5*16. The pulse-

generator circuit accepts a positive pulse that is stepped up about five

times in the pulse transformer Ta. The amplifier is biased below

cutoff and does not respond to negative pulses. The positive pulse,

however, produces a negative signal at the plate of F4a- After being

quasi-differentiated in Ciai^ao, this negative pulse initiates a- multivibrator

Vjgr-Vi which applies a 20-iusec pulse to the transmitting crystal through

Ci7 . The rapid rise of this 20-fxseo pulse causes supersonic oscillations

in the crystal. These oscillations occur at the natural frequency of the
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Fig.

5-

16.

—

Model

SJ

radar

range

circuit

using

supersonic

delay

tank.



Sec. 5*101 PHASE MODULATOR RANGE CIRCUIT 136

crystal, about 1.4 Mc/sec. The fall of the 20-Aisec pulse is not steep

enough to produce oscillations in the crystal.

The transmitting and receiving crystals are flat plates about ^ in.

square and 0.040 in. thick, mounted with their large flat faces directly

facing each other. The voltage wave applied to the transmitter causes

it to oscillate in a damped vibration at its natural frequency for longi-

tudinal waves. This vibration is highly damped because of the contact

between the crystal and the liquid and even more because of the mount-
ing in which it is placed. In this mounting there is a brass “backing
block” to which the whole back face of the crystal is tightly soldered.

This block is used as one electrode. A grounded layer of solder applied

to the front face of the crystal is the other electrode. The backing block

is very effective in absorbing mechanical energy from the quartz and
thus in damping out the vibration.

The faces of the crystals must be parallel to within about 0.01 in. if

sufficient voltage is to be produced across the receiving crystal. The
liquid in the tank is held at 135® ± |•®F by the thermostat TDjs and is

quickly raised to this temperature region by a high-heat element con-

trolled by TDi. Thermostat TDt is set at a few degrees below TJ> 2 .

The electrical connection to the moving crystal consists of a central

conductor of several small wires surrounded by a layer of rubber which

in turn is coated with Neoprene. This structure gives the wire low

capacitance, high flexibility, and chemical resistance to the solution. The
capacitance to ground, measured at 1 or 2 Mc/sec is about 66 to 85 ^^tf.

The resistances to ground may be as low as 50,000 ohms although nor-

mally they are much higher.

The loss in the fluid itself is only 60 or 70 per cent, but the output that

appears across the receiving crystal is about 5 mv peak amplitude. The
amplifier accepts a 5-mv signal and produces about 15 volts at the output.

The maximum gain is 75 db and can be reduced to about 65 db by auto-

matic gain control. The automatic gain control maintains at a constant

amplitude the signals to be applied to the amplitude selector. The

amplitude selector is biased below cutoff so that only the highest peak

of the highest wave train makes T i conduct. Tubes V2a and Vs make

up a monostable multivibrator that is triggered by the amplitude-selector

output and produces a movable marker pulse that is stepped down in

impedance by transformer Ti.

SINUSOIDAL OSCILLATOR RANGE CIRCUITS

5 -10. LC-oscillator, Phase Modulator, and Comparator.—^This cir-

cuit is of very early date and merits only the briefest description. The

time measurement of the radar SCR-2681 is accomplished with an oscil-

1 Electronics, 18, 100-109, September 1945.
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lator, a phase shifter, and pulse generators, with a cathode-ray-tube

indicator. The basis of the time measurement is a stable oscillator that
operates at a constant frequency of 4098 cps.

The oscillation is distorted in a series of

amplifiers so that a PRF trigger pulse is

formed once each period. The sinusoidal

output from the oscillator is phase-modulated
by the rotation of the range handwheel and
a movable pulse is derived from this wave.

The movable pulse is used as a trigger to

initiate the time base for the cathode-ray
tube. An approximately linear sawtooth
waveform is applied to the horizontal plates

of the tube. A vertical fixed hairline is

placed at the center of the tube. The trans-

mitted pulse and the target echo both appear
as amplitude modulation.

The sequence of events in a time measurement is presented in the tim-
ing diagram of Fig. 5*17. First the range handwheel is turned to bring

the transmitted pulse to the hairline; next the echo is set to the hairline

and the range is read in yards on the counter. The elements of this sys-

n 1
l-i— At —^-|

Transmitted pKjIse ond eel
1 1

r Sweep
[

/ trigger *

Time
to

1

1

Range wheef adjusted for zero rangi

i i ^
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e

1
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j

^

^

'Rang* adjusted tjo r«od range

Fig. 6-17.—SCIl-268 time-
measurement
diagram.

circuit, timing

Range counter

Pia. 6*18.—Time measurement with a single-scale oscillator (phase shifter).

tern are shown in Fig. 5-18. As shown, the reference pulse coincides with
the hairline and the counter is properly zeroed.

The oscillator circuit is very simple and only of moderate accuracy in

order to be consistent with the system accuracy. The radar operates at
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206 Me/sec and the transmitted pulse is 9 Atsec in duration. The accuracy
is poor compared with that of later radars.

The oscillator circuit is shown in Fig. 5* 19a. The tank circuit, which
maintains the frequency of oscillation, is manufactured as a unit except for
a trimmer condenser that serves as a frequency control. This condenser
adjusts the slope of the time-modulation characteristic. By the use of a
standard time interval, the slope can be calibrated.

*250w

(<x)

To 6SJ7 amplifier

Vector diagram Helmholtz coil assembly

(6)

Fio. 6*19.—SCIl-268 oscillator and magnetic phase shifter.

A pure sinusoid is derived by filtering and then is phase-shifted in an
inductance goniometer (see Fig. 5-196). This particular goniometer
employs Helmholtz coils to give a uniform magnetic field. The accuracy
is approximately ^ per cent of a full turn (360°).

A considerably improved system of this type could be made by mini-
mizing the largest errors—in oscillator frequency, in phase modulation,
and in amplitude comparison.

6-11. The Variable-frequency Oscillator.—If a variable-frequency
oscillator is started at the time of a reference pulse by an oscillator gate,
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Fiq. 6*20.—^Variable-frequency oscillator time-modulntor circuit.

1

Pulse generator output

Fio. 6-21.—Timing diagram of the variable-frequency OHcillator tinu> modulator.
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the first period of the oscillation constitutes a variable time delay. If a
pulse is generated at the end of one period, the pulse will be time modu-
lated. The block diagram of Fig. 5-20 shows a circuit of this type. Since

the pulse generator operates on every period, it is necessary to eliminate

the undesired pulses with the pulse selector. The oscillator is stopped
shortly after one cycle by the oscillator gate which changes in duration
with the control shaft. ^

Some of the waveforms of a circuit of this type are shown in Fig. 5*21.

Those which are shifted or expanded along the time axis as a function of

the control variable are marked with an arrow.

The experimental circuit shown in Fig. 6*22 with additional gate gen-

erators, pulse generator, and pulse selector has been operated in the

Gate cathode follower Wein bridge oscillator -l-^Ov

Fia. 5*22.—A variable-frequency oscillator for time modulation. The minimum delay is

3 /xseo; the maximum delay is 300 /tsec. Tho linearity is +2.6 per cent.

laboratory, but was never further developed. For an ideal Wien bridge
oscillator, the period is proportional to the shaft rotation of the variable
condensers if the bridge impedances are properly proportioned. The time
intervals range from 3 to 300 jasec in three scales obtained by switching the
bridge resistance. The maximum errors from linearity are 0.03, 0.3, and
7.6 Msec on the scales. The probable cause of the limiting error (2,5 per
cent of the maximum time interval) is bridge asymmetry. The slope of
the characteristic changes per cent for a 1 per cent plate-supply voltage
change. Heater-voltage changes within 10 per cent of the rated value

^ See A. H. Frederick, FL Group Report No. 63—9/11/42
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had no appreciable effect. A temperature change from H-20® to — 80®C
changes the slope of the characteristic by several per cent because of the

lack of perfectly temperature-compensated resistance-capacitance ele-

ments. Somewhat better frequency stability (and linearity) is observed

with the Hewlitt-Packard oscillator.

The oscillator gate is applied to the screen grid of an oscillator tube by
a cathode follower. Changes of the gate tube cause the oscillator to

operate when it should be quiescent. The effect can be eliminated by
capacitance coupling from the plate of the gate tube to the cathode-fol-

lower grid.

The second cathode follower of Fig. 6*22 is used to cancel the gate

component partially in the oscillator output by applying the gate to the

plate of the oscillator tube. It is desirable to have the alternating com-
ponent swing about the quiescent level in order to square the waveform.
The gate cannot be completely removed because a point is reached where
the oscillation starts in the opposite phase. The gate should probably be
removed at a point outside the oscillator feedback loop. The squaring
amplifier may increase the time delay by 2 per cent—this increase is a
function of the tube characteristics of several tubes. It is desirable to
use a better method for synchronizing a pulse with the end of the period of

a sinusoid. Such methods have been described in Chap. 9, Vol. 19.

Differentiation of the squared waves produces signals of opposite signs at

the 180® and 360® points of the sine wave. The 180® signal is discrimi-

nated against by a diode selector.

The frequency stability of the oscillator would be improved if an auto-
matic amplitude control were used. Such a device would have to operate
on voltage and not on power because the single period of oscillation does
not permit thermal equilibrium to be established. The high frequencies
necessary at minimum range increase the power requirements for the
oscillator in order to maintain low-phase shift in the oscillator amplifier.

This method of time modulation has not proved reliable or inexpensive.
The delay multivibrator is a much simpler circuit with approximately the
same accuracy. The principle may be useful, however, for some special
application.

6*12. A Comparison of Some Single-scale Circuits.—^A brief compari-
son of some of the single-scale circuits may be of value if a choice for a
particular application is necessary. The detailed studies on which these
judgments are based are to be found in the earlier sections of this chapter,
in Chap. 3, and in Chap. 13 of Vol. 19.

Without the repetition of a great deal of data, complete comparisons
are not possible. The procedure here is to indicate which circuit possesses
a particular virtue in the highest degree.

The best linearity is obtained with the supersonic delay tank and the
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Mgh-gain Miller integrator circuits. These single-scale circuits, which

may be made nearly as linear as more complex multiple-scale circuits,

have the additional advantage of freedom from cyclic error (see Chaps.

2, 7, and 8 and Vol. 19, Chap. 13).

The least sensitivity of the transfer characteristic to tube changes,

tube drifts, and the vibrations occurs with the propagation-time circuits,

the liquid and electric delay lines. The pulse amplifiers, which are the

only necessary vacuum tubes, can be designed to introduce negligible

delays into the circuit.

The least sensitivity to temperature changes is found in circuits whose

fundamental element is a crystal-controlled oscillator. These are usually

multiple-scale circuits. At the opposite extreme are the propagation-

time circuits, for which the temperature coefficients are so great that

control of the ambient temperature is often necessary.

Errors from changes in trigger-repetition rate are smallest for the

propagation-time circuits, as are the effects of supply-voltage change.

The range of modulating frequencies (speed of operation) is largest for the

voltage-sawtooth circuits that accept a voltage as the control variable.

The voltage-sawtooth circuits are particularly useful where some sacri-

fice of accuracy can be made in order to save size, weight, complexity,

expense, and power consumption. These have the further advantage

of being relatively simple to construct and maintain as opposed to the

liquid delay tank. Thus, they have been very widely used for medium-

precision time measurement in radars.



CHAPTER 6

GENERATION OF MOVABLE INDICES-CIRCUITS

R. I. Hulsizee, R. B. Leachman

PHASE MODULATION AND AMPLITUDE COMPARISON

This portion of the chapter describes several time-modulation circuits

that employ a method outlined in Secs. 3-9 and 3T5: continuous phase

modulation of the high-frequency timing waveform to form a movable

train of pulses and selection of one of these pulses by a coarse-scale time-

modulated pulse. By far the largest number of accurate range-measuring

systems that were used in radar during the war employed this method.

These systems fall into two classes: those actually using phase modulators,

and those using circular-sweep indicators. The circular sweep is, in effect,

a continuous phase modulator, since rotation of a radial index around the

trace selects instants corresponding to all phases of the sinusoid from

which the sweep is obtained. Selection of the correct cycle of the fine

scale is provided by an intensifying gate, approximately centered on the

index and time-modulated at the same rate as the index that moves

around the sweep.

6 *1. Meacham Range Unit.—One of the most straight-forward two-

scale time modulators employing phase modulation is the following

circuit used at the Bell Telephone Laboratories with several radars

and intended as a replacement for the supersonic tank of Sec. 5*9. Its

primary use was in fire-control radars where a continuous shaft rota-

tion indicating range is required for ballistic computers. A block

diagram of this unit is shown in Fig. 6*1, with a waveform diagram,

Fig. 6*2. The system was designed to operate from an external trigger

and hence employs a pulsed oscillator. Its tank circuit is tuned to

81.956 kc/sec and is mounted in a temperature-controlled oven for

frequency stability. Quadrature voltages (Fig. 6*2d~gf) drive the

condenser phase modulator, whose output is amplified, squared (Fig.

6-2i), and differentiated as a method of amplitude comparison. The
block labeled “Pulse Selector” performs the operation of generating an
exponential sweep to which time-modulated pulses are added, as in Fig.

6*2j. Amplitude comparison with respect to a voltage from an exponen-

tially tapered potentiometer selects one of the time-modulated pulses

(Fig. 6*2fc) which is then shaped (Fig. 6-20 and made available at 120-ohm
142
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Fiq. 6’1,—Block diSigriiTn of si two-scale phase-modulat^ioa range unit. Letters refer to
waveforms on Fig. 6'2.
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level (Fig. 6 •2m). The circuit thus provides a single pulse, time-modu-
lated with respect to the external trigger froirn zero to 234jusecf

Oscillator and Sawtooth Gate .—The schematic circuit can be described

in three parts. The first is the “wide-gate” monostable multivibrator

(Fig. 6-3), which gates the pulsed oscillator and the exponential sweep
generator. The left section is normally on. The external trigger,

applied to the left section, turns the multivator off for 240 /xsec, generating

a negative gate at the plate of Vz.

The second circuit section (Fig. 6-4) generates and phase-modulates
the pulsed sinusoid. Normally the tuned circuit Zi is clamped between
the plate of Fs and the cathode of F4 is overdamped with an average cur-

+3O0v

Fig. 6"3.—Wide-gate monoBtable multivibrator.

rent of about 12 ma flowing through it. Cutting off Fs and F4 with the
wide gate starts oscillations in the tuned circuit which are coupled to the
feedback and phase-shifting amplifier F 6. Feedback to sustain the initial

amplitude of oscillations is provided through Ri. The i2C-constants in
the cathode circuit and the BZr-constants in the plate circuit are adjusted
to provide quadrature voltages at the plate and cathode. These are
applied to two paraphase amplifiers F# and Fr which in turn drive the
condenser phase modulator.

Amplitvde Comparator .—The phase-modulated output is amplified
in Fg and F9, which incorporate negative feedback to increase the input
impedance seen by the condenser phase modulator (see Fig. 6 -5). A
high-resistance load on the condenser phase modulator is necessary to
preserve its response to the PRF components of the pulsed sinusoidal
waveform since its internal impedance is that of a very small capacitance.
Tube F10 performs the amplitude comparison, since it has a large cathode
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resistor, effectively unbypassed. When its grid is more negative than
cutoff, the cathode rests at +6 volts. When the grid rises past cutoff,

which with this arrangement is near ground potential, current will start

to flow in the tube, and the plate voltage to start to fall. Thus the fixed

potential to which the sinusoid is compared is the cutoff bias of V lo. The
fall in plate voltage after the instant of equality would be slow were it not
for the small cathode bypass condenser. The following tube Vn operates
with its grid normally slightly positive. When the plate of Vio starts to
fall, the plate of Vn starts to rise rapidly since Vn is then operating with
maximum Differentiation in (7i and R2 forms short pulses for use in

the pulse-selection circuit. The stability of the amplitude-comparison
operation depends on the stability of the cutoff bias of a 6ACT. A shift of

Fig, 6-6,—Coarse-scale time modulator and pulse selector.

this bias by 1 volt should introduce an error of about 3 yd, but experi-
mentally a change of heater voltage from 5 to 6.6 volts shows less than 1 yd
error; also, a change of plate supply voltage from 200 to 340 volts shows
only 1 yd error.

Coarse-scale Pulse Selector.—Figure 6-6 shows the coarse-scale time
modulator and pulse selector. Tube F12 is a switch tube operated by the
negative wide gate. Its plate circuit contains an i2C-element which forms
an exponential waveform when the tube is cut off. A small resistor is

inserted in the circuit by which the time-modulated pulses are added.
Tube V13 acts as a part of an amplitude-comparison circuit, the reference
voltage being applied to its cathode from an exponentially tapered
potentiometer. Since the time-modulated pulses are larger than the
amount by which the exponential waveform changes between pulses, a
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pulse, rather than the exponential waveform, will initiate current in Vu.
This action is analogous to that of amplitude-comparison multivibrator
frequency dividers. The resultant negative pulse, whose leading edge
coincides with one of the time-modulated pulses, is amplified and dif-
ferentiated in the tubes Via, and V 15 and the pulse transformer Ti.

Figure 6-7 shows the errors of the range unit from zero to 44,000 yd out
of the maximum of 76,000 yd. The starting transient is negligible after

Not-e: (neasurements mode at
lnter\^als or I microsecond

Fio. 6'7.—Jtosults of laboratory test of two-scal© range unit-

300 yd. The other errors are due to irregularities in the condenser phase
shifter, improper frequency of the pulsed oscillator, and errors in the
exponential potentiometer which vary the point of the time-modulated
pulse at which pulse selection occurs.

6*2. Precision Ranging Indicator.—In contrast to the circuit of the
previous section in which all of the fine-scale pulses are added to an
exponential waveform and then one selected by amplitude selection, the
circuit now to be described selects one of the fine-scale pulses by means of

a pentode amplifier switched on by a pulse that is time modulated by the
coarse scale. This method of pulse selection by multi-electrode vacuum
tube switches is described in Secs. 3-9 and 3-15 of this volume and Chap.
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10 of Vol. 19. The error to be expected in time selection by addition and

amplitude selection is thus avoided. Figure 6*8 shows the block diagram.

Figure 6-9 illustrates the timing relationships of the operations.

Time modulated pulse

Fig. 6-8.—Block diagram of Precision Range Indicator.
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Fig. 6*9.—Timing diagram of Precision Range Indicator.

As before, the circuit has been drawn in sections for convenience*.
Figure 6*10 shows the wide-gate multivibrator. The pulsed oscilhitor
Fb of Fig. 6*11 was designed for maximum frequency stability. The
tuned circuit and feedback resistor are installed in a temperature-c<m-
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trolled oven; the eJffect of heater-cathode capacitance variations in is

reduced by using a floating heater transformer connected to the cathode

Fig. 6*10.—Wide-gate multivibrator of Precision. Range Indicator.

Cathode

Fig. 6*11.—Pulsed oscillator of Precision Range Indicator range unit, 163 ko/sec.

follower Vi and a 6SJ7 was chosen as a feedback tube Ts because its

characteristics are more stable than those of the 6AC7 used in the example



60 GENERATION OF MOVABLE INDEXES-CJRCUIT8 [Sec. 6*2

Sec. 6-1. Data show a frequency variation with tube changes of

z 0.025 per cent for eight tubes of assorted manufacture for each of
’'

4 ,
Vh, and Te.

Tig. 6>12.—Precision Range Indicator phase-?nodulating circuit. So© Tai>lo O-l for

component specifications.

Fig. 6-13.—Precision Range Indicator amplitude-comparison circuit for generating time-

modulated ptjlses from phase-modulated sinusoid.

Figure 6-12 shows the quadrature network for driving the condenser

phase modulator, and a two-stage amplifier V? and Vs- The input resist-

ance of the amplifier is 1 megohm, compared with about 1.65 megolims for

the more complicated circuit of Sec. 6-1. One precaution of considerable
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importance is that the input and output circuits must be carefully

shielded from each other since the output circuit of the phase modulator
is at low voltage level and high impedance. Any stray pickup of sinusoid

will introduce errors in the phase modulation.

The circuit for generating time-modulated pulses from the phase-

modulated sinusoid is shown in Fig. 6-13. The amplitude comparison is

Table 6-1.

—

Paets List for Fio. 6-13

Item Value Tolerance, %
j

Wattage Miscellaneous

Ri 100 ohms 2 ww potentiometer

R» 2 k 2 1 ww precision

Rx 2 k 2 1 ww precision

Ri 510 ohms 6 WW
Rx 1 k 2 Potentiometer

R, 1 k * * 2 Potentiometer

R>t 510 ohms 5 1 WW
Rx 1 M 10

150 ohms 5

Rio 7 . 6 ohms 5 1

Rii 62 k 5 1

Ris 680 k
Ri* 150 ohms 5 i

Riix 62 k 5 1

Cl « • * • Air trimmer, 180® balance

Cj 5 • • Silver mica

Cz 0.001 mS 2 • • Silver mica

Ci 0.001 4 2 « * Silver mica

Cx 0.0022 fA 10

Cn 0.0022 Mf 10

Cx 0.0022 /af 10

performed by a diode whose output pulse is amplified and triggers a

blocking oscillator.

To provide a time-modulated gate to select one of the accurately

time-modulated pulses, a linear sawtooth waveform is generated that

drives an amplitude-comparison circuit. This is shown in Fig. 6-14 and

consists of a ‘'bootstrap ” linear sawtooth generator Y 12 ,
Y is, Y n, and Fis,

and an amplitude-comparing diode Fi®; the latter is controlled by the

linear range potentiometer that is geared to the condenserphase modulator.

The selecting gate is formed from the comparator output pulse by an

amplifier and blocking oscillator, as shown in Fig. 6-16. The grid

bias of the second amplifier is obtained from the grid of the blocking

oscillator, which supplies a large negative exponential immediately follow-

ingthe blocking-oscillator pulse. The plate transformer of the first ampli-

fier differentiates the amplitude-selected sawtooth received from the
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diode to produce from its leading edge a positive pulse followed by a

negative overshoot, and from its trailing edge a large negative pulse fol-

Oiode feedback~swi1ch

Fig. 6- 14.—Precision Pange Indicator linear-sweep time modulator.

+270V

Fig. 6' 15.-—Precision Range Indicator 6-/isec pulse-selecting gate generator.

lowed by a correspOndihgly latge positive pulse. The function of the
special bias arrangement is to prevent the second amplifier from ampli-
fying the second positive pulse. A later model of this circuit uses a diode
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across tiie 5>ulse transfornLer to absorb the undesired negO/tive swings. A
still later rersioa employed tlie pulse-selecting gate to shut off the linear

sweep generator, thius cmasiiig the undesired pulse to occur 'while the
second amplifier grid w"as still at a large negative potential. Tigure 6*16

shiovv^s the pulsc-selocting circuit,

a suppr-essor gated GSJ 7.

Although this circuit appea,rs

more complex than, that of Sec.

6-1 loeeauEae of the linear sweep
generator, diode amplitude com-
parator , and separate pulse selec-

tor, nevertheless it rcciuires only

three more tube sections, undone
less envelope, and does not require

an &xponcntiall5v tapered pot&n-

tioiaetet r. Tuithermoretlieerrors

of aini>litude coniparisori dne to

tlie exponential selecting wave-
form are elimiuated. The sine-

wave amplitude compa.rison is also better performedby the diode than by
the pen tode.

In the circuit of Sec. G-1, the fine-scale pulses are spaced at 12.2 ^iseo

and the total range is 470 /usee, so the pulse-selection circuit haste be good
to at least ± 1.3 per cent. In this circuit, the fine pulses are spaced at

fi.l /isec, and the miLximiim range is 244 /isec, gi'ving a coarse-scale

accuracy reqviireraent of +1 ,26 per cent. The errors of the circuit of

Sec. 6-L
, ass indicated in tlic graph of Fig. 6-17, do not exceed ± 0.075 psec

in 463 /usoG, or ±;0.Oll> per cent- The errors of this circuit are about the

same fractioir. of tire totnl range, hut the absolute accuracy would he
higher hccause of the liigher oscillator frequency, and should not exceed

dh0.O4 jusec over alL.

B*3. Scale Coordinatiou by Frequency Divisioa.—Oue radar range
unit is dis tinctive in that as a primary time standard it employs oscilla-

tions whose frequency' is nn order of magnitude higher thm in the
previous ciircuibs. Furthermore, its method of coordinating the fine

nnd coarse scales is uiuisunl. Tavo identical sets of dividers generate

a. trigger tuid a tiime-moclulatedl pulse fx’om phase-nodulated and refer-

ence-pliase sinusoid s, respectively. A change of 3 60'* in phase of the high-

frectueney sinusoid time-modulates the output pulse an amount equal

to one period, of the high frequency. Thus the number of revolutions of

the plmae modulator requiired to traverse the recurrence interval is equal
to the frequency division ratio. The arrangement of the functions is

indicated in Fig. 0*17, Xhc crystal oscillator of the first block is similar

+ 25CV +270v

Fia. —Precision Rang® Indicator piilse-

Bcleoting circuit.
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to those previously shown. The phase modulator is of the inductive?
goniometer type and is coupled to the range driving motor.

Amplitude comparison is performed in this circuit by the grid-cutoi^^

characteristics of a triode used as a squaring amplifier. This practice

Fig. 6-17.^—Block diagram of range unit using phase modulation and frequency divieioii-

perfectly reasonable at this frequency since a whole cycle is only 1.22 /xsec
and variations of 1 volt would cause a shift of only 0.6 yd.

Multivibrators are used as pulse-frequency dividers in the ratios of
4 to 1, 5 to 1, 5 to 1, and 2 to 1. The first three employ tuned circuits in

+250V plate of the multivibrator to
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In fact, th.e time modulation can be performed continuously from one
recurrence interval into the next. The disadvantage of the system is

that any temporary failure of the divider chains results in an error that
is maintained until the system is reset; in this respect it is similar to the
sine-wave tracking system of Sec. 6-4.

A consequence of time-modulating the system trigger rather than the
range-indicating pulse is that the range index remains fixed on the circular-

sweep indicators
; if the time modulation matches that of a moving target,

Fi®. 6-19.—Proposed raago-un.it block diagram illustrating the technique of sine-wave
tracking.

the target will remain fixed on the circular sweep rather than move around
as it does in systems like the SCR-684 described in Chap. 7.

A dynamic range-tracking test showed that the errors, including those

from the automatic range-tracking circuit, did not exceed ±0.0375 /tsec.

6*4. Sine-wave Tracking.—^An alternative method of eliminating the
coarse-scale control in a multiple-scale time-modulation system is to cause

a time-modulator of unspecified accuracy to follow the motion of one node
of a train of phase-modulated sinusoidal oscillations. This can he instru-

mented with a phase discriminator, which compares the times of the

node of the sinusoid and the time-modulated pulse to deliver an error

signal that can be used to control the time modulator. The amount of

time modulation is thus determined by the high-frequency sinusoid and is

independent of the characteristics of the time modulator. The block
diagram of Fig. 6*19 indicates the arrangement of operations. The dif-
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ficulty with the system is that the phase discriminator cannot distinguisli
one node from another. Thus a.momentary power failure or disturbances
is liable to introduce a gross error. As in the system of Sec. 6*3, no indi-
cation of the existence of the gross error is provided.

A modification that would automatically remove gross errors can t>o
described briefly by sa3dng that an accurately linear time modulator is
employed in the above system, and its control voltage as fixed by the sine-
wave tracking operation is continuously compared with that of a lineax^
potentiometer having the same voltage range. The potentiometer is
geared correctly to the phase modulator so that its voltage is an approxi-
mate, but absolute, indication of the time modulation indicated by th.e
dial. If the linear time-modulator control voltage differs from that of

Fig. 6-20.—Phase detector and error-signal ampUfier of proposed sine-wave traokint? tiirio
modulator.

the potentiometer by an amount greater than that required to displace tho
time modulator by half a cycle of the sinusoid, a relay closes and con-
nects the time-modulator control voltage momentarily to the potentiom-
eter, thus bringing the pulse back to the correct node.

It IS thus seen that the pursuit of this method to a point of reliablo
design yields a system closely parallel to the systems of Secs. 6-1 and 6-12.
The accuracy of the pulse is limited in the latter^systems by the stability
of the operations of amplitude comparison and pulse selection, in tho
ormer by the stability of the phase discriminator. The only economy of
sme-wave tracking is the elimination of the circuits for generating pulsesfrom the sinusoid

.

,

circuits required by this method of time modulation thabave no een escribed previously are the phase detector and the error-
signal amphfier and filter. They are illustrated in Fig. 6*20. A complete*
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discussion of automatic time-modulation systems is contained in Chaps.
8 and 9 in connection with automatic time measurements. Time dis-

criminators are also treated in Chap. 14, Vol. 19.

Fio. 6*21.—Block diagram of AN/APN-3, Shoran, tixne-moaauring circuits.

6-6. Three-scale Phase-modulation System,—Shoran or AN/APN-S^
is an example of a three-scale phase-modulation system. The coarsest

scale covers 100 miles in a phase modulation of 360° to select one cycle

of the second scale. The second scale of 10 miles per revolution in turn

selects one cycle of the fine scale, which gives data at 1 mile per revolution.

* AN/APN-3 manual; BOA, Industry Service Division, Jaii. 1944.
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The combination provides continuous time modulation accurate to 13 yd
in 100 miles with negligible possibility of gross error. Statute miles are
used; hence the frequencies are approximately 0.93, 9.3, and 93 kc/sec,

obtained from a crystal oscillator

and two sinusoidal frequency
dividers. Figure 6*21 shows the
block diagram, and Fig. 6-22

Fig. 6-23.—Phase-modiilation. network at
9.3 kc/sec using inductance goniometers.
Z/i, X/2, ia, Li are the orthogonal stator wind-
ings. 2/6 is the rotor winding.

shows the gear mechanism. The
following discussion mentions the
three distinctive circuits of this

system.

This unit is unusual in that
many of its electronic manipula-
tions employ sinusoids rather than
pulses.

1nductance GonioTneters.—A.

typical quadrature network for

driving the goniometer is shown
in Fig. 6*23, where the values
apply to the 9.3-kc/sec circuit.

arrangement
construction for the

The circuits for the other two frequencies are similar in
and impedance. The goniometers are similar in

three frequencies except that electrostatic shielding is incorporated
in the one operating at the high frequency. The number of turns required
to match the quadrature network impedance of 855 ohms is, of course,



Sec. 6-5] THREE-SCALE SYSTEM 169

^•1 sf"
—

Fig. 6-25.—Amplitude-comparison and pulse-selection circuits of AN/APN-3, SJioran,
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different at each frequency. Phase of this type are described

in detail in Chap. 13, Vol. 19.

Sinusoidal Frequency Dividers.—X*o obtain^ sinusoids at 9.3 and

0.93 kc/sec from 93-kc/sec crystal oscill^'t'^^ drive the phase-niodulator

circuits, frequency division is performeci by the well-known sinusoidal

divider circuit. A typical circuit is sh.o'Wn in Fig. 6-24. Tiibe Vi is an

intermodulator, and F2 is a multiplier. OThe scrambler signal is a slo^wly

recurring pulse required because the cdLi'V'ider is not self-starting. I he

operation of this circuit is described in Chap. 15, Vol. 19-

Amplitude Ccrmparison and Pulse Figure 6’25 shows the

circuits for coordinating the three time scales. The 930-cps sinusoids art*

fed to Vi, which by virtue of grid-leak fc>in/S conducts only on the positiv<^

peaks producing a plate waveform as shown in Line A of the timing

diagram. The tube Vg, similarly biased, flattens the peaks and invert.^

them, forming positive square gates abovit 100 /Asec long. The width of

the gates is dependent on the grid-cutohf potential and the amplitude of

the 930-cps sinusoid. Amplitude comp>a.x'ison of the 9-3-kc/sec sinusoiti

to form a square selecting gate is performed by Ve. The large scries grid

resistor prevents the grid from being driven positive on each cycle, but
allows the grid to go negative below exxboff. The resultant plate wave-
form is a rectangular positive gate, wtiich is then differentiated in tht*

output circuit to form positive and nega-bive triangular pulses with a timt!

constant of 6 /isec. The positive pulses are slightly flattened by ih<‘

diode Ft in the process of developing bia^s for the second control grid t>f the
pulse-selector tube Fa. The tube Fg is mo-erely a cathode follower to driv<?

the grid of Fa with the 93-kc/sec sinusoids. The first grid of Fg is grid-
leak-biased so that it conducts only on tire positive peaks of the 93-kc./.si‘<;

sinusoids. The second grid is biased by blie rectified voltage devclop<Ht at.

E by Ft and conducts on the positive 6->u.sec pulses from Fo. The HcrtHUi
is normally at ground and is driven positive with the 100-/xsec squar<>i wavi‘
from 930-cps circuit. Coincidence of tk» ose three waveforms produee.s in
the plate transformer of Fa a negative p>raise that represents th(^ |)eak of
the 93-kc/sec sinusoid. The transformoi- of Ks is a differentiating tran.s-
former and hence its output voltage represents the deiivative of the pi*ak
of a sinusoid which goes through zero e^cfxctly at its peak. The po.sitivi*
portion, as indicated in line F, is amplified and. is used as the time-modu-
lated pulse.

The system trigger, or time refereixce, is formed by a similar pulse
selector driven by the reference sinusoids of the three frequencries. * 'riu^

^The actual radar system employed the p>base-modulated sinusoids to fonit th«f
system trigger and the fixed sinusoids to foma. -fcTne time-modulated pulse. The imr-
ticular advantage of this method, as in the circuit of Sec. 6-3, is that the
lated pulse remains fixed with respect to the circular-sweep display formed from the
smusoids.
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r&sultaiLt system h£Ls the advaatage, similar to that of Sec. 6*3, of being
able to time-mociulate contimionsly from one recurrence into the next if

the range-indicating dials are properly designed.
rhe Skoran system illustrates the ease of increasing the number of

scales in order to achieve greater accuracy or greater reliability. In this
circuitj the inductance goniometer has an accuracy of about diTi- parts
per thousand, causing a ±;0.O8-/xsec error; the indicators provide resetta-
bility of 0.02 )usec. This is slightly higher than the errors of the system
of Sec. 61, but the use of three scales means that each of the coarse
scales need only have an accuracy of 5 per cent The resultant full-scale

accuracy is 1 7.5 K 10~* per cent. If the designer had wished, on the
other hand, to work, with closer tolerances and achieve higher accuracies,
he might have employed frequency ratios of 50 to 1 and started at 930
kc/sec, dividing down to 370 cps. In this way he might have measured
1 0.008 /isec out of 2640, or three parts per million, if the 930-kc/sec
crystal oscillator and the receiver bandwidth were adequate.

CIECULAX-SWIEEP I>ISPLATS A.S A METHOD OF PHASE MODULATIOIT
AND AMEPHTUDE COMPABISON

A.sis pointed out in Chap. 3 of this volume and in Chap. 13, VoL 19
of the Series, the circular sweep or any linear display may become a
time modulator if a mechanical index is moved along the display in a
linear fashion. The processes of phase modulation and amplitude
comparison are then performed by the rotation of the index and the
passage of the electron beam past the point that the index marks. A
single-scale circular-sweep system merely involves one revolution of the
electron beam around the circle between each trigger. If the circular

sweep is to be used in a multiple-scale system, the electron beam must
traverse the circle several times. Pulse selection is carried out by
intensifying, with a time-modulated gate, one of the several circles. The
mechanical index deines the time-modulated instant in that selected
circle.

5*6. Circular-sweep Time Modulators, SCR-684.—^An example of
this technique is the range unit of the SCR-584,i a widely used fire-control

radar. This uses a two-scale time modulator with an 82-kc/sec (2000-yd)
circular sweep as the fine scale, and a delay multivibrator (Sec. 5*10)

to select one particular cycle of the sweep. The block diagram of Tig.
5-26 illustrates the arrangement. A crystal oscillator provides quadra-
ture voltages for the circular sweep and 12.2-)Ltsec pulses for the multi-
vibrator divider and trigger selector. The division is from 82 to 16 to 5.1

to 1.7 kc/sec. The output square wave from the 5.1-kc/sec multivibrator

‘ A description of fclie circuits of this system has been written in '‘Electronic "War
Reports,’' JS7Zectroft£c5, 19, 2, (Eeb. 1946).
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drives a tuned Class C ampHfier to form a 32,000-yd circular sweep the

long-range sweep. This sweep is not necessary in the

process, but aids the operator in finding which of the 2000-yd exx*cles to

intensify with the coarse-scale gate. A mechanical index appetxrs in

front of the 32,000-yd sweep and is rotated ^ as fast as the cxirsoi* on

the 2000-yd sweep.
i - i

The 1.7-kc/sec divider provides a selecting gate at the PRI^ whndi

selects one of the 82-kc/sec pulses to form a trigger that is well defiin‘<l

with respect to the 2000-yd sweep, a technique that is discussed in cU^t ail

Fig. 6*26—Block diagram of SCR-684 ciroiilar-sweep time modulator. (Note: wicit* jcnlt'
delay omitted for simplicity.)

in Secs. 4-8 and 4-9. The wide-gate multivibrator acts to intennify thv
first cycle of the 32,000-yd circular sweep, the remaining two
being blanked to avoid confusion.

The trigger also initiates the coarse-scale delay multivibi*ator that
is controlled by a potentiometer geared to the cursors. Turiiiniu; thi*
range-tracking handwheel moves the cursor on the fine and <:<>« rs**
sweeps, and causes the intensity gate to move around the circular HWtM'p
continuously. The coarse scale need be accurate only to about ± 8CK> yd i f
its full width of 2000 yd is used. Since the intensity gate provides t arji^«‘f

discrimination by receiver gating, a shorter gate width is often
whereupon requirements on the coarse-scale time modulation beetiini*
more stringent. To overcome this weakness a field modification -
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ing of a phase modulator driven by the 82-kc/sec sinusoid was connected

to the range shaft to provide phase-shifted pulses, one of which is selected

by the CRT intensity gate as a short receiver gate.

This addition removes the marked disadvantage of time modulation by
circular-sweep phase modulation, that no pulse is generated at the instant

corresponding to the position of the fine mechanical index. The HR
radar system is very similar to

the SCR-584 and is described in

Sec. 7’26.

Wurzburg Range Unit.—Re-
ports indicate that the German
Wurzburg fire-control radar em-
ployed a type of time modulator
very similar to the SGR-584. The
basic difference is that in the

Wurzburg the coarse-scale time

modulation is provided by phase
modulation and amplitude com-
parison at 3.7 kc/sec, instead of

by a delay multivibrator. Both
the PRF and the long-range cir-

cular sweep as well as the quadra-

ture voltages for the phase
modulator are formed from the

3.7-kc/sec sinusoids. This makes
the wide intensity gate unneces-

sary since an r-f pulse is sent out

each time the 3.7-kc/sec sweep makes a revolution. Figure 6-27 is a

block diagram of the system.

The SCR-71S Altimeter .—Although not exactly a multiple-scale

unit in the same sense as the SCR-584 and the Wurzburg, the SCR-718
altimeter offers a novel approach to the two-scale technique. This

unit measures absolute altitude over the terrain below an aircraft by
the same pulse technique as those used in ordinary radar sets. Its

fine-scale range-measuring device is a J-scope; a completely independent

instrument, the barometric altimeter, suffices as the coarse scale.

The sweep period of the J-scope is 5000 ft, and accordingly requires

a 98.4-kc/sec crystal oscillator. Neither intensity gates nor moving

hairlines are provided, only radial calibration marks. Reading only

from the CRT scale would give ambiguities of 5000 feet- The barometer

is accurate enough to resolve the ambiguities. Heights accurate to

30 ft should be obtainable with this combination of equipment. Another

model of this altimeter provides a switch to change the sweep period

Fio. 6-27.—Block diagram of Wurzburg
range unit.
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from 6000 to 50,000 ft in order to avoid reliance upon the barometric
altimeter.

STEP-INTERPOLATION TIME MODULATION
The following sections describe systems in which the time modulation

is performed in large steps, with an interpolating time modulator to
provide continuous modulation over the intervals between steps.

6*7. AN/APS-16 Range Unit.—^This system represents an implemen-
tation of the step-interpolation method of multiple-scale time measure-
ment outlined in Secs. 3-9, 3-14, and 3*15. The specifications call for

time modulation over 2240 /xsec, accurate to ±0.38 /tsee, and continuous
time modulation over any 125-Msec interval Furthermore the PRF
trigger must be supplied by the range unit.

Time measuring Sweep
pulse trigger

Fig. 6*28.—AN/APS-15 range-unit block diagram.

The phantastron circuit described in detail in Sec. 5.5 is used both for
the step-delay and the interpolating time modulators, with appropriate
circuit values.

The display used for time measurement is one in which the time-
measuring pulse appears as an intensity modulation on an oscilloscope
sweep of about 20 miles duration. This sweep is initiated by the same
selected pulse as that which initiates the interpolating phantastron.
Shown in Fig. 6-28 is a simplified block diagram of the AN/APS-15 range
unit. Reference should be made to Fig 6-29 to consider the timing
sequence in the various blocks of Fig. 6-28.

The circuit of the timing wave generator is Fig. 6*30. An 80.86r
kc/sec crystal oscillator generates current pulses which trigger the
blocking oscillator V2 through the pulse transformer. Blocking oscil-
lator F2 then supplies negative pulses spaced at 10.75 jusec, waveform A,
across the 120-ohm plate resistor,

’
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A Timing pulses
(8Ekc/sec recurrence)

B IO:i divider

C 25:1 divider:
modulator trigger

D Selecting gate

E Output of pulse
Selector

F Interpolating
phontastron

G Time measuring
pulse

Fio. —AN/APS-15 range-unit wavoforms.

The subsequent circuit is the ten-to-one pulse divider of Pig. 6*31.

The division is done in two stops,

first a two-to-onc division, in Vzj
and then a five-to-one division in V
Two stages of division are used for

greater stability, deci'easing the need
for calibrations. The output wave-
form is as shown in B of Fig. fr29.

Pulses recurring at 10-mile inter-

vals are obtained, one of whicli is

selected to trigger the interpolating
time modulator.

Sin(5e the maximum time to lie

measured by this system is 2240 jusec,

the interval l)etween successive l^llF

triggers has been chosen to be about
3000 /isec to allow the circxiits in

the radar system to return to the
quiescent state before the next trig-

ger occurs. A 25-to-l blocking-
oscillator divider synchronized by
the 10-mile pulses is used to generate the I’RF triggers. This circuit is

Fxa. 6-30.—AN/APS-16 pulse generator,
82 kc/soc.

1 1 1 1

c ^—£1.—1

—

n
^

1

1

1

1

’Selecting
gate deloy
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block C of Fig. 6-29, and is shown in detail in Fig 6*32 as a simple one-
stage divider, tube Vs. The stability of a one-stage 25-to-l blocicing-

Epp

Fig. 6*3 1.—AN/APS-15 ten-to-one divider.

Epp

Fig. 6*32.—^AN/APS-15 twenty-five-to-one divider, generating PB-F pulses.

oscillator divider is not great, and it may vary one or two from.
preassigned ratio of 25 to 1. This does no serious harm because ovn-
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dironism witli the 10-mile pulses is always maintained by the block-

ing oscillator as shown in C of the waveform diagram. By use of a

8 mile

Fia. 6’33.—AN/APS-15 selecting-gate time modulator: phantastron.

cathode follower Vq the output impedance of the trigger is made about
500 ohms.

The step phantastron that

time-modulates the selecting gate

is initiated by the PRF trigger

(Fig. 6-33) . This circuit is of con-

ventional phantastron design ex-

cept that a step voltage control is

used rather than a continuous
potentiometer. The circuit is de-

signed so that its steps are approxi-

mately 10 miles apart and so

timed that the 8-mile gate initi-

ated by the termination of the step

phantastron always embraces, in

time, one of the 10-mile pulses,

which is selected by the time-

selector circuit of Fig 6-34. The
output of this tube triggers a

blocking oscillator V

m

whose out-

Triode
pulse Blocking

selector osc. +250v

Fia. 6-34.—AN/APS-15 ten-mile pulse selec-

tor, and blocking oscillatoi'.

put is the delayed coarse trigger that starts both the sweep presentation

and the interpolating phantastron.
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This interpolating phantastron is as described in Sec. 5*7 and has a
range of modulation of from 0.5 to 15.0 miles. The phantastron
Fi4 of Fig. 6*35 generates the waveform F of Fig. 6*29. Its trailing edge
triggers the pulse generator Fis, Fie to produce the fine-scale time-
modulated pulse.

A limitation of this circuit should be noted. It is impossible for the
selecting gate to embrace the PRF trigger since the gate itself is started
simultaneously with the trigger. Therefore, for range measurements
below 10 miles the coarse scale is eliminated, the interpolating phantastron
being started by the trigger. This reverts the system to a single-scale

system. Zero-setting is conveniently performed by the procedure of
Sec. 3*6.

In evaluating this technique as compared with the other methods of
multiple-scale time modulation, there are several significant distinctions.
Where the circular-sweep scope fails in not providing a pulse at the time
corresponding to the position of the mechanical index, the step-interpola-
tion method and the phase-modulation methods develop a time-modu-
lated pulse that can be used on an indicator or in an automatic measuring
circuit. Furthermore, this is the only multiple-scale system permitting
electrical control of the time modulation, albeit only over a limited range.
This feature is useful in automatic-range-tracking application where
considerations of weight and size discourage the use of mechanical
phase modulators. One system exemplifying this practice is the British
Oboe, described in Sec. 9.2, wherein the fine-scale control voltage is used
to indicate range to an electrical bombing computer.
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A further example of this method, which illustrates the use of several

interesting circuits, is the range unit that was designed for the revised

AN/APS-10. This circuit is described in Sec. 4-9 with a complete

circuit diagram.

Manual
control and
counter

500 to

25,000 M sec
time
modulated
pulse

2-kc/sec
pulses

PRF pulse

Selected
pulse

2-kc/sec
pulses

20-kc/sec
sinusoid

Phase
modulated
sinusoid

20-kc/sec
pulses

Pulse
selecting

phantostron

Pedestal

^ ll 1 1 1 1 1 1 1 1 1 1 1 1 1
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Fia. 6-36.—Block and timing diagram of the lightweight direct-reading Loran time
modulator.

6*8. Lightweight Direct-reading Loran Indicator.—Certainly the

best example to date of a three-scale time-modulation system is the

lightweight direct-reading Loran indicator. Designed for airborne use

and intended to provide time modulation from 600 to 25,000 jusec with

an accuracy of 1 jusec, the system employs a step delay to select an
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accurately time-modulated trigger to initiate a two-scale time mocluliitor
to interpolate between the steps. The two-scale time modulator ernploys
phase modulation and pulse selection as in the circuits descril:>ecl in

Secs. 6'1 and 6*2. The circuit technique represents the most rectutt
practices and uses subminiature tubes and other components that allow
the circuit to be built on small subassemblies, each representing a fun<*-
tional unit of the circuit. Repair of the time-modulation unit tluni
involves only locating the faulty subassembly and replacing it in its

entirety.

The block diagram and the timing diagram are shown in Fig. <>•:!<».

The divider circuits are discussed in Sec. 4*11 and the use of the s^ystcia

20*kc/sec sinusoid$ from ^12

UTC

This eirouitprovidesthree°S^weVoltages
Loran time iiu>titilnfm

type phase modiilator provides a ohase ^

as a time-measuring instrument is discussed in See 7 -'^n 'T'‘i *

select one of the time-modulated
potentiometer that jLet.s t o

.phase modulator that phaae-modulaterthe SSBeTtn*usokr"‘‘‘“‘’'‘''iigeared to one control and to the coimf-Pi^ +ho+
sinusoids uvv all

modulation (see Fig. 6*40).
indicates the totul

The first circuit to be considered +Vna on h-n / u
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Positive
2-Kc/sec pulses

Fra. 6*38.—Stop-<lohiy time modulator and pulso soloctor. This circuit is triggered by
the PRF pulse and gonoratOH a sawtooth waveform. 20-kc/8eo pulses are added to the
stop-delay potentiometer voltage, enabling tho diode to select one of them by amplitude
selection. The resulting current pulso V ta shuts off tho phantastron and generates a step-

dolayod trigg<5r.

20 kc/sec
Time-modulatecf pulses

Fro. 0*30.-—Interpolating tiino modxdator, selecting one of several hundred time-

modulated pulses, spaced at fiO-yusoo intervals- Tho operation of the circuit, a pulse-select-

ing phantuslrou, is deHcrihod iti Sec. 4*9.
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amplitucic-coiiipairison circuit. Tb.e 3-ph.a.s6 condenser systei^Q. is used,

because it is possible to align the system with only a vacuum-tube
voltmeter or a standard test oscilloscope. This procedure is described

in Chap. 13, Vol. 19.

The output voltage from the phase modulator is amplified in a 6AK5
and directly synchronizes the blocking oscillator V39 . Amplitude com-
parison of the sinusoid is thus performed in T39 with reference to its

I I uiiaiors
B - Differential

Fio. 6-40. Schematic diagram of mechanical time-modulator control unit of direct-roa<linic
,

Loran indicator.

grid-cutoff potential. The time constant of the blocking-oscillator grid
circuit is adjusted so that the regeneration commences as the sinusoid
passes through zero amplitude.

The second circuit of interest is the pulse-selecting step delay,
6-38. The PRF trigger initiates the rundown of a 6AS6 phantastron
which contmues until the plate voltage equals the sum of the step-delay
potentiometer voltage and the amplitude of the SOO-^sec pulses. The&st 600-/xsec pulse after the occurrence of this equality will cause con-uc ion m the diode F42 ,

shutting off the phantastron and providing astep-delayed tngger in the same manner as the pulse-selecting phan-tastron described in Sec. 4*9 on the AN/APS-10 synchronizer.
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The step-delayed trigger is supplied to the interpolating pulse selector.

It should be noted that the event which directly initiates this trigger to
the interpolating pulse selector is the flow of current in the amplitude-
comparing diode V 4Z due to one of the 500-Msec pulses. Thus the trigger

to the interpolating pulse selector is truly the result of time selection of

one of the 5()()-Atsec piilses. The 5-mile pip selector used in the British
Oboe (Sec. 9-2, Fig. 9-12) is of similar design.

The interpolating time modulator, Fig. (5-39, employs exactly the sam^
technique as the step time modulator except that the selected pulses are
time-modulato<i rather than fixed, and the potentiometer voltage is

varied continuously rather than in steps. The trigger to the indicator
pedestal generator is obtained hy differentiating the screen waveform.

The three sc^ale.s of the time-modulator circuit are controlled by the
mechanical unit, which operates as follows. Referring to Fig. 6-40, the
coarse delay control turns in quarter-turn steps, one revolution being
2000 jusoc—that is, fcnir 5(K)-Atsec steps. Through bevel gears with a
l-to-2i stepdown the input reaches the “output” shaft of a differential.

Through the differential there is a 2-to-l stepup which is geared to the
hundreds wheel of the counter with a 2-|r-to-l stepup. The gear on the

differential is prevented from turning by ordinary counter construction.

The input from the fine delay control at 50 jusec per revolution, reaches

the units wheel of the counter through a 5-to-l stepup. Transfer from
the units wheel to the tens wheel is normal. From tens to hundreds the

transfer is accomplished through the 1-to-l action of the differential by
having the transfer pinion drive the differential gear which also drives

the hximlreds wheel of the Cf)unter after going through the differential.

The counter then gives the total delay reading by adding the outputs

of the coarse an<i fine delay circuits on the hundreds wheel by means of

the differential.

The switching and various controls seiwe much the same function

as in conventional Loran systems. All the controls and switches neces-

sary for lining tip the system and for taking a complete Loran fix are

mounted on the <u>ntrol unit with the exception that the CRT controls,

which are placed on f.he separate indicator unit.

It is interesting to compare this circuit with those of Secs. 6-1 and 6*2

on the Itasis of (Hionomy. By the use of pulse-selecting phantastrons, the

complete operation of receiving a trigger and producing a time-modulated

pulse is performed in 12 tube sections as compared with 15 for that of

Sec. 6-1 and 18 for that of See. 6-2, in spite of the fact that this is a

three-scale system whereas the others are two-scale. For perfectly fair

comparison, an amplifier should be added to the Loran circuit to provide

a sharper time-modulated pulse. A further reservation is that the

amplitude comparison of the phase-modulated sinusoids is performed by
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a blockiiig oscillator and hence is of questionable accuracy. A liberal

allowance of 2 volts in the firing point of the blocking oscillator gives the
required accuracy of ^ ^isec out of 25,000, or 0.001 per cent. Figures of

this accuracy are justifiable since the frequency of the 20-kc/sec oscillator

is controlled by automatic frequency control with reference to the ground
station PRF, which is held to better than 1 part in 10^ of the correct

frequency.

,
An example of the construction technique permitted by this circuit

design is discussed in detail in Chap. 17, Vol. 21 of the Series. Figure
6*41 shows the subassembly containing the circuit of Fig. 6-39 and the

Fig. 6*41.—Subassembly containing interpolating time-modulator circuit of P’ig fi-4() and
the phase-modulated 20-kc/seo amplifier and blocking oscillator of Fig. 6'38.

circuit associated with Fss and Vzo of Fig. 6’37. The bakelite portion
of the card, on which the parts are mounted, is by 3^ in. The con-
nector at the base of the card plugs into a socket in the chassis, and the
card is supported by vertical slides. This is an example of a calibrated
subassembly (see Chap. 3).

6-9. Summary.—In summary, the principal feature which character-
izes the various multiple-scale time modulators is the method of coordinat-
ing scales. The highest accuracy is provided by the method of Sec. 6*2
in which pulses derived carefully from the crystal oscillator sinusoid are
selected in a gated video amplifier. On the other hand, economy results
from adding the coarse-and-fine-scale timing waveforms to operate a
single instantaneous amplitude comparator as in the circuits of Secs.





CHAPTER 7

MANUAL MEASUREMENTS

By Bkitton Chance and E. F. MacNichol, Jr.

GENERAL CONSIDERATIONS

By Britton Chance

Introduction

Manual measurements are extensively used in military applications.

Extreme flexibility is often required to counter unexpected situations.

Often it has not been possible to design or to maintain automatic equip-

ment. Economy of manpower is sometimes not regarded as essential in

military operations, and manual operators are often more available and
more expedient than automatic equipment. In radar systems manual
tracking of the variations of range of a moving target is an important
procedure in plotting, interception, navigation, bombing, fire control, and
many other applications.

The use of the cathode-ray-tube display for these purposes and the

important factors affecting the accuracy of manual measurements are

discussed here. The use of the cathode-ray tube for measurements of

waveforms is discussed in Chap. 20, Vol. 19. The detailed design of

all types of cathode-ray-tube displays and a number of two-coordinate

displays are presented in Vol. 22. The general principles involved in

time modulation and demodulation by moans of cathode-ray-tube dis-

plays are given in Vol. 19, Sec. 14-9, and in this volume. Sec. 3-18-3*20.

Manual time-demodulation systems are negative-feedback systems
in which an operator is an important part of the feedback loop. The
properties of signal and index permit the operator to exercise visual time
discrimination, and with this information he exerts suitable control over

the time-modulation systems in order to follow continuously the variations

of the input signal. In some operations the part played by the operator
is a very simple one and he may be easily replaced by an automatic
device. But in a number of operations he is irreplaceable. For example,
target recognition is very difficult to describe in terms of operations that
could be carried out automatically. Often the judgment and experience
of the operator are of considerable value in. avoiding the effects of inter-

ference and may achieve satisfactory results where available automatic
devices fail completely.

176
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This chapter therefore treats a number of methods for manually-
tracking; time-modulated signals with special emphasis upon the suit-

ability of these methods in adverse conditions in which noise interference

or intermittency is present. In addition, some practical circuits are

given for tracking in more than one coordinate.

The content of this <*,hapter is also a logical extension of the discus-

sion of methods for the determination of distance and speed presented in

Sec. 2-11.

7-1. Uses.— ode-ray-tube displays are employed for two general

types of measurements: (1) the measurement of a time interval, which
may he regarded as inuairying, for the purpose of calibration, for plotting,

and crude navigation, etc.; (2) the measurement of the range and rate of

change of range of a target for the purposes of precise navigation, bomb-
ing, fire (control, (‘tc.

The design eonsideratioiis involved in these two cases differ consider-

al>ly, since the first (‘ase involves the static accuracy or resettability

with which the times interval may bo measured. The second case, how-
ever, includes in addif ion mechanical tracking aids that generate and
maintain f he rate of change of the range information in accordance with

the operation of the manual controls. Practical examples of both cases

are given in later sections.

Fixad Time Intervals ,—The standardizivtion and calibration of time-

modulation circuits usually de]xuid upon the use of cathode-ray-tube

displays. Hiniilarly the c.alil:>ration of tlie zero point of a range-measuring

system (see Bee. 3-6) involves this type of measurement.
Practically all the m<‘t.h<>ds of rough position-finding for plotting

aircraft position, for navigation by lx>ran, anti for certain typos of air-

borne bombing <btp<,nid iipon tlie measurement of range, which is assumed
to bei fixed at the memitait- of ineasurcment. In certain systcims where tlic

range is varying, similar t.echni<|ues are employed, Init the time cor-

rt*st)oiiding to ii given range is nottxL

Variable Time. Intervals.— it is desirable to move an index in synchro-

nism with the o1)served variations of the time-modulated signal. In radar

systtuns in whieli tln^ antenna <H>ntinuously illuminates the reflector such,

as radar range finders or position-finding systems emjffoying a rapid scan

for angular daf.a, the signal inten.sity never falls to zero for an appreciable

time and the timc'-modulated signal is nearly continuously available

to the ol>server. The tracking problem is relatively straightforward,

and manually cont.rolUal mechanisms for generating the rate of change

of range in response to observations of the displacement of the signal

with respect to an index arc effective in giving reasonably accurate rate

information.

In many radar systems the excursion of the azimuth scan is ecpial
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to 360° or at least greatly exceeds the width of the antenna pattern.

Because of the limitations of mechanical scanning systems and because

of scanning losses, the effective repetition rate (Vol. 1 of the Series) of

the time-modulated information is often reduced, and special means are

employed in order to assist in the generation of accurate rate and displace-

ment data. One of the most effective methods calculates Irom expected
characteristics of the time-modulated signal the probable rate oi change
of displacement. The manual operation then consists of readjusting the
data entered into the computing device in view of discrepancies between
the observed and calculated values. The computer and the tracking

process are often called regenerative.^' Other systems are less preten-
tious and employ simpler tracking devices.

Satisfactory demodulation of intermittent data usually requires a
display that continuously indicates the error between the ti'acking index
and the last value of the modulated signal (see Sec. 7-27).

Characteeistics of Displays and CuRvSors

7-2. General Considerations.—The cathode-ray-tube display is the
most effective method of data indication for the purposes of distance
measurement. Its basic advantage is the large amount of information
that it displays, as shown in the PPI display of Fig. 7*1 (see Vo!. 22 of
the Series). Range and azimuth indices are also shown set near a radar
echo.

In usual practice, target selection and accurate range-tracking arc
carried out on separate displays. One display provides a view of all

targets within range of the radar set and is used primarily for detection
and target selection. This display preferably combines azimuth indica-
tion as in a B-scope or a PPI. Often, however, a simple linear time base
or type A display is employed as in Fig. 7*2 where two targets are shown.

Final signal selection and accurate target-following are carried out
on an expanded sweep as represented in Fig. 7-3. This display has a
number of important uses. It permits discrimination against interfer-
ing signals and accurate selection of the desired one. In addition, any
coding that may identify a particular signal is easily observed. Further-
more, the detectability of the signal will be optimal—that is, the pulse
length is large compared with spot size of the cathode-ray tul>e (see
Vol. 22). The tracking operation is greatly facilitated by the fast sweep,
since it concentrates the operator’s attention upon a particular target
and increases the accuracy with which the tracking operation is carried
out. Often a portion of a slow sweep may be expanded in the vicinity
of the index, and the advantages of both types of sweep are obtaine<l in
one display, but this procedure is unsatisfactory in most oases.
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The deflection-modulated linear or circular time base (see Figs. 7-4
and 7*5) is almost always employed for the fast sweep in radars where the

Fig. 7*1.—Range and azimuth index set near a radar echo on a PPI display.

Fig. 7-2.—Type A display showing two
signals and noise.

Fig. 7*3.—Fxpanded type A or type R
sweep showing a signal and noise.

data are essentially continuous. On the other hand, the type B or PPI
display is used when data are intermittent at a slow rate. When both
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range and azimuth information is required the problem of the operator
is complicated by the requirement for two-coordinate tracking (see
Sec. 7-28).

Fig. 7-4.—Type J display. The signal may be selected on the slow sweep (a

)

and nccurntol
followed on the fast sweep (6).

step^tJpJS mIfk?r.^In%)ThesTi?is^eTtor/l^^^^^
sotting of a signal to a

set correctly so that the hei'^ht of the notoh hn+w In (o) t.ho stop in
marker varies rapidly ^Hhtime nse of tho

the range of a target may be crudely esti-

Tbp tbrpp ^ ^ creases the accuracy and the ease of measurementThe three types are applicable:
( 1 ) intensity-modulated indk*er72^'deflection-modulated indicpc, ond /^ci^

inaiccs,
(,2)naices, and. (3) mechanical markers that are either
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directly attached to the face of the tube or imaged upon it optically.

Depending upon the type of measurements to be made, these indices may
be “fixed” or “movable.”

Fixed Indices .—Display of a train of fixed indices upon a linear time

base is the most elementary method of time measurement by cathode-

ray-tube display. Such displays are extensively used in all search radars

and in many navigating instruments, especially the present models of

ah c

Fig. 7-6.—Time measurement by fixed pulses on a type A display (AN/APN-4).
Three sweep speeds are required to resolve the time-difference reading between the upper
and lower traces. In (a) the spacing of the pulses is .*500 jusec and a reading of 3500 ^isec is

obtained. In (6) the spacing of the pulses is 50 jusec and a reading of 350 jasec is obtained.

In (c) the spacing of the downward deflection is 50 jasec and the small upward deflections,

10 /xsec. Interpolation gives a reading of 24 jusec. The total reading is 3874 ^sec. (Cour-

tesy of McGraw-Hill Publishing Company.)

Fig. 7-7.—Display of fixed pulses on an exponential sweep (AN/APN-9) The time

delay is measured between the pulse marked “cross hair" and the rise of tlxe 50-^isec pulse

on the upper trace. The “fine” scale reading is 20 plus 6 jusec as indicated. The integral

number of .100-/x8ec intervals is counted with respect to the 1000-^sec marker and = zero

gsec. The integral number of 1000-/xsee markers shown on this sweep is 2, but in the actual

indicator the number is determined by switching to a slower display and, for this particular

case, corresponds to 6000 /nsec. The total reading is therefore 6025 p>sec.

Loran (see Sec. 7-29). The methods become confusing and time-consum-

ing when more than five similar indices appear upon any sweep.

Time measurement in Loran is somewhat more difficult since it is

necessary to count several types of pulses distinguished on the basis of

amplitude in order to obtain the final reading as is indicated in Fig. 7-6.

Some attempts have been made to improve the situation by the use of

roughly logarithmic sweeps as indicated in Fig. 7*7, but there is no con-

clusive evidence to indicate that a significant improvement is obtained.
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The final reading in most pulse-counting systems is obtained by
interpolation between the finest divisions of the scale. The problems
here differ little from other problems of interpolation, and accuracies of

1 part in 5 are easily obtainable. •

Movable Indices .—Even carefully trained operators make gross errors

in pulse-counting systems, and continuously movable indices operating
over the full range of measurement are preferable. Furthermore, this

type of index is essential for continuous measurements.
The requirements for a continuously movable cursor for use with

deflection- or intensity-modulated displays are as follows:

1. Primary requirements.

,

a. The cursor should be distinguishable through noise or interfer-

ence.

h. The cursor should not deform the signal so that it is unrecogniz-
able.

c. The parallax between the cursor and the signal should be
negligible.

2. Secondary requirements.

a. The cursor should be continuously visible and movable even
when signals are intermittent.

h. The display should be arranged to maintain the cursor and the
signal at the center of a linear display.

c. A tracking mechanism should be provided to move the cursor
continuously in accordance with rate and displacement controls.

Figure 7-8 gives the characteristics of mechanical and electrical indices

which have been employed on cathode-ray-tube displays, and the degree
to which they fulfill the requirements above are indicated. The sim-
plicity of a mechanical index and the fact that it can be seen in spite of

interfering signals make it the most attractive. The circumstances
under which it can be used with a high degree of accuracy, however, are
rather restricted; in fact, the circular display is at the present time the
only feasible method by which a mechanical cursor can be used for

precision measurements, although errors due to parallax and eccentricity
are unfortunately appreciable (see Sec. 7T8).

On the other hand, the mechanical index has been used in a number of
systems employing linear displays where a smaller accuracy is accept-
able. In addition to the errors of the circular sweep, those due to the
variation of the sweep amplitude must be taken into account. Also the
errors due to sweep-centering are likely to be large.

If the video and the cursor are displayed alternately by electronic
switching, the electronic cursor has the advantage of being visible in
noise

; however, the circuits may be power consuming.
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The shape of the electronic index may be similar to that of the received
pulse but should be easily distinguishable from it, as shown in Fig. 7-8.

The step type of index is obtained when a rectangular waveform is

applied to the vertical plates of the oscilloscope. The notch and pedestal
type of index may be obtained from a shorter rectangular pulse in the
same manner. The notch presentation is indicated in Fig. 7-9.

On intensity-modulated displays a waveform similar to that of the
received pulse is almost always used for a range marker. However, it

Type Diagram Correct setting Chief faults

Step

Notch

Pedestal

Mechanical

Intensified

Blanked

L_r /V

Distorts signal

Signal seems to

disoppeor in notch

A
JA

f\

Fia. 7‘8.—Types of tracking indices.

Signal seems to
disappear off pedestal

Porallax may be bod
Accuracy depends on
linearity of trace

Rises of signal and
noise elongate marker
obscured, by too
high trace intensity

Rises of signal and
nojse elongate marker

Fig. 7*9.

—

Cathode-ray-tube display of notch presentation. Although this gives a
sensitive indication of the relative timing of signal and index, a weak signal may seem to
“disappear” into the notch.

is desirable to have it rise and fall somewhat more rapidly than the
received signal. In the case of range-angle display, the range marker is

easily distinguishable from the received signal by the fact that the index
consists of a circle or a line depending upon whether the display is polar
(PPI) or rectangular (type B) (see Fig. 7-1).

With nearly all types of intensity-modulated displays and some types
of deflection-modulated displays, a considerable time intervenes between
successive renewals of the information on the screen because of the inter-

mittency of the input data, and most of the time a persistent trace

appears on the display. The effect of moving the range index, which is

mixed with the video signals, cannot be compared with the desired echo
until the next scan. In the case of very slow scans, it has been necessary
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to provide a separate electronic index which may be moved to the

vJ&on of a perSstent echo aa indicated by secondary Requirement o.

7.4. CirctL: Sweeps.-In deflection-modulated rang^trackn g dis-

plays, one has the choice of linear or circular traces the lormcr having

perpendicular and the latter radial deflection. Both the techmuil and

operational considerations differ considerably in these wo ciii-iu -s. n

Fig. 7-10.—A delayed and synchronized type B display. The briuht.t'r liort»ont ul lint? in

the range index; the vertical dark line is the azimuth index. Tlio ortc.ill<).s<M>i)t« pitnlogruiih
shows the range and azimuth index set to the George Washington Bridge, New York ( ’ity.

^Because of the synchronization the target is maintained at the same position fin the displny
s,s the aircraft approaches the target.

-tile circular sweep with radial deflection, one has a contiimovis (circular

scale which, when combined with a suitable selector pulse, may c.<>v<‘r

a full scale corresponding to a large number of cycles of the circula r-sweep
frequency. A mechanical cursor is readily employed, and although the
problems of parallax are often serious, the distinctiveness and lack of

ambiguity of the mechanical marker are to its advantage (see Fig. 7 -I).

In the circular trace the signal moves about its circumferemre, and
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the tracking operation involves following the signal ‘down one side of the
circle and up the other side, a process that may be confusing to the
uninitiated operator.^ On the other hand, one advantage of the con-
tinuous movement of the signal with respect to the face of the cathode-
ray tube is the additional information it gives—that is, the operator is

continually informed of the approximate value of range rate by the motion
of the echo past fixed points on the cathode-ray-tube face as shown in

Fig. 7-4.

The circular trace is generated with great simplicity (see Sec. 7T8).
The scale length obtained with a 3-in. circular trace, of course, is approxi-
mately equal to that obtainable from a 7-in. linear trace.

7*6. Linear Sweep and Synchronized Presentation.—Often the linear

display and a step or other type of electrical mark is employed for range
tracking. If this display is an expanded portion of the full scale over
which range measurement is desired, the index is visible over a fraction

of the required total range. This limitation is avoided if the delay of

the sweep is varied with that of the tracking index so that the cursor

always appears in the middle of the trace.

Figure 7TO illustrates the use of a delayed synchronized linear

sweep for range tracking in aircraft. In this particular case, a range-

azimuth display is used, and the range index is an intensity-modulated

horizontal line. The azimuth index is mechanical and is represented by
the vertical black line in the center of the tube. The tracking process

maintains the target stationary and at the center of the display in spite

of the movement of the aircraft. These synchronized displays give a
clear indication and hence accurate measurements.

AcCtIBACY CONSIDERATION’S®

The accuracy with which the time-modulated index may be set to a
received pulse on a cathode-ray-tube display varies widely depending

upon a number of simple geometric factors. For maximum sensitivity

of this process of time discrimination, it is desirable to have a high rate

of change of movement of the overlapping portions of the index and
signal with respect to variation of the time interval between them.

The accuracy with which the setting of index and signal may be made
under static conditions is presented here; the tracking process involved

in following a continuously moving signal is discussed in a later section.

It is required to set the index relative to the pulse so that the index

represents the range of the pulse. This is done most accurately by
defining as a coincident setting that setting from which there is the

1 Phase modulation of the transmitted pulse gives a circular display in which the

signal appears to be stationary (see Sec. 6*3).

® Mr. D. Gale assisted with the preliminary drafts of this material.
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greatest rate of change of shape with relative position. To ascertain

this setting, the following discussion

describes the shape changes that

occur as the index is moved right

through the echo. In addition, the

reproducibility of the measurement
with sweep speed is discussed.

7-6. General Considerations.

—

Figure 7*11 represents the fall of

the index of amplitude hi and the

rise of a signal of amplitude ha. sepa-

rated by a distance D. On variation

of D, we obtain a characteristic plot

of total amplitude vs. D if we take

point a as a reference. Initially the

amplitude is constant and equal to

hi, but on closer approach of the

second pulse (D is decreasing), the

height increases linearly until it

reaches the sum of hi and
For negative values of D, the

amplitude is again constant as it

was initially in region A. Therefore
in these two regions {A and B) the

amplitude of the output is independent of the spacing of the two pulses.

On the other hand, the duration
of their overlapping portion varies

as indicated in Fig 7T2, where
the pulses are shown complete
and their overlapping portion is

designated by c. A measurement
may be made by estimating the
duration of c, but it is insensitive

since the accuracy does not de-
pend upon the rise and fall of

signal and index. This process
of measurement is termed
“addition.”

The method of resetting be-
comes much more sensitive in zone
C of Fig. 7T1, and measurements
made in this region have been

Fig. 7*11.—General relation of signal
and index. The two signals of height ht
and hi, separated by a distance D, give the
amplitudes at a indicated in the graph
below for various values of D. In regions
A and B the amplitude is constant, but the
length of the overlapping portion is vari-
able; in C the amplitude of the overlapping
portion is variable.

(A) Index

(B) Signal

(c)

(O Addition of index and signal

Fig. 7-12.—Addition of signal and index.
This figure indicates the overlap of rec-
tangular waveforms A and B to give pulse
c, the length of which will indicate the amount
of overlap.

"^rmed “juxtaposition.” This may be defined as a resetting process in
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whicli tlie amoTint of overlap of two pulses is observed in terms of tbe
amplitude or intensity of their overlapping portions. Two types of

juxtaposition of signal and index are indicated in Fig. 7T3. Further-
more, the amplitude or intensity of pulse c is constant regardless of the
speed of the time base employed. Thus, juxtaposition may be consider-

ably more sensitive than addition.

The most sensitive method of matching a signal and index is indicated

in Fig. 7T4, and the measurement is made with completely overlapping
pulses. The deflections do not add, however, since they are displayed
separately either by electronic switching or by the use of a mechanical
overlay or grid identical in size and shape with signal. If electronic

switching is used, the persistence of the screen of a cathode-ray tube or

of the eye may be relied upon to maintain the trace of the signal while the
index is being displayed. The final setting may be made in terms, of the
brilliance of the rising edge of signal and index which will pass through
the same configurations of addition or juxtaposition, but on a much finer

time scale. This method is possible, of course, only with deflection-

modulated displays and pulses of identical shape. It is, however, of

considerable importance in obtain-

ing extremely accurate measure-
ments with pulses of slow rise and
fall times.

The application of these methods
of resetting to deflection- and in-

tensity-modulated displays will now
be taken up and, where feasible,

formulas will be derived indicating

the sensitivity or resettability in

terms of rise and fall times of the

pulses and speed of the time base
upon which the pulses are displayed.

7*7. Deflection-modulated Dis-

play and Deflection-modulated In-

dex. Addition .—The accuracy of

resetting of two pulses under condi-

tions where the length of their over-

lapping portion is employed as a
criterion of the resetting is small

compared with the accuracy of juxta-

position as described below.

The operator attempts to reproduce the length of pulse c of Fig. 7T2.
Provided this pulse has a length greater than the spot size of the cathode-
ray tube, the accuracy with which the length will be reproduced will be

y
(./I) Index

/ V
(B) Signal - position I

/ V
(O Peak indication

(D) Signal - position 2

_/
(E) 6aj> indication

Tia. 7*13.—Juxtaposition, of signal
and index. The amplitude of the over-
lapping portion of th© two pulses c is a
sensitive indication of th© separation, of
pulses (A) and (iS). Th© amplitude of
(c) may be positive or negative with
respect to that of (.A) or (J?) giving a peak
or gap indication.
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relatively constant, and roughly 1 part in 10. The error of time measure-
ment corresponding to a fluctuation of 1 part in 10 of D is 0.1jD/;S, where
S is the sweep speed in millimeters' per microsecond and D is the length
of pulse c in millimeters.

Juxta'position .— consideration of Fig. 7T3 indicates that the varia-
tion of amplitude of pulse c is from zero to the sum of the pulses a and h

depending upon their overlap. A variety of adjustments may be made.
For example, pulses a and 6 may be
adjusted so that continuity between
the two pulses is established. On
the other hand, the setting may be

Fig. 7-14.—Eiectr^ai superposition made when the amplitude of pulse cof signal and index. Electronic switch- . ,, /••• p
ing of the inputs to the cathode-ray- OQ^Ual tO a fraction of Cl QV 6. 13ut

pSs®es1afa?d^w“^*®
superposition of the rate of change of the amplitude

of pulse c with overlap of a and b will
be approximately constant regardless of the arbitrary criterion of
measurement. A preferred method of adjustment is one in which the
amplitude of pulse c is half that of signal and index, as is shown in
Fig. 7'5c. If a criterion involving a large overlap is accepted, there is
danger that a careless operator would make the setting in terms of the
length of c and not its amplitude, with a consequent loss of accuracy.A sinaplifying assumption applying to nearly all deflection-modulated
displays is that the speed of the time base S is large enough so that the rist'

(a)
_

" ^
. J

at two values of sweep speed. The notch between sicnnl an<l
tlie sweep speed has been decreased in Ch) imtil t he

cathode-ray tube, the height ot the gap is still cdoiirly

ot pulse a and the fall of pulse c do not obscure the amplitude ehangns of
pulse c which occur m the process of juxtaposition. A wide raneio ofsweep speeds is possible, as shown in Fig. 7-15a and 6. In fact the swoopspeed may be so small that c has a length comparable to the spot sizoof the eathod^ray tube. This is not true, however, in the ca«o ofmtensity-modulated two-dimensional displays (see Sec. 7-10). A second

^ trapezoidal and lutvothe same nse and fall times and amplitudes. This, of course represonts

Mtiltior^fth
true shape of signal and index, espec’ially at theation of the nse or near its completion. On the other hand it i« a
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In Fig. 7*16, where the geometry of juxtaposition is shown, similar
triangles give

(1 )
hr dr’

where h — height of c, hr = height of a and b, dr = distance for a and h

to rise to hr, and D is the length

of pulse c, plus the separation of

the fall of a and the rise of b. The
units are millimeters. But

(a) D
(«

and
D ^ tS

dr = trS,

(C)

Fig. 7*16.—The geometry of juxtaposition
of signal and index. It is assumed that
pulses (a) and (&) have equal amplitudes,
equal rates of rise and fall, and that their
rises and falls are linear.

(2)

where S is the sweep speed
(mm/)usec), U is the time (jusec)

required for the pulse to rise dr, and t is time (/xsec). Therefore,

Diiferentiation of Eq. (2) gives

dh hr

dt tr

The fractional rate of change of height of the pulse c is then inversely

proportional to the speed of rise and fall of the index and signal.

Errors may be evaluated in terms of a fluctuation of t, (At), due to an
operator’s error (Ah) of reproducing h. Thus,

. . Ah
At = -r— tr. (3)

With careful setting, Ah/hr would not exceed 5 or 10 per cent, although
controlled measurements on this have not been made for cathode-ray-

tube displays. On the other hand, a number of experimental data are

available on the reproducibility of At obtained in measurements of the
resettability of range of fixed targets using known values of U (= dr/S).

We may, therefore, calculate typical values for the fluctuation of Ah/hr.

In a particular case, U is approximately 0.1 ^isec and At is about 0.005 /isec,

giving a value of Ah/hr — At/U = w. These observations were based,

of course, on the over-all resettability observed in a radar system, and
the error with artificial signals may be somewhat less than is indicated

by the figure -j^.
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7*8, Deflection-modulated Signal and Mechanical Index.—The
mechanical index represents an ideal index since it corresponds to a zero

time of rise and fall of the index, and
\*—D^ (6)

accuracy of resetting depends
A—:

solely upon the rise time of the signal
(c)/^ pulse.

AT
^ As in the previous case of Fig. 7*16,

(a) A £ 1 we may obtain from Fig. 7T7 an ex-
-• dy—H pression for h,

Fig. 7-17.—Geometry of electrical
signal and mechanical index. The
mechanical index is represented by (c)

.

Substitution of D = St and dr = SU gives

hr
^

Likewise,

A/ _ *Ai - tr-

In the case of SCR-584 (circular trace with mechanical cursor), the
fluctuation Ai was observed to be roughly )usec and the rise time tr to
be i- /isec,^ giving values of At/U or Ah/hr of approximately -jiy, similar to
that obtained in the previous case.

7*9. Deflection-modulated Signal and Intensity-modulated Index.
Three typical displays of signal and index are shown in Fie: 7T8a h «nfl
c. In all practical cases the duration of the marker is made shoH 'cZ-
pared T^th the rise time of the signal. The resettability of these three
types of display may therefore be evaluated by exactly the same formula
as was used for the mechanical index above.

displayed on the rise of a rapid signal (as in
g. 7 18a) must at the same time counteract the dimming of the tracc‘due to the increase of sweep speed that is caused by the deflection-

^It toTbt^“^F ^ *®*“Suishable and clear mark is, therefore, dilli-

loeat!.
noise and interference make it difficult tolocate an mtensifymg pulse. A blanking marker shown in Fig 7-186 and

lalh^dlly^re'^^"'
" adjustment of the bias of the

the preferred mf^tbnrq
of signal and index is

represented bv an int»
®^Plitude of pulse c of Fig. 7-13 is, however,represented by an mtensity change instead of by a deflection.
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By the use of a gap indication (see Fig. 7-13), the setting will be
made in terms of the intensity of the dark gap between the signal and
index. The setting is relatively independent of the bias adjustment of

the cathode-ray tube as long as the intensity is low enough to give a

reasonably dark space between the two pulses. A somewhat more dis-

tinctive indication is given by using peak indication (see Fig 7-13),

especially if the bias of the cathode-ray tube is adjusted so that the

amplitude of pulses a or h give the maximum intensity obtainable with-

out defocusing. The increase of intensity over this value due to pulse c

(c)

Fig. 7 *18.—Throe types of deflection-modulated sienals and intensity-modulated
index. In («) the index intoimiflos the trace; in (/>) and (c) the index is a blanking pulae
and creates a gap in the signal. The latter two displays give a more sensitive indication of
the time of occurrence of the signal.

will giv’^e a considerable defocusing, a phenomenon often termed “bloom-
ing.” Thus the operator observes not only the increase of intensity but
also the increase of spot size. This method is often objectionable because

the distortion of portions of the signal ovei’lapping the index may make
them unrecognizable. Furthermore, the bias adjustment giving a

pronounced blooming effect is likely to be more critical than that neces-

sary for the dark-gap presentation. For these reasons the dark gap is

considered to be the more suitable under operational conditions although

no detailed experimental data on this point are available.

In airborne bombing of large cities with
^
low-resolution radar, ^ the

desired signal is poorly defined and large areas of the city may be dis-

played at nearly the maximum intensity of the cathode-ray tube. In

1 S. McGrath et aL, ‘‘Blind Bombing Radar, Electronics, (May 1946).
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this case an intensified index may be difficult to distinguish from the

target unless it has an intensity greater than that of the signals. Some-
times a dark or blanking index is used for easier identification. This,

however, leads to a considerable loss of accuracy since the setting is

made in terms of the length of overlap of signal and index, of which there

is no measure until the signal appears on both sides of the blanking index.

Most intensity-modulated displays are in two coordinates and serve

the purposes of general survey in addition to precise time measurement.

One method of meeting these two requirements is to increase progressively

the speed of the sweep as the target is approached. During this period
it is desired to make accurate measurements of the range of the target.

It is, therefore, of considerable interest to determine the error of resetta-

bility over a wide range of sweep speeds. This range is so large that the
length of pulse c (Fig. 7T3) is no longerTarge compared with the spot
size for the slower sweeps. It is found that a very serious systematic
error depending upon sweep speed arises because of the addition of the
spot size to the length of the rise of signal and index.

Reset Error —T\ie same reasoning employed in the analysis of the
amplitude-modulated display is applicable to intensity modulation pro-
viding some assumptions concerning the modulation characteristics of
the cathode-ray tube are made. The first and most basic assumption is

that the variations of intensity are small enough to be linearly related
to the control-grid voltages over the range of measurement. This is
approximately true where the variations of intensity are less than 10 per
cent. Another simplifying assumption is that the distribution of inten-
sity in the spot of the cathode-ray tube is roughly triangular and con-
sists of a linear rise and fall of R millimeters. This is not strictly true,
although in magnetic tubes the intensity variation approximates n
Gaussian distribution. In electrostatic tubes, this assumption may not
be justified as is pointed out in Sec. 7T1 (see Vol. 22, Chap. 17).

If spot size is neglected, the derivation of the relation between the
variables is similar to that employed in deflection-modulated displays
and the same formulas apply if we take intensity of the display to be
equal to h/ and A' over the required range,

= (7)

The effect of the spot size of the cathode-ray tube must also be con-
sidered.^ The quantity R is defined as the distance in millimeters required
for the intensity of the triangular spot to fall from its maximum value
to zero. If it is assumed that R adds linearly to the length of rise of the
signal, it follows that

dr — R -[- trS. (8)



Sec. 7-10] JUXTAPOSITION OF INTENSITY-MODULATED SIGNAL 193

Then

h’ = k{^ -
S-+73)’ (9)

or

i = (I + 1) (2 - I),
(10)

where h'/h^ is represented as a light-intensity change.

The change in time corresponding to Ai', a fluctuation of h', {Ah*), is

given by

The assumptions in this derivation have not been checked by direct

experiment. The relation of the quantity R to other definitions of spot

size has not been verified, and a figure for R of 0.4mm has been arbitrarily

assumed. The validity of direct addition of the quantity R to the length

of the rise of signal dr has not been verified experimentally. On the

other hand, many data are available on the over-all accuracy obtainable

in resetting on intensity-modulated displays for various values of S and U.

In this way, the expressions are subject to over-all check. The accuracies

will be compared by assuming the value of Ah'/h'^ to have a probable

error of 6 per cent and comparing the calculated values with those

observed experimentally. Formula (11) then reduces to

. At = ±0.050
The experimental data obtained from synthetic signals displayed upon

typical indicators of various radar systems are listed in the first two
columns of Table 7T. In addition, the display was repeated at intervals

characteristic of the scan of the particular radar system mentioned. The
measurements were made under laboratory conditions, however, and do
not represent the performance that may be expected from an operator

under battle conditions. Furthermore, the problems of target recogni-

tion were greatly simplified by the use of distinctive synthetic echoes.

The experimental and calculated values of the error in feet, Ap, are

compared in Table 7T. The agreement between the two sets of data is

remarkably good in view of the differences in the character of the displays

and the range of sweep speed over which data are available. Unfor-

tunately the data were not all obtained by the same operator, and some
part of the discrepancies may be due to this factor.
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Table 7-1.—^Reset Ebbob of Vabious Displays

Display Expt.* Type

1
R,
mm

s,
mi/
50
mm

S,

mm/
/isec

Ah _

(as-

sumed)

At,

jctsec

(calc)

Ap,

ft

(calc)

Ap,"*"

ft

(exptl.)

No.
of

exptl.

obs.

B 0.4 1 5 5 0.009 6 7.5 16
AN/APS-3 ASD-1 B 0.1 0.4 2 2.5 5 0.013 7 ~ 10 ~ 10
AN/APS-15 GPI PPI 0.1 0.4 5 1.0 5 0.025 13 15 80
AN/APS-15 GPI PPI 0.1 0.4 20 0.25 5 0.085 43 50 70
AN/APS-15 M-H PPI 0.25 0.4 4 1.3 5 0.028 14 5 10
AN/APS-15 M-H PPI 0.25 0.4 4 1.3 5 0.028 14 23 5
AN/APS-15 M-H

1

PPI 0.25 0.4 11 0.46 6 0.057 29 27 17

* These identify the particular eQuipment on which the measurements were made. In each case the
data were intermittent at periods of from 1 to 3 sec.

Data expressed as the probable error of a single observation.

Reset Interval .—^Another significant computation is the expression for

t as a function of S assuming that h' is adjusted to K/2—that is, that the
gap between the signal and index is just one-half the intensity of the two
pulses. On substitution in Eq. (10) of h'/h'^ = 0.6, we get

indicating that the time interval t (corresponding to the distance D
between the fall of the index and the rise of the signal) is a function
of the sweep speed /S where R/S U. We shall term this interval t the
“reset interval.”

Table 7-2.—^Resbt Interval as a Function op Sweep Speed

tr

psec
R,
mm

s,

mi/50mm
s,

.

mm/psec
t,

psec
At

Ap,

ft

Ap ohs.

ft

0.25 0.4 5 1 1.0
0.25 0.4 10 0.5 1.6 0.6 300 400
0.25 0.4 15 0.33 2.2 1.2 COO
0.25 0.4 20 0.25 2.8 1.8 900 1000

The next to the last column gives the calculated change of range reading which would Ini observed
if the sweep speed were changed from 6 miles/60 mm to the other values. The last column irive exneri-
mental figures from AN/APS-15 tests.

As already indicated, airborne search and bombing equipment require
wide variations of sweep speed in order to facilitate target recognition.
In Table 7-2 are shown representative values for the reset error of two
radar systems used for these purposes, AN/APS-15 and AN/APQ-13.
he quotient of Rf

S

is greater than tr over the range of sweep speeds
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employed and the error is therefore roughly inversely related to >5. Not
only is the numerical value of Ap large but also the increment in going
through successive values of S gives a variation of the reset interval 10 to

30 times that of the reset error of Table 7T. In two cases where experi-

mental data are available, fairly good checks with the calculated values
are obtained. A significant error in the prediction of the time of fall

of a bomb is involved when aided tracking methods are employed during
the bomb run since the progressive decrease of Ap introduces a fictitious

rate term.

7*11. Superposition of Signal and Index in Deflection-modulated
Displays.—Superposition of signal and index of identical shape and size

gives an extremely accurate method of resetting. Although mechanical
overlays may be used for this purpose, electronic switching of two
identical signals which are matched by superposition as in Loran has
been most useful. In either case the two pulses must be adjusted to have
similar amplitudes and shapes. An electronically switched differential

gain control is employed in Loran for

this purpose (see Sec. 3-2 and Vol. 6).

There are two criteria by which
superposition may be judged. The
pulses may be superimposed so that

the traces completely overlap to give

a summation of the intensity of the

front edges of the two traces. On the

other hand, the two traces may be
juxtaposed and the intensity of the

gap between the two deflection-modulated traces may be adjusted

to reproducible values. Experimental data will indicate that the latter

method is considerably more sensitive.

Fia. 7*19.—Geometry of electrical
superposition.

The geometry of this method is shown in Fig. 7T9. From this figure

WD =
sin (9

where W = the separation of the two traces, and sin d —

Since D = St and dr — SU,

(14)

w
S sin 6

Vdl + hi

(15)

For an increment APF we have a corresponding change of

ATT
Ai = -o-^—-7

,

-

S sin 6
(16)

Addition .—If the traces overlap completely, the maximum error an
operator might make is ATF = AR, where R is defined as one-half the
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trace width. ^ It is useful to represent the fluctuation as a fraction of the

maximum excursion as in the previous equations, and we will define this

fraction AW/R as AW', from which Eq. (16) gives

At
RAW'
S sin d

(17)

The accuracy of setting, therefore, increases with increasing sweep
speed. However, with increasing sweep speed sin 6 becomes much less

than one and the trace is nearly horizontal.

sin 6 —
dr

hr

Str

The accuracy is then nearly independent of sweep speed and Eq. (17)
may be simplified to give the expression

AT = R AW (M- (18)

Thus it is of no value to increase the sweep speed beyond a certain point.
Juxtaposition .—The reading may be taken by noting the gap in

intensity between the traces a and h of Fig. 7T4 as in intensity-modulated
displays.

From Eq. (7) we may compute the relation between the trace separa-
tion W and the intensity h' of the gap between traces a and h in terms of
K, the maximum intensity of the two traces, and R, the distance for the
trace intensity to fall linearly to zero.

or

K
h'r

W = r(2-^^.

From Eqs. (20) and (15) we obtain

(H»

(20 )

and for an increment Ah'

R
S sin 6 (21 )

At
R

^
Ah'

S sin 6 h'r
(22)

Equation (22) is similar in form to Eq. (16) with sweep speed being adetermimng factor in the accuracy. Similarly for sin ^ 1, Eq. (20)
1 For a triangular intensity distribution, this

previously defined.
is roughly equal to the value of R ns
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. . Ah' Rtr
At = -Tj- •

JXtg, hr

If the setting is made at ==

1.5i^

S sin e

(23)

(24)

But a continuous change of S is unlikely in deflection-modulated displays,
and the dependence upon S is of no great importance.

I'Lr. 0

F:g. 7-20.—Experiinontal test of accuracy of electrical superposition of deflection-
modulated signal and index employing an electronically switched display. The upper
curve indicates the accuracy achieved by completely superposing the signal and index and
employing as a criterion the maximum intensity obtained. In the lower figure the signals
^e j uxtaposed and the intensity of the gap between them is observed. The signal employed
in both cases had a rate of rise (Jir/tr) equal to 3.76 mm/jasec. The value of hr/itrs) *=» tan

varied. The accuracy is amazingly good; in the lower diagram it is i ft with a pulse-
rise time of approximately 20 /tsec. The curves represent solid lines drawn through the
experimental points.

Comparison of the Two Methods and Experimental Data.—^The values
of AW and Ah'/h'r which may be achieved in practice are given in the two
experimental curves of Fig. 7*20 representative of the Loran display.
They correspond respectively to superposition by addition and juxta-
position. For the smallest values of tan 0 available (« 0.08), At is

0.008 and 0.0018 yusec, respectively. The striking improvement in the.

accuracy obtained in these measurements is due to the term R/hr, which
is very small for these experimental conditions. We may calculate AW'
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and Ah'/hr from Eqs- (17) and (22). Since these experiments were
carried out with U/hr — 1/3.75 jusec/mm, AW' is calculated to be and
Ah'/h'r to be if it is assumed that « 0.4 mm. Resetting is, there-
fore, somewhat more precise if an intensity criterion is used.

The latter value is much less than that employed in Table 7T and
the assumptions about the shape of the intensity distribution of the
trace of the cathode-ray tube may be at fault. In electrostatic cathode-
ray tubes using a mechanical aperture for obtaining a small spot size, the
trace may have an intensity distribution including a flat top and rather
steeply sloping sides. ^ Although no experimental data are available on
this point, a slope approximately 3 times that assumed would give a
value of /hr' (w) accord with that used in Table 7T (see Vol. 22,
Chap. 17). The nature of the intensity distribution of the cathode-ray-
tube trace depends to a considerable extent upon the nature of the
electron-optical system. Since this is not controlled in production, the
abrupt intensity distribution may not be obtained in all tubes.

The extreme accuracy of resetting by superposition and intensity-
matching is noteworthy; the reset error is approximately one foot: This
approaches the values that might be expected from r-f cycle-matching in
2-Mc/sec Loran (see Vol. 5). However these tests were performed on a
specially built indicator in which stable sweeps and accurate time-delay
circuits and identical pulses were available. Furthermore, atmospherics
and noise would distort the pulses and considerably reduce the accuracy
of the setting- Also in the Loran system the accuracy of the synchroniza-
tion and of the indicator circuits is no better than approximately 250 ft.

A considerably improved indicator is described in Secs. 7-29 to 7-31.
7-12. Reset Error with Intermittent Data and with Two-coordinate

Controls.—The operator is often required to make an accurate setting of
signal and index even though they are displayed as infrequently as every
5 to 20 sec. This is especially true in scanning radar systems used for
navigation, bombing, or fighter direction. A considerable amount of
data was obtained in one particular case where the operator was required
to set a two-coordinate index or crosshair to a radar echo in response to
the operation of two controls in rectangular coordinates which adjusted
the index on a PPI display. A detailed explanation of this system is
given in Sec. 7*28. As the data were taken under conditions similar to
those represented by Table 7*1, similar effects of sweep speed were noted.
The most significant data of this experiment were the number of scans
required to make a setting of ultimate accuracy. Since the interval
between scans was appreciable, the number of tries necessary to make an
accurate setting defined the rapidity with which the range was measured
and a range rate established. This is illustrated in Fig. 7*21 where the

In tliGSG tests a type 3BP1 operating at 2 kv was einployed.
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probable error of a single observation is plotted as a function of the
number of times the signal and index are presented to the operator. It
is clear from the errors observed that the difficulty of the process—^that is,
control of the index in two coordinates and the intermittency of the
^^formation resulted in a setting which did not approach the accuracy
obtained in the simpler experiments of Table 7-1. The best accuracy
here is about 100 ft, whereas 27 ft was obtained under corresponding
conditions with a single-coordinate control and somewhat more frequent
data.

Number of scons
Fia. 7-21.—Static rosottabiUty with intermittent data using two-coordinate controls.1 he scan period is 5 sec. The curve indicate.^ the required number of scans in order to makean accurate settmg. The sweep speed of this experiment was roughly 15 miles/50 mm oru.d mm/Msec. Each point represents the average of several experiments.

7-13. Summary and Comparison of Methods.—Provided the sweep is
rapid there is little to choose between deflection and intensity-modulated
displays which employ juxtaposition of signal and index without super-
position. The error of setting is represented by the product of the time
of rise of the signal in microseconds and a factor Ah/hr, which represents
the accuracy with which an operator may reproduce a setting on the
various types of displays. Experimental data indicate that this factor
varies little depending upon whether a deflection or intensity-modulated
display is used. Typical values lie between 1 part in 10 and 1 part in 20.

A significant advantage is obtained, however, by employing electrical
superposition with deflection-modulated signals, especially where an
intensity criterion is employed. The error of setting is likewise pro-
portional to the product of the time of rise of the signal and a factor
Ah'/hr, which represents the accuracy with which the operator may
reproduce his setting. But here the error is multiplied by a factor R/K.
Assuming that the expressions Ah'/h'r and Ah/K are duplicated with
equal accuracy, the accuracy of the method of electrical superposition
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will exceed that of juxtaposition by a factor hr/R- I’or example, if a.

5-in. cathode-ray tube is employed, hr may be as large as 100 mm
and R as small as 0.2 mm, giving an increase of accuracy of roughly

500-fold.

Another conclusion of these sections regards the use of expandable

sweeps. The employment of an intensity criterion for setting on inten-

sity-modulated cathode-ray-tube displays of variable sweep speeds
involves a systematic error which may be 20 or 30 times the error of
resetting in the region where the spot size of the catliode-ray tube is

comparable to the distance corresponding to the rise and fall of the signal

and index.

Tracking Methods

7*14. Continuous Data. General Considerations,—( 'Ontintiou.s data
are here defined as those recurring at an interval that is shoi’t (Joinparecl

to the response time of the operator during the tracking operation.
Certainly any data that recur within the persistence of the operator ’

b

vision can be termed continuous, and perhaps data that recur as infre-
quently as once per second might be in this class. The data are clasBed
as intermittent if the time of their presentation determines the moment
at which the operator adjusts the tracking apparatus. With coiitinuauB
data the operator may adjust his tracking control at any time. 1''1iub
other properties of the tracking devices may determine this time. <0ii
the other hand with intermittent data any inherent periodicify of the
tracking mechanism must be adjusted to that of the data or eliminated.

A rigorous treatment of manual tracking methods is given in Vol. 25,
Chap. 8 of the Series, and formulas are there derived indicating the
optimum performance of aided tracking. The following material treatH
the tracking methods briefly and the special problems occurring in their
use with oscilloscope displays of continuous or intermittent data.

The general methods of tracking are defined below and are .shown in
Fig. 7-22. The discussion of this chapter will be confined to tlie first
five methods since the last is the subject of Chap. 8.

1* I^irect tracking. The movement of the cursor is proportional to
the movement of the tracking control.

2. Velocity tracking. The rate of movement of the cursor i.s propor-
tional to the movement of the tracking control.

3. Aided tracking. This combines direct and rate tracsking. Tho
movement and the rate of movement of the tracking index aro
proportional to the movement of the control. The ratio of dis-
placement to rate control has the dimensions of time and is calkHl
the '‘tune constant.” These two controls may he connected
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directly or by adjacent knobs which, may be grasped simultaneously
by the operator by ‘'double gripping.”

4. Memory-point or linear-time-constant tracking. A single control
adjusts rate and displacement but the time constant is varied

Fici. 7-22.—Pictorial display of various tracking methods—direct, velocity, aided, regenei'-
ative, and automatic.

automatically and in direct proportion to the time elapsed since
initiating the tracking operation.

5. Regenerative tracking. In regenerative tracking a computer
utilizes the known characteristics of the signal and any supple-
mentary data that are available to generate trial values of rate,



202 MANUAL MEASUREMENTS [Sec. 7-14

which, after a period of initial tracking by manual operation of

controls, is exactly corrected and the computer continues to track

the target as long as the characteristics of the signal are unclaangeci-

6. Automatic tracking. Discrimination of the error between index

and signal is automatic and a servomechanism causes the signal

to be followed automatically.

7-23. A type M display urdt, Falcon AN/APG-13a. More dotiiils of this <,lovi<Hi
given in Sec. 7-23, especially Fig. 7-37.

Direct Tracking. The simplest method of following a movable signal
on a cathode-ray-tube display is by direct tracking where a movement,
of the operator’s handwheel produces a proportional displacement of the
tracking index. An advantage of this method is the rapidity with wliicsh
the index may be set to a target and with which accurate measurementsmay be obtamed. For example, this method is used for tracking ships
or ground echoes at a short range ahead of a rapidly moving airplane. A
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typical equipment for direct tracking is shown in Fig. 7-23. A complete
description of this equipment is given in Sec. 7-23. The scale factor
of the displacement control is proportioned to the characteristics of the
input data and to the scale of the display. Usually the full scale of the
displacement handwheel corresponds roughly to twenty turns to provide
sufficient accuracy control and yet give a reasonably short time of
slewing^ from one end of the scale to the other. The excellent perform-
ance of direct tracking under certain circumstances is indicated in Fig.
7-29. Direct tracking is, however, fatiguing for the operator if it must
be sustained for long periods of time. Furthermore, it is very unsatis-
factory for use with intermittent information since as it does not sustain
the rate in the interval between input signals (see Sec. 7T6). More
accurate information on the rate of change of target range is obtained
from the following methods.

Velocity Tracking .—Velocity control has been used in place of dis-

placement control in order to obtain more accurate rate information.
The velocity of the index is varied to equal that of the signal. The
usual procedure for reducing displacement errors consists of arbitrarily
increasing the velocity of the index and, when the displacement error
has been reduced to zero, returning the velocity control to the estimated
correct rate. Although this method affords a satisfactory solution for a
target moving at a constant velocity, it is rather difficult to use, because of
the lack of a displacement control to get the cursor initially set to the tar-
get and moving at the proper rate.

Aided Tracking .—This method has the advantage of smooth rate
information, obtained with velocity tracking, and the facilities of getting
on target rapidly and of adjusting the rate for new conditions. The
properties of the system are simply expressed below.

The scale factor of the displacement handwheel is defined as D yd
per turn and the scale factor of the rate control as R yd/sec per turn.
It is assumed that both these quantities are constant and that the input
signal has a constant velocity F«. At some instant T = 0, the tracking
index and the input signal are set into coincidence and the tracking
mechanism is started at an arbitrary rate V, which will probably be
different from that of the input signal. If, for example, V is too small,
the tracking index will fall farther and farther behind the target. After
T sec, it will be (V* — V)?' yd behind, and a displacement of the hand-

wheel equal to T will be required to set the index back to the

target. A corresponding increase of V equal to (RT/D)(Vg — V) is

produced. If the time elapsed between resetting is D/R sec, then the

1 Altering the position of the index.



204 MANUAL MEASUREMENTS {Sec. 7*14

increase of rate is exactly the required amount, Vs — V, The quaiiitity

D/R is called the “time constant” of the aided-tracking system. In
this system D/R is constant; in others, it will vary according to a definite

law.

With continuous data the time constant may be adjusted to suit the
characteristics of the operator, the fluctuations of the input data, and the
accuracy and speed with which the rate data are required. In practice
it is found that a time constant between 2 and 10 sec is quite satisfactory
for most range-tracking systems. A typical record of aided tracking of
an aircraft echo on a circular sweep display is shown in Fig. 7*24.

In some cases, the rate and displacement controls are not directly
geared but are available separately to the operator, as in Fig. 7*25. They
are usually concentrically mounted so that gripping both controls at the
same time gives the designed time constant. This is termed “double
grip ” tracking and has been found desirable in cases where it is necessary
to use large values of displacement to move the cursor close to the target
before initiating the tracking process.

Fig. 7*24.—Aided tracking of an aircraft echo using SCl^-S84t 2000-yd circular swoop.

Double-grip controls are of considerable importance in cases where
the characteristics of the input data or changing geometrical conditions
render the designed time constant unsatisfactory. In this case, accurate
tracking can be done by training the operator to allow slippage between
the rate and displacement knobs when a setting is made. This process,
though difficult to teach, has actua ly been used extensively in tracking
with the Norden bombsight, the controls of which are shown in Fig. 7-25.
Little training is required if memory-point tracking is used (see Fig. 7*29)^*

The controllable speed may be provided by a ball-and-disk mecha-
nism or a variable-speed electric motor. The details of several types of
aided-tracking systems are given in Vol. 25, Chap. 8. Many of the speed-
controlled servomechanisms of Vol. 21, Sec. 14.4 are suitable for these
purposes.

Various methods of combining rate and displacement outputs of an
aided^-tracking unit have been employed. Usually a mechanical differ-
ential IS used for adding the outputs of the speed-control device and the
mechanical handwheel, but there are a few ways to avoid this. For
example, one system employs push buttons that momentarily speed up
^ ^ displacement that is equal to the product

o e ime or which the push button is depressed and the speed of the
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motor. This also serves as a slewing mechanism which can be "used to
reduce the displacement errors to zero before adjustment of the velocity
control is attempted. In electric speed-control systems the output of a
tachometer generator is compared with the adjustable speed-control
voltage. If the speed-control servomechanism responds linearly to
voltage input, the displacement of the output shaft will be equal to the

Fig. 7*26.—Aided-tracking mechanism of Norden bombsight modified for range-tracking
on radar displays.

time integral of the voltage output of a manually controlled generator,
which is proportional to the number of the turns of its generator shaft.
Thus the displacement and rate controls consist of a potentiometer and a
generator and are very convenient where remote control of the aided
tracking mechanism is required (see Sec. 7-27). These circuits are based
on methods given in Vol. 21, Sec. 14*4.



206 MANUAL MEASUREMENTS [Sec. 7-15

7*15. Ijatennittent Data. General Considerations .—The data of a

scanning radar system are presented for a time (roughly sec) which is

too short to permit anything more than a displacement measurement,
and yet the recurrence interval of the information is so large, 3 to 20 sec,

that a long time is required before a range rate of reasonable accuracy
may be obtained. If, however, the target is moving so slowly that

several thousand observations may be obtained while it traverses the

full range of the radar system and a reasonable number of the measure-
ments may be averaged to obtain the rate information, the tracking

methods of the previous section are suitable. Rut radar systems for

tracking rapidly moving aircraft from the ground or vice versa may give

only 30 to 60 observations of a target in the entire range. For example,

a ground radar having a range of 200 miles and a scan period of 30 sec

gives at best only 60 observations of a 400-mph airplane. Although
the amount of information available for airborne bombing may be
increased by rapidly scanning antennas, the limitation in long-range

ground radar employing a narrow beam is fundamental (see Vol. 1).

Direct or velocity tracking is of little use for intermittent data. It is

extremely diflS.cult to maintain the correct rate during the intervals when
no data are available, and it is equally difficult with velocity tracking to

estimate the increase of rate which will cause the displacement error to

become zero at a time when the data recur. Therefore, special methods
must be employed in order to obtain accurate rate information.

In a few special cases, however, the interval between displacement
measurements may be employed for approximate rate measurements.
In a moving vehicle—^for example, an airplane—some choice of the range
at which the displacement measurement is made is permissible. The
echo from a fixed object is allowed to approach and to coincide with the
first of a series of fixed range markers. A stop watch is then started and
it is stopped when the echo touches the next fixed index which represents
a distance, for example, of 5 miles nearer the aircraft. The average
rate over this interval is obtained from a simple slide rule shown in

Fig. 7-26. Not only does this slide rule convert the time interval into

speed along the line of sight but it also corrects for the altitude of the
airplane giving the desired quantity, ground speed.

Aided Tracking .—If the intermittent data recur at a constant rate,

the time constant of an aided-tracking mechanism may be made equal
to this interval or to any integral multiple of it. Therefore, the displace-
ment and rate controls may be double-gripped in synchronism with the
scan period or a multiple of it and the setting will have been made in

accordance with the requirements of the time constant. Depending
upon the type of cursor employed, the amount of correction may be
entered in accordance with an estimate of the error at the time of appear-
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ance of the index and the signal, or may be entered with a high degree of

accuracy by moving a continuously controllable cursor (obtained by
electronic switching or a mechanical overlay) to the echo displayed on a
persistent screen. A display adapted for this purpose is described in

Sec. 7-28.

Memory-point Tracking .—The operation of the memory-point track-

ing system is similar to that of aided tracking except that the time

Fio. 7*26.—A ground-spoed computer. The time required for an echo to pass between
two fixed range markers (spaced at 5 miles) is measured on a stop watch and entered on the
inner dial of the computer, giving ground speed by conversion from slant speed in view of
the known altitude.

constant is a linear function of time. The displacement error is initially

made zero by appropriate displacement settings, and this is usually done
when using a control that introduces no rate corrections. The operation

of the time-constant varying mechanism is immediately set into operation

at what is called the “memory point.” Initially the time constant is

zero; thereafter it is a linear function of time. At any time later, the
control knob varies both rate and displacement wdth the appropriate
time constant, and the cursor is reset to give zero displacement error

whenever the data recur. The appropriate rate correction is entered as
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shown below. The setting of the rate control gives, ideally, the mean
rate of the index over the interval since the start of tracking. Usually

such devices have a limit to the maximum time constant and for a

number of purposes five or ten minutes have been adequate. A functional

block diagram is given in Fig. 7*27.

Memory-point tracking also has important advantages for tracking

with continuous data, and the computations of Sec. 7*17 indicate that a
considerably more accurate rate is obtained than with aided tracking.

In memory-point tracking systems the velocity obtained represents the

average value of the velocity over the entire tracking interval. The

Hand wheel

Fig. 7'27.—Block diagram of a memory-point tracking system. The handwheel
controls rate and displacement of the tracking index through the clock and proportioning
potentiometer.

influence on the measured rate of individual displacement errors at the
beginning or end of the interval is reduced proportionately as the interval
is increased. There are, however, two important considerations that
must be observed in memory-point tracking. First, if an object travel-
ing at a constant velocity has been tracked well for a long initial period,
and the memory point has been reset, the rate should not be readjusted
for a tracking period equal to the duration of the previous one; otherwise,
the accuracy achieved in the previous tracking period may be lost.
Second, the memory-point tracking system is specifically designed for
obtaining the rate on collision courses. A change in the velocity of the
signal requires that the memory point be reset immediately and that the
tracking operation be restarted or a considerable error will be involved.
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Time constant^ T is defined as the ratio of an increment of displace-
ment of the tracking index to the corresponding increment of velocity.
The time constant is equal to the time t elapsed since the start of the
tracking operation. It will be shown that this feature enables the
operator to track out a velocity error regardless of how he makes correc-
tions, provided that he ultimately reduces the displacement error to zero.

If the velocity of the tracking index is V and the displacement x,
then the time constant is T = dxfdV

.

This definition applies to a
tracking system regardless of the independent variable of the tracking
operation. In the aided-tracking system described in Sec. 7T4, the
independent variable is shaft rotation 0, and the scale factors of the
respective handwheels are R = dV/dO and D = dx/de, so that the time
constant is D/R — dx/dV. Since 0, V, and x are all changed propor-
tionally it makes little difference which is considered the independent
variable. But in memory-point tracking, where the ratios are not
constant, there are several choices for the independent variables: the
tracking control may vary displacement directly, in which case x ot 6
is an independent variable; it may vary V directly, in which case V or 6,
is the independent variable; or it may be a push-button type of control*
in which a control may allow velocity to be corrected at a constant rate
dV/dt, so that time is the independent variable. In the first two cases
either i? or D is variable, and in the third the variable 9 is absent, so
that R and D cannot be defined. The definition of memory-point track-
ing T dx/dV == t can, however, be applied to any of these systems.

In order to show that the result of tracking is independent of the way
in which the operator brings the index to the signal, an equation may be
written which gives the displacement error in any tracking operation as
a function of the corrections that have been made.

Let Xs — displacement of signal being tracked,
Xi = displacement of index,

Xo ” total displacement correction applied to the index up to
time t,

Vs == velocity of signal (assumed constant), and
Vi = velocity of index at the time t.

If the velocity of the signal is constant, the displacement of the signal is
given by

Xa — Xa{0) H- Vat. (25)

The displacement of the index is given by

Xi = ®<(o) +^.+ r Vi dt.

^ This derivation was written by Duncan MacRae, Jr.
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If in this equation the condition for memory-point tracking,

^ =^ = or dx, = tdV,,
dVi dVi

is substituted, the result is

Xi = ir<(0) H“ (t dV

i

+ Vid'C).

The integrand is diVit), so the integral may be evaluated:

Xi == Xi(^) + Vit.

[Sec. 7-15

(26)

Subtracting Eq. (26) from Eq. (25),

(Xa — Xi)t = (Xa — Xi)o + t{Va — Vi). (27)

Thus if the displacement error at time t is the same as that at i = 0, then
i(ys — Vi) — 0 ;

and if this condition is satisfied at i 5*^ 0
,
F* = Vi, and

the velocity error is completely removed, regardless of the nature of the
function Vi(t).

Equation (27) relates the velocity error of a memory-point tracking
operation to the displacement errors at times 0 and L For if E = Xs — Xi

then the velocity error is

(28)

Regenerative and Memory-point Tracking .—Where the characteristics
of the target velocity are predictable—^for example, in tracking an object
on the ground from a moving aircraft—most of the velocity is due to the
motion of the aircraft. A tracking system that adds the proper com-
ponents of the aircraft velocity to the data obtained from a memory-
point tracking system is indicated in Fig. 7-28. In the particular case
described the tracking operation consists of accounting for the wind and
residual errors in the computing mechanism by memory-point tracking.
If the wind is zero and the computer errors are zero, only displacement
corrections are required. Since the computer errors vary little with the
aircraft heading and airspeed, memory-point tracking may be continue<l
even though these quantities alter (see also Sec. 7-28).

Comparison of Methods .—^An experimental comparison of manual,
aided, and memory-point tracking methods has been carried out, an<l
results indicating the superiority of memory-point tracking are include<l
here. An interesting difference between the accuracy obtainable with
memory-point and aided tracking is also shown.

^ displays (similar to that ofAN/APS-3) haying a sweep speed of 1.3 mm/^usec and a scan period of
sec. A simulation of the radar display was made by a range- and
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azimutli-gated 30-Mc/sec oscillator. The output of this oscillator was
connected to a high-gain amplifier giving an amplitude- and time-
modulated l-^isec pulse of adjustable signal-to-noise ratio. The wave-
forms of the receiver output and the tracking marker had rises of 0.3 and
0.1 /xsec, respectively. The time delay of this pulse was varied at a
constant rate of 120 yd/sec by a synchronous motor. A range-tracking
index of duration approximately 0.3 Msec was used. The range error

Fi<^ 7-29.—Comparison of direct, aided, and memory-point tracking. These resultswere obtained using an intensity-modulated signal and index displayed on a type B indica-tor having sweep speed corresponding to 2 miles/60 mm or 1.3 mm/usec. These datarepresent the first attempts of inexperienced operators.

was automatically recorded on an Esterline-Angus meter by subtraction
of the control voltages for the time-modulated signal and the time-
modulated index.

The results of tracking tests with two inexperienced operators are given
in Fig. 7-29. The performance with memory-point tracking is outstand-
ingj the performance with aided tracking is poor.

With experienced and intelligent operators under the same conditions
much more accurate results were obtained, especially with aided track-
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ing: (1) manual tracking, average probable error— ±10 yd; (2) aided

tracking, average probable error—±8 yd; (3) linear time-constant aided

tracking, average probable error—±5 yd. In these tests the tracking

with (1) and (3) was easy as was the damping of errors. In (2) the

tracking required concentration. However, the accuracy was better than

that obtained with manual tracking.

A number of tests were made with a practical memory-point tracking

system operating in two coordinates and supplied with intermittent data

of a 3-sec period displayed on a 5-in. PPI. The time required for an
operator to set up the correct velocity with memory-point tracking

varied from 4 to 16 scans depending upon a number of factors, among
them the difference of velocity between the tracking system and the

moving signal. In addition, some preliminary estimates of the resettabil-

ity were obtained during the tracking operation. When the differential

velocity between the cursor and signal was 200 knots, the average error

of the first setting was 200 ft compared with 90 ft for static conditions.

Although the absolute values of resettability obtained are not significant

because of the certain imperfections of the index and signal, the effect

of the velocity differential is significant. As soon as the correct rate was
established, the reset error dropped to the static value.

7*16. Comparison of Methods.^—The properties of several types of

tracking systems employed for high-altitude bombing have been analyzed

in order to determine the theoretical error of their operation. In all

cases it is assumed that the data are substantially continuous or at least

recur at the period of the aided-tracking mechanism.

The time of fall has been assumed to be 40 sec and the time allowed

for tracking the radar echo is taken as twice this value. Taking £/» and

Vn as the displacement and velocity errors at the last fix, the error in fall

of the bomb will be + TfVn, where Tf is the time of the fall of the

bomb. Assuming that the error in the next to last measurement is

equal to the error in the last measurement and that the time constant T
of the tracking mechanism is equal to 10 sec, the rms value of the miss is

six and a half times the rms value of the last measurement. For a

value of T == 40, however, the multiplier is reduced to 2.2.

In the Norden bombsight T — 10 sec in order to accommodate oper-

ation at low altitude. The accuracy at high altitude would be greatly

increased by increasing the time constant—^for example, to the value of

40. This has been done by waiting an increasing interval between

resetting as the end of the bombing run approaches. On the last setting

a time approximately equal to the time of fall is allowed to elapse, and,

instead of double-gripping the rate and displacement knobs of the aided-

tracking mechanism, the rate knob is slipped so that it turns only \ the

^ These formulas and th e computations are the work of Mr. J, Irving.
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arcLOunt. .. tliat tlie displa-CGinoiit knob was reset. T.liis is a difficult pro-

cedure but results in ,one-th.ird the error if propei’ly done.

A, serious errorj howeverj may be involved if the rate and displaccmoiit

knobs are corrected equally after waiting a time long {H>nipai’c,>(l to the

time constant- For example, errors as large as three or four tiincs th<'

value of 6.5 mentioned above might be involved (see Table 7-4). In no

case is the error of the miss reduced to a value comparable to tliat ol tin'’

error of the last observation. In memory-point tracking a much closm-

approach to this ideal is achieved. Making the same assumptions as

previously with regard to the error of the next to last nieasununtuit

being equal to the error of the last measurement, w'e obtain tlie rnis errt>r

of the miss, which is

>/(’ + !;) + (If)
(2Ui

where Eq is the initial displacement error of the memory-point tra<^king

system, made at the time when the tracking was initiated and En in the
error of the final measurement as in the previous cjase. The time i»f

tracking is r„. Taking, for example, conditions similar to tliose of the
previous problem—^that is, a time of fall of 40 sec and bombing run tif

80 sec—^the rms value of the miss is equal to l.() times the rms error of ihi^

last observation; a considerable improvement over facstor 2.2 obtaint‘d
under best conditions in the previous case. If, liowever, the initial v^alin^

of the rate is approximately known, this factor is somewliat rc‘duce«l

example, to 1.5.

Table 7-4 indicates some comparative values for aidtHi and memory-
point tracking.

Table 7*4,

—

Relative Merits op Vauioxih TitAr;KiN« Byhthms

Name of system and conditions of use
T (time con
Htani, hoc)

1 . Norden bombsight—^range-tracking fixed double-
gripping ratio

2. Same as (1)

10
! 40

3. Norden bombsight reset at twice the time con-
stant

4. Memory-point tracking for 80 sec
10
80

5. Memory-point tracking for 80 sec (initial value
known)

* ‘

Miss of iMnult

riUH cron* (In

ho mull IplunI

by orror of Iimf

ohsorva iion)

a.r»

2.2

lU.O
1 .«
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FIXED INDICES FOR MANITAD TIME MEASUREMENT
By E. F. MacNichoIj, Jr.

A-scope. The simplest type of iriaiiual measuring device con-
sists of a cathode-ray tube with a linear or exponential time base applied
between one pair of deflecting plates while the video signals are applied
to the other pair.

^

If the deflection sensitivity of the CRT is known and if
the sweep speed is defined by letting a known time constant charge
thiough a known voltage, the time of occurrence of a signal maybe meas-
ured by means of a ruled scale printed on the face of the CRT. Such a
simple d(‘vicc is shown in Fig. 7 *30 . The grid of the switch tube is
initially positive drawing current through 72 1 and the plate is clamped to
within a volt or two of the cathode (assuming R > 100 k), and C is dis-

Fi<}. 7-30. Siiupk! tinio-nuMVHunnp: syntoni uaiii« oxiMniontiul hvv(h>i> uiiti fixml iiieclmuioa].
timiiiK nmrkH.

diaiged. 1 he spot f>n the CR I is adjusted to flie zero index by means
of a c.(^nt<n-ing voltage applied to the free horizonf,al plate. At the instant
measurement st,a.rts, a negative gate is api)Iied to the control gi*id of the
switch tube cutl.ing it oiT and holding it off for iha total tim(^ interval
to be mcjasured. ^'In* condenser C charg<^s exponentially toward
ac(5ording to the well-known law

If the deflection sensitivity of the CRT is ch/dE (in./volt), the distance in
time t traveled is « = E d.s/dE.

ds „ . —---

® “ Wi ®

It is then a simple matter to mark off values of s on a scale on the face
of the cathode-ray tube showing convenient values of L The edge of the
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vertical deflection marking the time of occurrence of the signal may be

compared with the fixed time marks by means of visual interpolation. If

a linear sweep is used equal sensitivity is obtained over the whole scale

(see Vol. 19, Chap. 7).

In practice such a simple system is open to a number of objections.

In the first place the CRT will not focus over the whole sweep length if the

time base is applied to only one plate. A unity-gain phase inverter may
be used to apply an inverse potential to the other plate as indicated in

Vol. 19, Chap. 7. Another objection is the variation of ds/dE from tube

to tube over limits as great as ± 20 per cent. This can be allowed for by
adjusting so that the total sweep always covers the distance between
two fixed indices.

Fig. 7*31.—Elementary J-sweep.

More serious objections arise from the fact that ds/dE is not constant

or accurately predictable and varies with the accelerating potential.

Also, mechanical indices give parallax and are difficult to see unless the

scale is ruled on edge-illuminated plastic. This type of display, however,
is used with some refinements in most of the early radars such as the
British Mark II ASV and U. S. Navy Radar ASB. It is probably
adequate for measuring time intervals with an accuracy of ± 10 per cent.

7*18. J-scope.—^As stated in Chap. 3 and Sec. 7*4, one type of device
in which a time base can be compared with fixed or movable mechanical
indices with considerable precision is the circular-trace indicator or type J
oscilloscope, shown in the block diagram Fig. 7-31. This method of

phase measurement was presented in Vol. 19, Chap. 20 and in Vol. 21,

Chap. 17. The deflecting plates are supplied with two-phase sinusoidal

potentials. Since the deflection sensitivities of the two pairs of plates are

different, the amplitudes of the sinusoids are adjusted until both have the
same effect on the beam. If the phases of the voltages are in quadrature
the spot will then move in a circular orbit with constant angular velocity.
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The angle traversed by the spot in a given time interval is equal to the
phase change of the timing wave. For sinusoids of frequency v, the time
interval t corresponding to an angle 9 is

t = ^

360v

This relation is only true for a trace that is exactly centered with respect to
the protractor for measuring 9. If, however, harmonics are present in the
sinusoids, appreciable errors are present in circular patterns (see Chap-
1, VoL 22).

One advantage of the circular sweep for high-speed traces is that the
stray capacitances of the deflecting electrodes become part of the tuned
circuit generating the sweep and therefore do not set a limitation to the
sweep speed (see Vol. 19, Chap. 4). The adjustments for circularity are
straightforward, and the shape of the circle gives immediate indication
of any errors; therefore, adjustable phase-shifting circuits may be
employed.

The most satisfactory fixed scale is applied directly to the face of the
tube and consists of radial lines indicating fractions of an orbit, and a
circular line to aid in centering the trace. It is, of course, of utmost
importance that the trace and the scale be accurately concentric. Pho-
tographs of a typical scale are shown in Fig. 7-32.^

Video signals are applied to a deflecting electrode (see Vol. 22) which
consists of a wire that passes through the center of the face of the CRT
toward the center of the electron gun. The effect of a potential applied
to this wire is to deflect the spot radially inward or outward regardless of
its position along its circular path. The display may be thought of as
a polar coordinate analogue to the A-scope in which R indicates amplitude
and 9 time. Because of the geometry of the tube, distortion occurs if

large signals are applied to the central electrode. This distortion is small
if the radial deflection is less than in. in the 3DP-1 tube. Although the
input capacitance of the tube is low (about 2 txfd) its deflection sensitivity
is also low (roughly 100 volts/i in. at 2 kv accelerating potential) so that
large video voltages are required.^

^ A convenient scale is formed by applying India ink directly to the face of the CRT
with a ruling pen. The ink will adhere if the tube had previously been cleaned with a
slightly abrasive cleaning powder. A ruling “jig” for holding the CRT, a straight
edge, and a circular protractor can be readily constructed. Scales may also be
printed on thin collodion films (decal type) that are applied to the CRT face.

^ The low capacitance of the deflecting electrode may be utilized to best advantage
by minimizing the output capacitance of the last video stage. This has been accom-
plished by mounting the tube and plate resistor concentrically with the deflecting
electrode on a transparent disk placed in front of the face of the CRT. Tubes that
have been found satisfactory for this purpose are 6AK5's and 6K4's. The latter are
connected as grounded-grid amplifiers to minimize Cgp and to terminate the input cable
correctly.
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.mber of methods have been used to synchronize the trace with the

gnals. If the phenomena to be observed are externally synchro-

(a )

loes from l-/*sec radar pulse (c) 0.2-jusec pulses 2.4 ;usec apart on. 12.2-Acseo sweep,
of (6) as shown, on oonventional linear display.

the oscillator generating the circular trace may be crystal-
;d and run continuously. A basic timing pulse may then be!

. by squaring and differentiating the sinusoid from the oscillator
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jp. 6; Vol. 19, Chap. 4; and Vol. 21, Chap. 18). An example of a
e-scale J-scope is the SCR-718 altimeter.^
f the phenomena to be studied cannot be synchronized externally a
id oscillator and a phase splitter having good transient response must
jed to pnerate the circular trace (Vol. 19, Chap. 4) . Since the deflec-
sensitivity of x- and 2/-axes is usually quite low (220 volts/in. for
-1 at 2 kv accelerating potential), deflecting amplifiers must give a
output voltage with good transient response. The complexity and

snt consumption of such amplifiers usually cause designers to choose
' systems.

. great advantage of the J-scope is its adaptability to multiple-scale
ms. A typical example has already been shown in Tig. 7.32a. A
3-scale time-modulation circuit delays a rectangular pulse a variable
int with respect to the trigger. The CRT grid is normally biased
nd cutoff so that no circular trace appears. The rectangular pulse
n is controlled by the coarse-scale delay permits time selection of a
cular cycle of the circular fine scale. If the coarse scale is uncali-
:d the number of cycles can be counted by turning the control slowly
zero range to the desired cycle, since the bi'ightened portion of the
^vill travel around the tube once for each cycle (see Fig. 7-45).

Flaxi-position Indicator with IMCechanical Scale.—Fixed range
ingle marks are applied to edge-illuminated plastic screens fixed in
of the face of the type B or PPI display. These methods, although

.e and convenient, are subject to the limitations mentioned in the
ssion of their use with type A displays. Frequently the illuminated
n takes the form of a map overlay of the region in which the radar is
.ting. This facilitates the recognition of shore lines, islands, or other
narks and makes navigation simpler. (For details of overlays and
>graphic map projectors see Vol. 22.)
20. Electronic Time IVlarks.—Accurately spaced, fixed timing
s may be generated by any of the methods discussed in Chap. 4 and
3d as deflection or intensity modulation to the CRT. The position
5 video signal with respect to the fixed indices may be estimated by
I interpolation. The advantages of electrical marks over mechan-
larks are that the sweep speed does not have to be known or constant

;

oes the trace have to be accurately centered, and parallax is non-
mt. On the other hand a complex video signal may obscure the
er pulses.

combination of electronic and mechanical marks may frequently be
to good advantage. If the sweep speed is adjustable, electronic
s may be adjusted to coincide with marks on a mechanical overlay,
nechanical marks may then be relied upon for a short time. Since
Ibert Goldman., “Pulse-type Itadio Altimeter, Electronics, June, 1946.
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A number of methods have been used to synchronize the trace with the

video signals. If the phenomena to be observed are externally synchro-

(a)

(d)

andFig. 7-32.—TS-100 scope mth signal and transfer scale. («) block diagram, ih)
echoes from 1-gsec radar pulse (c) 0.2-iusec pulses 2.4 jitsec apart on 12.2-m«oo swoop.

Cd) echoes of (6) as shown, on conventional linear display.

nizable, the oscillator generating the circular trace may be crystal-
controlled and run continuously. A basic timing pulse may then be
obtained by squaring and differentiating the sinusoid from the oscillator
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(Chap. 6; Vol. 19, Chap. 4; and Vol. 21, Chap. 18). An example of a
single-scale J-scope is the SCR-718 altimeter.^

If the phenomena to be studied cannot be synchronized externally a
pulsed oscillator and a phase splitter having good transient response must
be used to generate the circular trace (Vol. 19, Chap. 4) . Since the deflec-

tion sensitivity of x- and 2/-axes is usually quite low (220 volts/in. for
3DP-1 at 2 kv accelerating potential), deflecting amplifiers must give a
large output voltage with good transient response. The complexity and
current consumption of such amplifiers usually cause designers to choose
other systems.

A great advantage of the J-scope is its adaptability to multiple-scale
systems. A typical example has already been shown in Fig. 7.32a. A
single-scale time-modulation circuit delays a rectangular pulse a variable
amount mth respect to the trigger. The CRT grid is normally biased
beyond cutoff so that no circular trace appears. The rectangular pulse
which is controlled by the coarse-scale delay permits time selection of a
particular cycle of the circular fine scale. If the coarse scale is uncali-
brated the number of cycles can be counted by turning the control slowly
from zero range to the desired cycle, since the brightened portion of the
trace mil travel around the tube once for each cycle (see Fig. 7-45).

7*19. Plan-position Indicator with Mechanical Scale.—Fixed range
and angle marks are applied to edge-illuminated plastic screens fixed in

front of the face of the type B or PPI display. These methods, although
simple and convenient, are subject to the limitations mentioned in the
discussion of their use with type A displays. Frequently the illuminated
screen takes the form of a map overlay of the region in which the radar is

operating. This facilitates the recognition of shore lines, islands, or other
landmarks and makes navigation simpler. (For details of overlays and
photographic map projectors see Vol. 22.)

7*20. Electronic Time Marks.—^Accurately spaced, fixed timing
marks may be generated by any of the methods discussed in Chap. 4 and
applied as deflection or intensity modulation to the CRT. The position

of the video signal with respect to the fixed indices may be estimated by
visual interpolation. The advantages of electrical marks over mechan-
ical marks are that the sweep speed does not have to be known or constant

;

nor does the trace have to be accurately centered, and parallax is non-
existent. On the other hand a complex video signal may obscure the
marker pulses.

A combination of electronic and mechanical marks may frequently be
used to good advantage. If the sweep speed is adjustable, electronic

marks may be adjusted to coincide with marks on a mechanical overlay.

The mechanical marks may then be relied upon for a short time. Since
^Albert Goldman, "Pulse-type Radio Altimeter,” Electronics, June, 1946.
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the video signals will not obscure them a large number of very narrow
may be used to facilitate interpolation.

The use of electronic indices for PPI displays is completely discussed

in Vol. 22.

MOVABLE TRACKING MARKS FOR MANUAL TIME MEASUREMENT
Direct Tracking

7*21. Introduction.-—The simplest device for direct tracking is a
mechanical index moved across the face of a type A display by a crank
turned by the operator (see Sec. 7*9). A dial attached to the crank
mechanism is calibrated to read range. Because of the limitations of the
cathode-ray tube, errors of the order of magnitude of ± 10 per cent will be
involved unless regular calibration is carried out. The type J display

Eig. 7*33.—^Elementary continuous-tracking time-measuring device using CRT as a
null-measuring device.

With movable index is, however, more accurate. If care is taken to reduce
parallax the edge of the signal may be followed with an accuracy of ± 1 per
cent.

The following methods will illustrate how the accuracy of the type A
display with mechanical index may be improved by amplitude selection
of a portion of the time base instead of using the whole time base. In this
way, the effect of variables of the display are reduced by a factor cor-
responding to the fraction of the total trace which is displayed. This, of
course, assumes that the timing waveform is linear and that the amplitude
selector is stable.

7*33 the cathode-ray tube itself is used as an amplitude selector
(see Vol. 19, Chap. 3). The timing waveform is applied to one plate of
the cathode-ray tube, and the reference potential for amplitude selection
to the other plate. In this case the cathode-ray tube functions as a null
indicator since the spot is centered when the instantaneous sweep voltage
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is equal to the centering potential. A single index is inscribed in the
center of the CRT and the signal is moved to this index by means of a
calibrated horizontal-centering control. When the potentiometer voltage

is made equal to the sweep voltage at the time of occurrence of the signal,

the signal will appear coincident with the index and this setting will be
independent of the scale of the sweep. Tolerances in the alignment of the
CRT gun may be allowed for by moving the index until the start of the
sweep is on the index when the potentiometer is set to zero. In the sim-

ple circuit shown the sweep is exponential so that the potentiometer must
be wound with an exponential function if a shaft rotation directly propor-
tional to range is required. If the shaft rotation is not to be used to
transmit the range data elsewhere, the dial can be calibrated exponentially

and a linear potentiometer used.

Fia. 7-34.—Continuous-tracking device using a movable expanded sweep with CRT and a
diffoi'ential amplifier as a null device.

In the simple circuit shown, the potential applied to the deflecting

plates with respect to the second anode of the CRT varies with the setting

of the potentiometer so that defocusing of the trace will take place for

large excursions. This objection could be overcome by using a CRT
power supply that has its positive terminal fixed with respect to the
potentiometer arm instead of to ground.

The second method of reducing the effects of the instability of the
cathode-ray tube is shown in Fig. 7-34. Amplitude selection is accom-
plished previous to the display of the waveforms on the cathode-ray tube.
In the particular circuit shown, preliminary amplitude selection is accom-
plished by a biased differential amplifier consisting of Fs and Vz. In
this circuit with F i conducting F2 is cut off and F 3 is acting as a cathode
follower. The plate of Fa is at Epp while that of F 3 is somewhat negative.
The spot is therefore deflected off the left-hand edge of the CRT. The
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sweep rises until Vz starts to conduct. As the cathodes rise the current

is increased in Vz and decreased in F3 causing the spot to sweep across the

CRT. Eventually V3 will be cut off and the sweep will continue to rise to

the available supply potential. Pentodes are used because their gain and
cutoff characteristics are nearly independent of the plate-supply voltage

which varies with the potentiometer setting. A fixed screen supply is

obtained by means of a gaseous voltage-regulator tube. The advantage of

this display is that the errors of the CRT are further reducedby the increase

of sweep speed that causes a given distance on the tube face to represent a

shorter time. With sufficient amplification the onus for the stability

rests wholly with the electrical amplitude selector. An alternative

method of generating expanded sweeps of this type is to initiate the sweep
from a delayed trigger obtained from an accurate time modulator.

7*22. Movable Electronic Marks.—Time-modulation devices are

frequently used to provide accurately movable electronic indices for

dial

Fig. 7’35.—Use of variable-width rectangle generator to produce time-modulated tracking
index.

tracking the video signal. One of the simplest methods used is the com-
parison of the time of occurrence of the signal with that of the edge of a
variable-width rectangular pulse. An accurate variable-width rectangle
is generated directly in the phantastron, sanatron, and cathode-coupled
multivibrator. This waveform is added to the video signal and both are
applied to the vertical deflection system of a type A oscilloscope as
shown in Figs. 7*35 and 7’36. The width of the rectangle is varied until
the edge of the rectangle merges with the desired signal as shown in
Fig. 7*5
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It is possibl© to use a single linear-sawtooth generator to produce the
sweep, the tracking index, and the intensity gate. The type M indicator
of the Falcon radar, AN/APG-13A, is an example of this type of ^device.

This is a radar used for the purpose of measuring the range of fairly well-
isolated targets on the surface of the water. The range information is

applied to an optical sight that corrects the aim of an aii*borne cannon
to allow for the drop of the projectile during its flight.

As shown in the block diagram, Fig. 7 '37, the transmitter produces
|-/isec pulses at a PRF of 1200 cps. High-level pulses plate-modulate the
lighthouse-tube transmitter producing f-/isec pulses at 2500-Mc/sec
energy with a pulse power of 1 to 2 kw.

The transmitter also produces a 100-volt negative pulse that starts the
sawtooth generator in the indicator, as shown in Fig. 7-38. The saw-

Trigger
pulse

Intensity
gate

Sweep
sawtooth

Variable
width
rectangle

Rectangle
added to

video
signal

Fia. 7-36.—Timing diagram of indicator using variable-width rectangle for time
measurement.

tooth is paraphased and the push-pull output is applied to the hori-
zontal deflecting plates of the CRT. Since the sawtooth generator is

self-sustaining, a rectangular pulse which is used to brighten the trace on
the CRT and to gate the fixed range-mark generator is produced by the
sustaining circuit. The range-tracking step is produced by an ampli-
tude-sleection circuit that selects, amplifies, and limits a portion of
the sawtooth wave to form a rectangular step. This is mixed with the
output of the receiver and applied through a push-pull amplifier to the
vertical deflecting system.

A potentiometer on the gun sight provides the reference voltage of the
amplitude comparator and thereby determines the instant at which the
rectangular step occurs. The potentiometer is turned through a gear-
reduction unit by means of a flexible shaft driven by a hand crank. Since
the potentiometer and sweep are both linear, a linear variation of range
with shaft angle is produced. This range can be read on a dial but is used
mainly to turn a cam which deflects a mirror, which in turn deflects the
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Pulsed ^ Cathode
oscillator Peaker

follower

Indicator
(

ID-93/APG-I3AI

Reflector.

Ball istic cam

Potentiometer ^
^^Flexible shaft/Pt 'r

I
^|Hand crank

Flo. 7’37.—AN/APG-13A radar systera.
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line of sight for aiming the cannon. The cam is cut with a ballistic func-
tion to give the correct superelevation to the gun.

7-23. Detailed Circuit Description of Falcon.—A complete circuit

diagram of the Falcon indicator is shown in Fig. 7-39. A positive-feed-
back linear-sawtooth generator (Vol. 19, Chap. 7) is formed by V^V^a,
and V3o. The plate of F

i

6 clamped at about -j-

1

volt and the sweep is

started when plate current is cut off by the trigger introduced through Ci.

A positive step is produced across of amplitude Eib 16

volts. This step overcomes the fixed bias on the grid of V^a causing the

Trigger
pulse

Sawtooth

Selected
portion of
sawtooth

u

Derivative
of selected
portion

Step
after
limiting

Gate

S^mo^ior. \/\I\/\/\/\{\/'
Fixed

ma^ks __/\_J\ LU\-J\—IL.
Fio. 7*38.—Timing diagram of Falcon M-scope.

%

plate to fall; The negative amplified step is applied to the grid of Vib
through C2 holding the tube cut off after the termination of the trigger

pulse. Since the charging current for the sweep condensers C3 andC4

flows through jRi the step persists as long as the sweep continues. The
positive feedback from the cathode follower Vsa through Cs to the positive

end of R2 serves to keep the voltage across R2 nearly constant and hence
the sweep nearly linear. Further compensation is introduced by the

network C4 , Rs so that the sweep is linear from -1-17 to +280 volts within

± 0.2 per cent (see Chap. 5). When the sweep has reached +280 volts

the grid bias on Vsa will have reached —0.5 volt so that grid current will

commence and the sawtooth will become slower and exponential. Even-
tually the charging current in C3 and C4 will have decreased sufficiently
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to cut off Vla so that its plate rises again causing V

u

to conduct discharg-

ing Cz and C4 to their original state. The time constant Rs^

is chosen so that the 263 volts of linear sawtooth will cover 36.6 Msec or
6000 yd radar range as given by the formula dE/dt = E^^/RC since Epp
is constant due to feedback.

c =^ ^ = 470 MMf-

The sweep will stop at about 55 Msec or 9000 yd. The control i?4 is

adjusted so that 49 Msec or 8000 yd covers the face of the CRT. With Sx
in the 24,000-yd position the tracking mark is removed and Ce switched in

to give a 150-Msec or 24,000-yd trace across the CRT. Part of the nega-
tive rectangular pulse on the plate of Pi is applied to the CRT cathode to
turn on the beam during the sweep time. The sweep from 2^4 is applied
to Z>2 of the CRT through C7. It is also applied to the grid of Vsb through
Rz and €%. Feedback through 22 e reduces the gain of Vzb to unity. Bias
is provided by the resistance network 2? 7, R^, and 229. This path also
divides the signal applied to the grid of Vzh by an amount approximately
equal to its gain so that only a small correction need be applied via Cg.

This network keeps the biasing condition on Vzh nearly constant and
independent of duty ratio since negligible voltage is built up across Cg.

The output wave from Vzb is exactly the inverse of that appearing on 2>2 of

the CRT. It is applied to Dx through to give push-pull deflection.
The diodes Via and V are d-c restorers and prevent the shift in horizontal
centering which would otherwise occur when the PRF changes or Si is

thrown. A dual potentiometer 2tio is used to derive the centering volt-
ages. The potentials applied to the two d-c restorers change in opposite
directions when the control is moved. This produces a deflection of the
trace and still keeps the mean potential of the deflecting system constant
so that correct focus is maintained.

The video amplifier Vz is directly coupled to the vertical deflecting
system (Dg and D 4) and produces push-pull output by virtue of the large,
common cathode resistor 22ii when signals are applied to either grid.
Vertical centering adjustment is obtained by 22 12 which inserts a differ-

ential bias between the two grids keeping the common cathode current
constant. This produces a vertical displacement of the trace without
altering the mean potential of the deflecting system. Each half of Vg
draws 12.5 ma and produces a cathode voltage of -|-100 and a plate volt-
age of approximately -1-256 volts. Each plate resistor has a mean
voltage drop of 94 volts. By reference to the published tube curves
of the 6SN7 using a 7.5-k load line starting at -f-250 volts it is evident that
120 volts of deflecting potential are available from each tube and that
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the differential gain between plates will be approximately 11. Since a

large video deflection (^2 in.) is desired a push-pull video amplifier is

necessary to prevent defocusing of the trace near the limits of deflec-

tion. The time constant of the video amplifier is given approxi-

mately by [Cj,p(4At/xf) -h 2 X capacity between deflecting plates {lOixfxi)

-b strays (10 jujuf)] X k) = 2.5 X lO-^ sec. The time of rise

to 90 per cent ^ SRC = 0.75 /xsec which is barely adecjuate for the

0.75-/isec pulse. (It is assumed that the grids are driven from a low-

impedance source and that their motion is negligible.)

The section of the sawtooth producing the tracking step is selected by
the diode 1^26 which is biased by means of the 50-k range potentiometer at

/i. The plate of the diode is supplied from the cathode of V^a I’ather

+.Vifl.r> the grid. This introduces an additional uncertain potential in

series with the clamped plate voltage of Vtb and the emission potential of

the diode but it cannot be avoided since the loading imposed by iSis in

parallel with (iSie 4- I/vCiqY would terminate the sweep on the CRT
shortly after the appearance of the step. The selected portion of the
sawtooth is “differentiated” by the S-jusec time constant The
drop across during the rise of the selected sawtooth will be approxi-

mately Er = RC dv/dt = 3 X 10~^
37^:^^10-^^sec

volts. Since Fc

has approximately 3 volts of grid bias it is driven rapidly into the grid-

current region so that the plate drops abruptly cutting off V66. The cur-
rent in the plate resistor is cut off rapidly producing a step on the grid of
the video amplifier Fsa. The speed with which the step rises is limited
by the 0.25-jusec time constant of the video amplifier which is slower than
the rest of the circuit. Unfortunately the early portion of the sawtooth
is also differentiated by the 4-Atpf plate-to-cathode capacitance of F26
before it conducts. This produces a step of

i?C^ = 3 X 10‘ X 4 X 10-1^ X^ X = 0.8 volts

at the grid of Fea- As the over-all gain is 6 X 0.6 X 11 « 40 a step of
32 volts would appear between Dz and D4. Also the initial step of 16
volts at the start of the sawtooth would be nearly unattenuated, driving
the video amplifier to saturation. A neutralizing condenser Cn differ-
entiates the whole sawtooth and applies it to the grid of F66 in opposite
phase to the amplified signal due to the diode. The values of Cn and the
mixing network are chosen experimentally to neutralize the effect
of the diode capacity. It is not practical to calculate these values as
their magnitudes depend upon the stray capacitance of the wiring. The
step amplitude is given by

(Jp of Feb) X Rn X (Gain of Fg) = 14 ma X 470 ohms X 11 * 72 volts,
1 This notation is explained in Vol. 19, Chap. 2.
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The CKT has- a vertical-platc deflection sensitivity of 132 volts/in. at a
voltage of —1800. It will be apparent that the total deflection is,

therefore,

72 volts X 1 in.

132 volts
0.55 in.

The system is normaUz<Hl by the ‘V.ero” potentiometer /ih-. which
adjusts the poticntial aft tlie negativ't* end of the range potemtiometer
and by the "slope” i^otentiometer which adjusts the current through
it. The zero potentiometer removes resistam^e from the top of tlic resist-
ance network while atlding it at th(‘ bottom so that the current in tlie

resistance network is unchang<‘d. Thus an adjustment of the ztsro does
not change the slope, 'llie slope cont.rol will c,hange the total current
although using -f R'n as a potemtiometer re<lu<!(*s the eff<‘ct. Idiere-
fore the zero control will have to be readjust(^d every time the slope
control is changed.

Fixed range marks ai'o provided by tlie pulsed oscillator. Normally
12.5 ma is flowing through the switch tulie Via and tlie tuned circuit,
being limited by d lie cuirreMt is rapidly cut off by tlie negative gate
from Via. The peak voltage of the first half cycle developed by the
tuned circuit is given by

V « 12.5 X 10 * amp X 2 X T.2'x'lTF'8h^^^^^^^^

8^X~I()--^
21 volts.

The feedback tube supplies a negative resistance that is adjusted by
Rss to neutralize tlie damping due to the resistance of tlie coil and R 24 ,

so maintaining the initial amplitude. The signal applied to the grid of
Via consists of negative half (vycles since the positive excMirsions of the
sinusoid are limited l>y grid current drawn tlirough ’’I'lie value of

33^ k was chosen to lie large compared to the diode impedainte of the
grid (as 500 ohms) but small enmigh to introduce negligible time deday
when shunted by the tube ini>ut capu(;itanc.e. On positive half ey<d(^s
12.5 ma flows through Fh« being liniitcHl liy R-m,. The eurrtmt is abruptly
reduced at the start of the negative excursion of the sinusoid prodinung
an overdamped ose,illation in Li which is tuned by stray cajiiKutance.
These pulses are aliout f ^tsee wide at one-half amjilitude and are roughly
®y^^meti ical. I. he esathode follower appli(\s tlu‘ pulses to the grid of
the video amplifier. The cathode follower has negligible effecst on the
video since it is biased near (uitoff and the video input is positive. The
amplitude of the range marks is adjusted by changing the bias of
by means of Unfortunately moving this control produces a variable
delay in the start of the range marks since it changes the portion of the
mark selected. ’ The condenser C 13 is made very large so that the average

^ Better results would be obtained if the tube was iilways (conduct iiip; slightly and
was inserted across L\ as a variable shunt-
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plate voltage of Vza changes negligibly during the time the pulsed oscil-

lator is operating- If it were small the plate voltage and hence the
pulse current would increase causing an increase in the amplitude of

successive marker pulses. The tuned circuit is ruggedly made and
temperature-compensated. The leads to the associated tubes are made
as short and direct as possible. A change of 5 /x/xf in the self-capacitance

of 1^7 or in the stray capacitance (an extreme value) would produce a
change of (-y/SOS — \/800)/-\/860 = 0.3 per cent in the oscillator

period. This is the same order of magnitude as the expected change
in the delay circuit with tube and wiring changes so that the fixed range-
mark circuit cannot be considered to be a primary standard; it must be
initially calibrated against a crystal-controlled circuit. The output
pulses from the oscillator are brought into coincidence on successive

cycles of the circular-sweep oscilloscope—^for example, the TS-IOO/AP
(see Vol. 21, Chap. 18). It is possible then to calibrate accurately this

step.

It has been found by experiment that the properly spaced marks have
a fixed error with respect to true radar range. This error is mainly
introduced by the transmitter and receiver delays (see Chap. 3). It is

removed by adding the magnitude of the error to the reading on the sight
dial when setting the step on the 1000-yd mark during zero adjustment.

The power supplies used are unregulated as nearly perfect compensa-
tion is obtained for changes in line voltage. The voltage across the
range potentiometer increases in direct proportion to the change in the
slope of the sawtooth so that no slope error is introduced. The change in

emission potential of the sweep-clamp and pickoff diode are in opposite
directions and tend to cancel.^ As all the tubes that draw heavy current
are triodes and as grid bias is supplied from a series resistor in the negative
lead of the power supply the change in grid bias just compensates the
change in Ej,p. The result is a change of less than 10 yd indicated range
over a range of line voltage of 100 to 130 volts. The change in sweep
length is also compensated by a corresponding change in deflection sensi-
tivity of the CRT since the CRT supply voltage changes in direct propor-
tion to line voltage. However, the trace length will change somewhat
with the waveform of the a-c supply since the CRT supply has a con-
denser input filter and hence its d-c level is proportional to the peak of the
input wave while Epp is supplied from a choke-input filter so that it will be
proportional to the average value of the input wave.

The range of pulse recurrence frequencies is from 20 to 1400 cps and
negligible changes are produced in the functioning of the circuit. Above
1400 cps the sweep and gate circuit will divide frequency, because Cz and

will not have time to discharge and because Cs will not have time to
^ Unfortunately the drift due to change in gm of Vsa with Eh and Epp is uncompen-

sated but its effects are small, as the performance data ghbw.
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recharge through i?4 + R’li, Vza being cut oif during this time. The extra
charge in C4 due to the linearizing resistor Rz will not have time to leak of?

completely.

Performance .—The performance of the system is indicated by the fol-

lowing data:

A. Linearity of delay + 0.2 per cent limiting error

B. Maximum change in indicated range (6000-yd scale)

1. Line voltage changed 100 to 130 volts. AR < 10 yd
2. Tubes changed in time modulator AR ± 60 yd

C. Peak tracking errors of average operator on well-defined target

1- Stationary resetability ± 5 to 10 yd
2. Steadily moving target (200 mph) ± 15 to 30 yd

7*24. A/R-scope.— delayable expanded A-sweep, commonly known
as an R-sweep is often used when it is necessary to measure the range of a
moving signal with an accuracy greater than that obtainable on a full-

range display. It may also be used to examine critically the amplitude
and shape of a delayed signal. As mentioned previously it is possible to
produce such a sweep by amplifying a portion of a slow time base.

Instead of selecting a portion of a linear sawtooth covering the entire

range of modulation, some circuits employ amplitude comparison to gen-
erate a movable pulse and then initiate a delayed fast sweep with this

time-modulated pulse. The Dumont 256-B A/R Oscilloscope^ is an
example of this type of device. It was originally designed as a precision

ranging attachment for the SCIl-582 search radar but is now more gen-
erally used as a precision test and calibrating device.

As shown in the block diagram Fig. 7*40 either an internal or an
external trigger may be used. The internal trigger is derivied from a
81.94-kc/sec crystal oscillator- The output of the oscillator is peaked to

produce 2000-yd range marks. These marks are also used to synchronize

a blocking oscillator that divides by 5 to produce 10,000-yd marks. By
suitable switching the marks may be applied, separately or mixed, to

the CRT as deflection or intensity modulation along with the video. A
further blocking oscillator divides the 10,000-yd marks to an adjustable

PRF. As only simple division ratios are possible the PRF will vary in

steps that are simple fractions of 16.4 kc/sec as the control is moved.
Since a large division ratio is used (the PRF is adjustable from 80 to

2000 cps) the divider cannot be expected to count stably but may skip

from one submultiple of 16.4 kc/sec to another. A coincidence between
the divider pulse and one of the 2000-yd marks forms the actual trigger.

The internal trigger generator therefore forms a series of very accurate

range marks that are accurately locked in phase with a trigger of adjusta-

1 A commercial model of this instrument is now available from the Allen B.

Dumont Laboratories.
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Fig.
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ble PRF. The trigger and range marks are also available externally for

synchronizing and calibrating other devices.

The internally or externally generated trigger is applied to the wide-
gate multivibrator that is adjustable to cover the full range of 20,000 to
200,000 yd. The rectangular pulse from this multivibrator initiates the
delay sawtooth that is formed in a “bootstrap ” sawtooth generator. The
sawtooth is picked off by an amplitude selector, is amplified, and triggers

the 4000-yd R-gate blocking oscillator. This gate is available externally

as an accurately delayed pulse and is also used to produce a bright mark
or strobe on the A-sweep to facilitate in setting the R-sweep on a signal.

The push-pull sweep for the CRT is generated by another bootstrap
sawtooth generator followed by a paraphase inverter. The time-base
sawtooth is initiated and terminated by the wide gate when on the

A-sweeps and by the R-gate when on the R-sweep. A-sweeps of 20,000,

200,000, and 400,000 yd and R-sweeps of 800, 2000, and 4000 yd are

available. Part of the rectangular pulse generated by the A- or R-gate
is used to intensify the CRT beam during the sweep.

A 3-stage video amplifier is included which has a rise or fall time of

0.08 Msec and a 10 per cent drop at the end of a rectangular pulse of

1000-MSec duration. An attenuator is provided which gives a deflection

of -f- in. for 0.2, 0.6, 2.0, 6.0, and 20 volts input. (For complete specifica-

tions of this oscilloscope see Vol. 21, Chap. 18.)

Where used in conjunction with a radar set the R-gate or strobe is

used to intensity-modulate the PPI producing an illuminated band which
can be readily set on a selected signal. This signal will then appear on the
Ft-display for critical examination.

As the A/R-scope has been normally used, measurement of the delay
of the signal with respect to the trigger is made by setting the edge of the

signal at the very beginning of the R-sweep. This method is not entirely

satisfactory since the early part of the signal is not visible. If the video
pulse is complex a view of the early part is most desirable when making a
setting. An alternative method consists of placing a ruled grid or ink
mark on the CRT and adjusting the delay with respect to this mark. The
stability of this method is not very good since the horizontal centering

may be changed by accident or by changes in PRF or line voltage since

no d-c restoration or voltage stabilization is provided. A better method
of measurement would be obtained if the R-gate were delayed 3 or 4 mscc
t>y means of a delay network and applied to the free vertical plate of the
CRT. The leading edge of the gate would then appear as a step on the
trace which could then be used for setting by juxtaposition.

The slope adjustment of the delay circuit may readily be made by
reference to the crystal-controlled markers. If the radar system is trig-

gered from the A/R-scope a 4-Msec delay line can be inserted into the
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trigger lead to make the transmitted pulse appear on the sweep. If

the system supplies the trigger pulse, the delay line may be inserted in the
video lead to delay the video until the timing circuits have started. By
this means the zero delays of the radar system and the nonlinearity at

minimum range may be calibrated out.’^

Detailed Circuit Description of the A/R-scope.—

A

complete circuit

diagram is shown in Fig. 7*41. A conventional triode crystal oscillator

V^h is operated biased in the Class C region so that pulses appear in the
plate circuit. These pulses are separated from the sine wave appearing in

the plate circuit by means of the transformer Tz that has an inductance

that is small compared to that of the resonant circuit LxCiz. The other

two windings in the transformer are used as a blocking oscillator in con-

junction with Foa- Positive 2000-yd marks of about 60 volts amplitude
and 1-iUsec duration are produced across the 68-ohm cathode resistor.

These marks are used to synchronize the 10,000-yd-mark generator V loa,

which is a cathode-feedback blocking oscillator. The cathode-feedback

type appears to be more stable than the conventional type (see Vol. 19,

Chap. 6) . The positive output from the 33-ohm cathode resistor is used
to synchronize the trigger-divider blocking oscillator V io6. This is of the

grid-plate-cathode-coupled variety since it was found that pulses of

sufficient duration could only be generated by this connection (see Vol.

19, Chap. 6). A negative 15- to 20-Msec pulse is obtained from the

220-ohm resistor in series with the plate and is applied to the cathode of

the trigger amplifier (time selector) Vna. This pulse alone is not sufficient

to permit plate current to flow. Positive 2000-yd marks from the cathode
of Vga are applied to the grid. The first mark appearing during the

cathode pulse is selected and applied to the blocking oscillator V
The output of Viib is decoupled from the output circuit by the cathode-

follower-phase-inverter Vsb that produces positive and negative triggers

of about 100-volt amplitude and 1-Atsec duration.

The division ratios of the dividers are adjusted by the potentiometers

i?Bo and Rzr which form part of the grid time constants of the blocking

oscillators. 7? so is factory-preset while Rq7 is controlled from the front

panel to produce PRF’s from 80 to 400 pps when the 200,000-yd delay
is used and from 80 to 2000 pps when the 20,000-yd delay is in use.

Positive and negative range marks are both produced by the 2000-yd
and 10,000-yd blocking oscillators and are selected by for application

to an external circuit and to the cathode of the CRT. When the positive

2000-yd marks are switched on, the 10,000-yd marks appear as negative

overshoots on every fifth mark. This is due to back coupling through C46 -

^ A suitable delay line in the General Electric type yE4B which in lengths of less

than 4 ;usec produces negligible distortion of signals produced by receivers of less than
2 Mc/sec. video bandwidth. (See Vol. 17, Chap. 6 and Vol. 19, Chap. 22).
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The first 10,000-yd mark appears at 8000 yd, the next at 18,000, etc.

This is due to the fact that the trigger selector is synchronized by a

10,000-yd mark while the trigger is formed from the next 2000-yd mark.

When an external trigger is used, the trigger amplifier must be sup-

plied with a sufficiently large positive pulse on its grid or negative pulse

on its cathode to fire the blocking oscillator Vii&. The trigger mxist also

rise steeply enough to induce sufficient voltage in the small inductance

of Te to initiate regeneration. An amplitude of 15 volts with a rate of

rise not less than 100 volts/jasec. is the minimum permitted for stable

operation.

The wide-gate generator Ti is a conventional monostable multivi-

brator with plate-to-grid coupling. This type of multivibrator was
chosen because it is stable, is capable of rapid recovery, and gives a large

negative rectangle with a fast leading edge to insure rapid cutoff of the
sawtooth clamp Vza- The wide gate is initiated by a negative trigger

having a steep fall and a slow recovery from the grid time-constant circuit

of yii6. This trigger is coupled via C& and insures reliable operation since
the tail of the pulse rises too slowly in turn off the multivibrator. The
“bootstrap’' sawtooth generator {Vza, Vza, V'ss, 1^4) producing the delay
sawtooth uses a carefully temperature-compensated sweep zietwork with
manganin resistors and a combination of silver mica and negative-tem-
perature coefficient condensers. A compensating network is used to
make up for the lack of gain of F36 and the loss of charge in (7 21
during the sweep. A resistor iSn is provided in the plate circuit of
the clamp tube Vso to adjust the quiescent voltage on the grid of the’;

cathode follower Tab so that this tube does not cut off during the rticharg-
ing of (721. Restoring diodes F4 are connected across the sweep-
compensating resistors i2ie and Rxz to stabilize the voltage between
the condensers and increase the permissible duty ratio. The ampli-
tude selector y26 is a diode biased by the range potentiometer. Although
the same potentiometer is used on both range scales separate zero anti
slope controls are provided for each range. They are factory-preset
and very rarely need adjustment although they should be checketl
if F2 or Fa is changed. The selected portion of the sawtooth is differ-
entiated, amplified, and limited by Fs and Fob and applied to the block-
ing-oscillator R-gate generator, Fea. Like the trigger divider, thi.s
blocking oscillator uses a transformer Tz with grid, plate, and cathodes
windings since it must produce a 4000-yd pulse and yet use a transr
former capable of giving reasonable rates of rise. When an undelayed
expanded sweep is desired, the R-gate blocking oscillator can be trig-
gered ^ectly from the trigger input through Sz. A positive gate i«
applied to the grid of the CRT through Sxq from the positive-going plate
of the wide-gate generator or from the cathode of the R-gate blocking;
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oscillator. The negative pulse from the blocking oscillator Feo is used to
cut off the sweep clamp F76 and to produce the negative marking pulse
(strobe) on the A-sweep or external PPI. The sweep generator is similar
to the delay-sawtooth generator except that special provisions have not
been made to insure accurate level setting and good linearity. The com-
pensating network has been omitted and the recharging diode has been
replaced by a resistor Rzs- As a result the sweep speed will change with
duty ratio but the effect is unimportant since the accuracy of measure-
ment does not depend directly upon the speed of the CRT trace. The
grid of the paraphase inverter Fia is supplied by a signal from the sweep
generator through (74 1 and feedback is supplied through (742 to hold the
gain exactly equal to unity. Rias is supplied through a resistive divider
that passes the low-frequency components of the sweep waveform since
it has a d-c attenuation approximately equal to the gain of the tube.

Fideo is applied directly to one of the CRT deflecting plates or through
the video amplifier depending upon the position of /Sg. The video attenu-
ator is switched by means of and is of the resistance-capacity type so
that its characteristics are independent of frequency. It presents a
nearly constant load of approximately 1 megohm. Video input may be

through a properly terminated cable of any length without
impairing the frequency response. If the cable is not terminated it must
be used in conjunction with a capacity-divider probe or must be an open
wire line. The amplifier is conventional, using shunt compensation in
the first and second stages and series-shunt compensation in the output.
The frequency response is flat from about 100 cps to several megacycles.
It is down 3 db at 7 Mc/sec and 6 db at 10 Mc/sec. Bias for the video
amplifier is obtained from part of the CRT-supply divider.

Since the timing circuits are self-compensating for changes in supply
voltage, unregulated power supplies are used. The indicated range varies
less than 0. 1 per cent of full scale for a ± 10 per cent change in supply
voltage. As bleeder bias is used in all circuits but the video amplifier
some economy in power consumption might be brought about by the use
of a negative supply.

The sawtooth delay circuit will operate with less than 0.1 per cent
change in indicated range up to about a 50 per cent duty ratio after which
errors appear since Cq, the sweep network, and Cn, do not have suffi-
cient time to discharge. When the internal PRF generator is used, thte
duty ratio is limited to a safe value. On external triggers when duty
ratio becomes greater than about 90 per cent the wide-gate multivibrator
divides the frequency. This is particularly convenient as it permits the
viewing of the next trigger pulse on the 400,000-yd sweep.

Accuracy .—A pulse rising in 0.5 /xsec may be reset at the start of the
800-yd delayed sweep within ± 10 yd. The delay circuits are linear to
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within ±0.1 per cent of the total delay and the zero point is stable to

within ±0.1 per cent of total delay for several days after calibration in

spite of line voltage changes of ± 10 per cent. For accurate following of

moving targets the range control should be operated by the aided or

regenerative methods.
7*25. A-scope Presentation Used in British CMH System.—This

device produces a normal type A presentation covering 40 miles on the

CRT. 1 The display, however, contains a continuously variable expanded

portion that covers about two tenths of the tube face and has a duration of

about 4 jusec. In the center of the expanded portion is an accurate range

mark consisting of a notch of 2-/zsec duration having a leading edge with a

fall of 0.2 )usec. The signal is matched with the leading edge of the notch

by juxtaposition. The expanded sweep and notch are moved continu-

ously by means of a two-scale range circuit having an accuracy of about

± 15 yd.

The system is externally synchronized, and the timing waveform is

obtained by use of a pulsed crystal oscillator and phase shifter so that

external calibration is unnecessary.

Circuit Description of CMH A-scope .—Referring to Fig. 7*42, a posi-

tive trigger is amplified by Vz cutting off the sweep clamp tube Fs- The
screen circuit of Fe and F4 form a multivibrator that holds Fs cut off for

the duration of the sweep. Condenser Ci recharges through and
causes Fs to conduct after a time equivalent to 40,000 yd, cutting off

F4 and returning the multivibrator to its initial condition. The time

constant RzCz is long enough to hold F4 off during the waiting period

associated with any expected PRF.
Initially when Fs is bottomed, Fe is drawing current through F5 and

through the range potentiometer from the -1-1.2-kv supply. When F5
is cut off the cathode degeneration in Fe causes it to draw constant cur-

rent charging C at a constant rate and producing a linear sawtooth. The
impedance presented by the cathode circuit Fe is about 50 megohms.
Only 100 volts of sweep is used before Fs is again switched on. This
sweep is accurately linear but of small amplitude compared with current

practice, since it must be stable to within better than 1 part in 120 (120

cycles of the oscillator represent full range). The bottoming of Fs may
vary ±0.6 volt (1 part in 200) with age and heater variation which leaves

a very narrow margin of safety.

The sweep is amplified by F? and Fg, applied to one horizontal plate

of the CRT, and gives the slow sweep. The sweep amplitude is stabil-

ized by cathode degeneration in F7 and Fg. The 300-/i)Ltf condenser in the
cathode of Fs is used to compensate stray capacities in the anode circuit

1 A Pulsed Crystal Oscillator Circuit for Radar Ranging J. D. Mynall, I.E.E.
Convention Paper, March, 1946.
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permitting rapid starting of the sweep. Part ol the screen pulse of Vs
is used to intensify the trace on the CRT.

The start of the expanded portion of the sweep is determined by the

amplitude selector Fg, Fio- This is a differential amplifier having a very
large cathode resistor drawing current from the — 5-kv CRT supply.

Thus the two tubes are supplied from a nearly constant-current source

and the current drawn by each tube is dependent only on the difference

between their grid potentials and not upon the common level of both
grids. The output of the range potentiometer is applied to the grid of

Fio while the sawtooth from Fe is added to square waves derived from the

output of the phase shifter in the fine scale and the sum is applied to the

grid of F9. When the voltage on the grid of Fo becomes nearly equal to

that of the grid of Fio current shifts from Fio to Fo. This action is

speeded by condenser coupling from the plate of Fo to the grid of Fio

causing the two tubes to behave as a cathode-coupled multivibrator.

The positive step on the plate of Fio causes Fn to conduct, cutting off the

fast-sweep clamp F12. The plate potential of Fi2 rises exponentially

toward +1.2 kv and is caught by F13 after rising to •+250 volts. This

250-volt sawtooth is applied to the other horizontal plate of the CRT caus-

ing the rapid sweep. To assist in target selection the sweep may be
slowed by a factor of 10 by depressing a push button which inserts an
additional capacitor in the sweep circuit.

Considering now the generation of the timing wave for the fine scale,

part of the negative gate produced in the plate circuit of F4 is applied to

the grid of F14. Cutting off F14 produces a transient in the ci\ystal driv-

ing transformer. The transient excites the crystal wliich oscillates at

279.43 kc/sec or 3 cycles per mile. The oscillations of the crystal are

amplified by Fis, the initiating transient being ba.lan(^ed otit by apply-
ing an adjustable portion of it to the grid of F ir> in opposite phase. At the

end of 120 oscillations the gate pulse ends causing F14 to conduct and
closing the negative-feedback path from Fid back to F14. Tlie negative
feedback stops the crystal after several cycles. The pulsed oscillations in

Fi6 are amplified by Fi6 which produces a current in the transformer
proportional to the voltage on its grid since it ha.s cathode degeneration.
The output of the transformer drives the stator windings of the goniometer
through phase-splitting networks. Since the goniometer is inductive,
resistance is inserted in series with one stator coil to i^roduce a 45° lag-

ging current. Enough resistance and capacitance is inserted in series

with the other coil to produce a 45° leading current. Thus the two fields

are in quadrature. The transient response is sufficiently good that
steady-state conditions are reached well within the minimum range (3

cycles)

.

The goniometer is geared to the coarse range potentiometer with a 144
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to 1 ratio so that the waye train from the goniometer and the picked-off

sawtooth voltage advance in synchronism as the range handwheel is

turned. The sinusoidal output of Vxi is converted to a square wave on

the grid of V19 by the limiting action of grid current in V19 and the diode

Ti8 . The waveform at the cathode of Tig is added to the coarse range

sawtooth waveform and the combined waveform used to, actuate the

amplitude selector Fg, Fio. Tubes F19 and F20 form a parallel coinci-

dence circuit (time selector). The step produced by Fg, Fio is amplified

by Fii and shock-excites a critically damped tuned circuit in the grid

circuit of F20 -' This pulse is timed to select the ensuing negative half cycle

on the grid of Fig when current is cut off in both Fig and F20 causing the

plate potential to rise until caught by the diode F21 . This pulse is

inverted by F22 and forms the range “notch” on the CRT. It is also

used as a gate for the angle-following circuits.

Modification including sine-wave tracking .—Since it was not possible

to obtain coarse range potentiometers of sufficient accuracy during the

early part of the War the sine-wave tracking circuit shown in Fig 7-43

was adopted for the production equipment. (For a complete discussion of

sine-wave tracking see Chap. 6.) The positive range mark from the

cathode of F22 is apphed to the anode of the time discriminator Fe. The
step produced in the plate circuit of Fn shock-excites a tuned circuit in the

grid of Fs producing a 4-/xsec negative pulse. The positive overshoot of

this pulse permits plate current to flow if the marker is applied simul-

taneously to the plate circuit. The rectified current resulting from the

overlap of these pulses is applied to the Miller integrator F? through a
phase-advance network. The output of F7 is then applied to the grid of

F10 in place of the output of the coarse range potentiometer. The feed-

back loop then holds this voltage so that the two pulses partially overlap.

The sawtooth pulse is synchronized with the desired cycle of the phase
shifter by cranking to zero range, when a switch automatically operates to

raise the cathode potential of Fg bringing the selector pulse into zero range.

Momentary failure of power which might cause the selector to lock on the

wrong cycle also opens a latching relay which interrupts the CRT supply.

The trace on the CRT can be restored only by cranking to zero range
which resets the range circuit and reapplies the CRT potential.

Although far advanced for its time the equipment does not represent

the best current design practice in that rather excessive potentials are

applied to receiving-type tubes. By use of the present types of sawtooth
generators 160 to 200 volts of accurately linear sawtooth voltage can be
obtained from a 250-volt supply vdthout recourse to -}- 1.2 kv. A diode
amplitude selector would eliminate the use of the — 6-kv supply for any-
thing but the CRT. The type A presentation with an expanded section is

somewhat confusing to use and separate A- and R-traces would be prefer-
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able. These may be obtained on separate’CRT’s, or on a single CRT, by
using electronic switching or a double-gun tube.

7«26. Systems tTsing a J-scope with a PPI or B-scope.—Several sys-

tems have been developed which use a J-scope with a movable mechanical
mark for accurate following and a B-scope or PPI to give angular informa-
tion and to present the full range scale. The J-scope gate is used to

produce an illuminated band on the full range display to permit target

acquisition. These systems are distinguished for their electrical simplic-

ity and reliability. A typical example is provided by the indicator circuit

of the Hand Radar Set. (See Sec. 2T6.)
The indicator circuits of this equipment are shown in Fig 7-44. The

timing standard is a crystal oscillator Via using a reactive load (Z/i, Ci) in

the cathode circuit which maintains oscillation over a wide range of adjust-

ment of the plate-tuned circuit. The tuning of the plate circuit adjusts

the diameter of the circle on the J-scope. The secondaries of the plate

transformer Ti are much less than critically coupled to the primary and
timed to obtain quadrature voltage for the CRT deflecting plates.

Since the oscillator operates in Class C, pulses of plate current appear
in the primary of the pulse transformer T2 . The other two windings of

the transformer in conjunction with Vih form a blocking oscillator which
divides the original 81.94 kc by five and produces 10,000-yd range marks.
The plate waveform of Vih is used to synchronize the PRF divider block-

ing oscillator V20 - This divider counts down to an adjustable PRF in the
neighborhood of 400 pps. Unlike the A/R-scope the output of this

divider is used directly to form the trigger for the system. Since no
trigger selection circuit is used the trigger may drift phase ± ^ ^sec with
respect to the circular sweep if the divider adjustments, Ri and are

changed. The cathode follower is used to prevent loading of the
blocking oscillator.

The trigger from is used to key the radar transmitter and to

initiate the wide gate produced by the cathode-coupled multivibrator
Vi. The negative-going rectangle produced by this multivibrator is

used to initiate and to terminate the 50,000-yd linear sweep for the
B-scope. This sweep is produced by cutting off plate current in Vqu
which interrupts the current in Lz which is tuned by Cz and C3 . The
sweep consists of a small portion of the damped oscillation produced
by this circuit and is quite linear. (For discussion of the LCR-sweep see
Vol. 19, Chap. 7.)

This sweep is applied to one of the vertical plates of the B-scope Fo
and is inverted by V66 and applied to the other vertical plate to give sym-
metrical deflection. The capacity divider (C2, C3) is used to attenuate the
sweep by an amount equal to the gain of V b?,. This arrangement is not
so satisfactory as the feedback sweep inverters used in Falcon and the
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A/R-scope since the sweep output will be directly proportional to the

gain of Vdb’ A horizontal sweep proportional to th.e azimuth or eleva-

tion angle of the antenna is supplied to the horizontal plates of F9 from
the potentiometer Rs ox R 4,

via the deflecting amplifier V7. The azimuth
and elevation potentiometers are mounted directly on the antenna axes.

The azimuth potentiometer is driven by a mechanism that causes

it to repeat its reading for each quadrant of azimuth.
Part of the positive-going wave at the plate of P’aa is applied to the

grid of yQ to illuminate the trace. The positive gate is also differentiated

and used to trigger the narrow-gate delay multivibrator V

i

which is also

of the cathode-coupled type. This multivibrator must be triggered from
a pulse of greater duration than its own to avoid being triggered back by
the termination of the trigger pulse. Care has been taken in the design

of the delay multivibrator to secure maximum stability and linearity

of its pulse width as a function of the voltage supplied by the range

potentiometer R^.

The narrow gate that illuminates the J-scope is obtained from the

cathode-coupled multivibrator Vs. This multivibrator is normally

triggered by differentiating the end of the rectangular pulse produced in

the plate circuit of V'4«. The gate is connected to the grid of Vs and should

remain symmetrical about the position of the mechanical cursor within

± ^ circle throughout the tracking range. This means a stability of the

multivibrator y4 of +1 per cent is required. The narrow-gate pulse is

initiated by the rise of the positive wide-gate pulse from the plate of

Vsb when approaching zero range. This is accomplished by throwing

Si. The band marking the position of the narrow gate on the B-scope

is produced by mixing part of the narrow-gate pulse with the wide-gate

pulse in the common plate resistor.

Negative video is applied directly to the radial deflecting electrode of

the J-scope through the condenser Ci and to the cathode of the B-scope
through Cb and the attenuator R 7 ,

Rs, Rq- Mixed 2000- and 1.0,000-yd

range marks are obtained from the common plate resistor of the blocking

oscillators (22 10) through S2 and Ce and mixed with the video across /Jo*

An exploded view of a mechanical tracking system similar to that

used in the HR is shown in Fig. 7’45. A ring gear containing a trans-

parent plastic dial is mounted in front of the J-scope. This gear is driven

through a one-to-one gear by the handwheel which also drives the range

potentiometer Rt through a 25 to 1 gear reduction. The total range is

indicated on a counter geared to the handwheel. The zero and slope

controls Rn and 22 12 are used to adjust the illuminated portion of the

trace so that it is correctly centered with respect to the scribed cursor on
the Plexiglas disk. The microswitch /Si is operated by a cam on the
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60,000-yd-per-turii shaft and sets the gate at zero range when the mini-
mum range of the delay multivibrator is approached.

Several features of the circuit are worthy of note. All tubes used are

of a single type, the 6SN7 dual triode. One type of blocking oscillator

and one type of multivibrator are used to generate all pulses. All neces-

sary adjustments can be made by observation of the J- and B-scopes.

Data output

Fig. 7*46.—Mechanical drive used with J-scope.

An improvement would be a replacement of the coarse scale by a more
stable circuit and the inclusion of time selection of the PRF trigger.

The accuracy of the system can be summarized in the following
manner.

1. The drift in the crystal oscillator frequency should not exceed
±15 cps. This amount would produce an error of ±10 yd
at 50,000 yd.

2. The ±0.25-Msec phase drift in the frequency divider can produce
an error of ± 40 yd.

3. An operator can reset the cursor a 2000-yd circular sweep to
± 10 yd on stationary targets and ± 15 to 20 yd on a target moving
at a constant rate.
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Tracking with Intermittent Data.
7*27. Aided Tracking with Intermittent Data.— very simple device

that moves a range mark on a range-angle display is the ballistic com-
puter, AN/APA-30. Like the AN/APG-13A it is used to deflect a gun-
sight as a function of slant range. It is used as an attachment to the

Fig, 7-46.—Aided-traeking mechanism, AN/APA-30 . (Range circuits.)
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search radar (AN/APS-3, AN/APS-4, or AN/APS-10). The tracking
is done on the indicator furnished with the radar, a B-scope or PPI.
The range line is produced by mixing a -s-jusec-delayed pulse derived
from the tracking device with the radar video. Figures 7*46 and 7*47
show a schematic diagram of the device. A trigger from the radar oper-
ates the self-sustaining linear sawtooth generator, Vi, Fa which
operates in a manner identical with that ofAN/APG-13. A 260-volt saw-
tooth can be produced of which about 200 volts are linear and represent
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10,000 yd. The amplitude-selector diode F36 is biased by the rangepo en lome er which is connected to the aided-tracking mechanism. Theoa g imposed by Ci, and Ri terminates the sweep soon after selcc-

by C differentiated

wIZ, applied to the driver ampli-
wliich fires the blocking oscillator V^b. A positive 0.4-Msec pulse
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i^ofthrShcrtor
overshoot which would cause blank-

^The™ riZ Z «°‘^f®q'ient obscuration of the video signal,ihe gun-sight and control unit are shown in Fig 7-48 Tho i-mo-r.traclung potentiometer is mounted in the gun sight ^d tfrned thro^

Ronge output

(Speed sorvoniochaniHiti.)



*27] AIDED TRACKING WITH INTERMITTENT DATA 249

Fia. 7•480.-Gun-sight ruxit of AN/APA-30.
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large gear reduction by means of a miniature 28-volt permanenVma©net

field motor. Power for the motor is supPed from the full-wave thyratron

grid-controlled rectifier V„ V, (see Fig. 7-47). The thyratrons are

ble of supplying 0.5 amp d-c to the motor. The speed of the motor is

controlled by the grid voltage applied to the thyratrons wtoch changes the

average amount of time during which they conduct. The grid voltage

is suppUed from the d-c ampUfier Fo which is driven by the

between the potential supplied by the rate potentiometer and that

supplied by the two tachometer generators. The velocity feedback loop

operates in the following manner (see also VoL 21, Chap. 14). A voltage

difference between the grids of Ve is produced by the rate potentiometer.
This voltage, when amplified, causes the thyratrons to conduct and enei’-

gizes the motor. The motor drives the feedback generator wdiich pro-
duces an output potential proportional to velocity. When this potential
is nearly equal to that produced by the rate potentiometer, the thyratrons
are cut off, slowing the motor. The motor then runs at such a speed that
the thyratrons are conducting only part of the time. Since the rate
potentiometer and the feedback generator are both linear, the speed is a
linear function of the potentiometer position.

The displacement generator produces a voltage proportional to the
rate of change of the hand-crank displacement. The feedback generator
produces a voltage proportional to the rate of change of the range-shaft
displacement. These two voltages are added algebraically, causing the
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motor to run to hold them equal. The displacement of the range shaft is

therefore proportional to the displacement of the hand crank. The
displacement generator and rate potentiometer are driven by coaxial
knobs which may be ‘‘double-gripped.'’ The ratio of displacement to
rate is chosen to give a time constant of about 2 sec which is the scanning
period of the radar. Thus a correction can be made every scan while
getting on target. To achieve this time constant with reasonably
displacements of the tracking controls, speed of slewing has been sacri-

ficed. A slewing key is provided for easy target acquisition. The key
has three positions with center return. The center position causes
normal operation. The other positions apply 24 volts to the motor caus-
ing it to run inward or outward at full speed. An additional aid to the
operator is the automatic stop switch. When tracking is complete the
motor continues to run until the slide of the potentiometer has passed
over the end of the winding and has brought the mark out again to the
extreme range. At 8000 yd a cam opens a switch, grounding the grids of

the thyratrons and stopping the motor. When the next target
approaches, the operator has only to wait until the target touches the
tracking mark and throw the start switch. The tracking mechanism
starts immediately with nearly the correct displacement and rate.

The design of the equipment is simple and it could easily be modified
to fit other applications in which smooth following and an accuracy of
±0.25 per cent of full scale are desired.

7*28. Two-coordinate Tracking. Ground-Position Indicator .—Often
the target has characteristic, or predictable motion, and a great simplifica-
tion of the difficulties of twoT-coordinate tracking may be achieved by tak-
ing advantage of this information in a regenerative tracking system. For
example, if one is flying in an airplane and it is desired to track an object
located on the ground in two coordinates, for example, north-south and
east-west distances, one can make use of the approximately known north-
south and east-west components of its position which can be obtained
by integrating the components of its instantaneous velocity. This
information is readily available in air-position indicators (for example, the
Bendix Air-position Indicator). This information may then be added
to the output of two aided-tracking mechanisms in order to indicate con-
tinuously the position of a particular object (see Vol. 21 Chap. 7).

In other applications it is desired to stabilize the PPI display against
the motion of the aircraft to give a representation of a stationary ground
with the origin of the sweep representing the moving aircraft instead of
the usual picture which indicates at its center the stationary aircraft with
the earth moving past it. An example of a practical system for accom-
plishing this is shown in Fig. 7*49.

A d-c generator is turned by a Bendix air-mileage unit at a speed
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proportional to true airspeed. The air-speed potential derived from it is

resolved by means of a sine-cosine potentiometer into north-south and
east-west components of air speed. Since the N-S and E-W channels are

identical, only the N-S channel will be described. A manually controlled

potential is added to the N-S component of air speed as a velocity cor-

rection. If the equipment is correctly calibrated this potential repre-

senting the difference between air speed and ground speed is equal to the
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Fig. 7*49.—Simplified GPI used to stop motion of ground on airborne PPI's.

N-S component of wind. The sum of N-S air speed and N-S wind is

then integrated by means of an electromechanical integrator (velocity
servomechanism) to give N-S ground position. The constant of integra-
tion in the form of a fix on some identifiable object is added through a dif-

ferential. The navigator’s fix dials read N-S and E-W distance with
respect to some convenient reference point in the area to be patrolled.
As the plane changes speed or direction, the N-S and E-W components of
ground speed change accordingly, so that if position and wind have been
entered into the computer, the fix dials will read the position of the plane
from the reference point at all times. Position data are taken from poten-



263

O
&
?

0
O
•a
*s
(O

a
o3

bO
cS

’rQ

o
O
s

o
u:5

d
»H



254 MANUAL MEASUREMENTS [Sec. 7-28

tiometers on the outputs of the air-speed integrator. Two sets of poten-
tiometers are provided.

In some cases it may be desirable to stabilize a number of PPI patterns
with respect to different geographical points, and, as the diagram indi-
cates, it is possible for the different PPI’s to have individual constants

Replaces range Replaces azimuth
handwheel handwheel

Fig, 7-51.—Aided-tracking machine suitable for precision B-scopo.

of integration added by means of a pair of potentiometers which will then
refer the displays to particular geographical points. Another set of
potentiometers is driven on the same shaft as the fix dials, and in this way
any recent correction to the navigational data may be added to all the
displays.

The outputs of the potentiometers are amplified, changed to the cor-
rect impedance level, and applied to the horizontal and vertical centering
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controls of the PPI’s. The PPI’s themselves then convert the data back
to polar coordinates by the influence of the deflecting fields upon the spot.

Much higher accuracy may be achieved by avoiding the use of the

cathode-ray tube for conversion from rectangular to polar coordinates,

and systems relying upon the use of electrical resolvers for this purpose
are described in Vol. 21, Part I.

Precision Type B Indicator .—In some radar systems the interval

between successive groups of echoes from the same target may be as great

as 20 or 30 sec. As indicated in Sec. 7-16, it is necessary to provide a
cursor which may be moved to the persistent echo in this interval and
the following circuit satisfies this requirement. This unit is designed to

convert a search radar (SCR682A) into an accurate fire-control device

against surface targets. A block diagram^ is shown in Fig. 7-50 and a
circuit schematic in Fig. 7-51. This device presents an expanded type B
display which is continuously movable in range and azimuth and which
presents a sector 40° in azimuth by 4000 yd in range. After calibration

the accuracies are ±0.3° in azimuth and 0.1 per cent of full scale in

range. Two range scales are available, the short scale from 300 to

20,000 yd and the long scale from 6000 to 200,000 yd. The unit is

triggered externally from the radar system and contains a crystal calibra-

tor for adjusting the range circuits.

As shown in the block diagram the range sweep is triggered from the

phantastron time modulator (main range circuit), which is in turn trig-

gered by the system or by the calibrator. The time of the start of the

sweep is accurately determined by the range helipot itis, which is controlled

by the range handwheel. A range mark is placed on the range sweep by
means of an interpolating time modulator, the “junior” range circuit.

During the PPI scan a 2000-yd index is produced in the middle of the

sweep by the delayed pulse from the junior range circuit, which is then
operating as a fixed 2000-yd delay triggered by the time modulator and
controlled by the potentiometer R^. At this time 2^2 is held at the center

of the winding by a center-return device. The video is switched on to the
cathode of the CRT during a selected 60° azimuth sector. The azimuth
sweep occupies the center 40° of this sector. The echo pattern of the
signals is painted during this time. After the 60° interval the signals are

removed, the azimuth sweep is recentered and a magnetic clutch connects
the correction potentiometer Rz (which was previously centered) to the
range gearing so that the spot which formerly marked the center of the
CRT may be moved across its face and adjusted in coincidence with a
persistent echo. Motion of the handwheel also changes the main range
potentiometer Bs so that the start of the range sweep is shifted by the
same amount of time as the junior delay has been changed. When

‘ See Army Report BC-1365, Indicator-Tracker XTnit.
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the antenna has again reached the start of the selected 60° sector, the

magnetic clutch is opened and the range mark springs back to the center

of the CRT. Since the sweep start has been shifted by the correct

amount, the selected echo should now appear coincident with the range
mark half way along the range trace on the B-scope.

Azimuth marking is achieved in a similar manner. The position of

the antenna is transmitted from a synchro generator geared to the radar
antenna to a synchro motor which drives the azimuth gearing. The
s5Tichro system operates at ten times the antenna speed to minimize errors

and furnish more torque. Phasing switches mounted on the antenna and
in the azimuth gear train prevent ambiguity in the data which might
Otherwise result. The antenna motion is applied through a differential

to the sweep synchro and to a 60° cam which operates switches to select

the operating sector. These switches put the video on the B-scope and
operate the magnetic clutches. The rotor of the azimuth sweep synchro
is supplied from a 2000-cycle oscillator. Only one stator winding is used
which gives an output which changes in magnitude with angle and
reverses in phase when going through zero amplitude. During the scan
the output of the synchro is applied to a phase-sensitive rectifier which
converts the output of the synchro into a d-c voltage proportional to the
cosine of the shaft angle (see VoL 19, Chap. 12). Only a 60° interval
centered at zero amplitude is selected by the azimuth switch. In this
interval the rate of change of voltage with angle is sufficiently constant to
produce an approximately linear sweep in the middle 40° of this interval
(sin e ^ 6 iov angles < ±20°). The azimuth sweep driver converts the
voltage change into a current change in the deflecting coils. The gain of
the amplifier is adjusted to drive the sweep from one side of the CRT to
the other during a 40° rotation of the synchro. Outside the 40° sector
the synchro is disconnected from the rectifier and the azimuth correction
potentiometer substituted. A magnetic clutch connects the azimuth
handwheel, which also drives one shaft of the differential, to the correction
potentiometer (JR{) which is supplied symmetrically with alternating
current. The potentiometer slider is normally held in the center of the
winding by means of a center-return mechanism. When the alternating
voltage from the potentiometer {R{) is connected to the rectifier, motion of
the azimuth handwheel moves the spot horizontally on the face of the tube.
If the spot IS superposed upon the persistent image of an echo, the azimuth
synchro IS rotated through by an angle appropriate to the motion of thespot so that when the synchro is again connected to the sweep circuit theecho will be centered horizontally upon the CRT. When the sweepcommences the magnetic clutch opens, causing the return mechanism torecenter the azimuth-correction potentiometer.

In a particular case regenerative tracking (see Sec. 7-15) has been
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combined with this display to obtain very accurate aircraft tracks from
a slowly scanning radar. If the target motion is rapid compared to
the scanning rate of the radar, the rate-generating mechanism must be
disconnected from the range and azimuth inputs when the displacement
corrections are entered; otherwise, the tracking mark will drift while the
persistent image of the echo remains stationary. If the rate-generator
mechanisms are connected through center-return mechanisms similar to
those used to recenter the potentiometers and if magnetic brakes are used"
to remember the integrated rate during the reset time, the desired result
may be accomplished as shown in Fig. 7*50. The results of this inter-

connection were gratifying.^

Detailed Circuits .—Referring to Fig. 7*62, the trigger is applied
through an inverting switch to Ti which permits either polarity of input
to be used. Amplifier and sharpener Via drives the blocking oscillator

Vib. The phantastron delay uses a 6SA7, V2 ,
with feedback through a

cathode follower Vza to improve recovery time. Time constants in the
Miller feedback circuit are temperature-compensated and are switched to
change ranges. The cathode waveform from the phantastron Vz is

amplified, differentiated and fires a blocking oscillator V^h. The plate-

current pulse of the blocking oscillator 1^46 forms the trigger for the type B
display. At minimum range this display and the junior range circuit are
triggered from Vi, the phantastron delay being bypassed. An extra
potentiometer Ri geared to the range handwheel is automatically con-
nected to the junior range unit and used to move the tracking mark at
minimum range. When the minimum delay of the phantastron is

reached (less than 4000 yd from the trigger), the sweep jumps into zero
range and tracking is accomplished by moving the tracking mark across
the face of the CRT. If it were possible to pretrigger the phantastron

^ Tests in tracking ships with an antenna producing a beam of 7® in azimuth
scanning at 7 rpm and mounted on a moving platform rolling ±20® with a 14-sec
period gave the following typical results:

Average position errors
Average difference between

successive errors

Range, yd Azimuth, degrees Range, yd Azimuth, degrees

Aided 35 at 6550
39 at 9931

0.59
0.68

4,1
15

0.20
0.285Unaided

It was concluded that aided tracking was the more accurate under all conditions;
that it gave fairly good tracking under conditions in which direct tracking was impossi-
ble; and that it was less fatiguing to the operator.
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delay, this complication would not be necessary. The B gate is formed
by a monostable multivibrator Vh, T^ea- The trapezoidal sweep is formed
by passing the outputs of the multivibrator through suitable shaping net-
works to the range sweep drivers V7 and V%. The sweep coils are con-
nected in the cathodes of the drivers since for such a short sweep it is

Trigger input
V^

Pulse amp.

5\ki

V2
Phantastron

TSai
K30tb 20k

slope

I 5w < ^

Phontos^tron control “.B" trigger
Vs

Ronoe gate

1 bt
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necessary to force current in the large inductance of the deflecting coilS:
Vertical centering voltage is inserted through the d-c restorer Ve^.

The junior range circuit consists of a bootstrap sawtooth generator
V9«, V loa, which is initiated by the negative B-gate waveform and a diode
amplitude selector Viob and amplifiers V^b and Vna, driving the blocking

of precision B-acope.
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oscillator Fii&. Care has been taken to make the minimum delay of this

unit as short as possible. The mixer adds the tracking mark, the

calibration marks, and the B-gate. The sum is then applied to the grid of

the CRT. The tracking mark for an external PPI display is obtained by
passing the B-gate through the limiter-amplifier V^z-

The video amplifier consists of V^i and When positive video is

used, only P22 is connected. When negative video is used, P21 drives the

cathode of F22 so that the output is in phase with the input. The d-c

restorer Visb is used to stabilize the zero-signal level applied to the cathode

of the CRT. Two intensity controls are used to adjust the cathode bias

of the CRT and are switched by the 60° cam. These two controls are

necessary to make the radar video and the tracking spot appear equally

bright.

The 2000 cps a-c for the azimuth sweep is generated in a two-stage

feedback oscillator Vis. The frequency is determined by resonating the

rotor of the azimuth sweep synchro. A loading network is connected

across the stators of the synchro to prevent changes in the oscillator

amplitude as the synchro rotates. The angle sweep rectifier (demodu-

lator) yi4 is a triode bidirectional switch (Vol. 19, Chap. 14). A filter

removes the residual a-c component from the sweep waveform. The
azimuth-sweep driver is a cathode-coupled push-pull amplifier. As the

azimuth sweep waveform is very slow no special provisions are necessary

to compensate for the inductance of the deflecting coils.

The calibrator is conventional. A crystal oscillator Visa operates

Class C producing pulses in the transformer connected in its cathode cir-

cuit. The other windings in conjunction with Visb form a blocking

oscillator. This is synchronized at 1-to-l ratio. The 10,000-yd-mark

divider Twa is of the plate-cathode—coupled variety, the synchronizing

signal being injected in the grid circuit. The PRF divider Figt is trig-

gered on an extra winding from the plate-current pulse of the 10,000-yd

divider and operates at about 400 cps. The calibration marks are mixed
through small condensers and applied through an attenuator to the grid

of V20a. Plate-current pulses are used because they have no overshoots

which would blank the PPI.
The indicator has given excellent performance. It is possible to reset

the tracking spot on small, isolated targets to at least 6 per cent of the

rise time of the video pulse and 5 per cent of the antenna beamwidth of the

associated radar set.

The design of the circuits is straightforward but not particularly

economical of parts. There seems to be no particular good reason for

using a phantastron time modulator for the main range unit and a boot-
strap sawtooth generator for the junior time modulator. Instruction of
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maintenance personnel could be considerably simplified if both, circuits
were of the same type.

Especially Accurate Time-measuring Systems

7*29. Introduction.—In hyperbolic navigation systems such as Loran
and Gee it is necessary to measure time differences with an extremely high
degree of precision. Measurement of times as large as 20,000 /usee with
an accuracy oi ± ^ jusec is frequently desirable. In order to conserve
r-f channel space, pulses rising as slowly as 10 to 90 per cent in 100 jisec

are used. Measurement of these pulses with the requisite accuracy can
only be accomplished by superposition methods (see Sec. 7-11). In Loran
the “master” station transmits at a PRF of about 25 cps. The “slave”
station receives the pulse delayed by the time of propagation from one
station to the other, waits ^ period (10,000 Msec) and transmits a pulse.

The receiving equipment located in the vessel being navigated must
synchronize its timing circuits with the master pulse and accurately
measure the delay between the master and slave received pulses.

A simplified block diagram illustrating the basic method of accurate
time-difference measurement is shown in Fig. 7*63. A stable oscillator

serves as the timing standard. This oscillator is controllable over a nar-

row frequency range by manual or automatic means. A counter chain is

synchronized with the oscillator to produce a PRF of twice the frequency
transmitted by the ground stations. A bistable multivibrator circuit

divides this frequency by 2, producing the fundamental PRF of the trans-

mitter stations. Since the slave station waits ^ period after receiving the

pulse from the master station the two received pulses will appear during
alternate half cycles of the scale-of-two. The slow typeA sweep is started

with each trigger from the counter and lasts for nearly all the time between
triggers. A square wave from the multivibrator is applied to a vertical

deflecting plate of the CRT so that the trace appears alternately on two
lines as shown in Fig. 7*54a. An accurate fixed-delay pi*oduces a pedestal

near the beginning of the upper trace. The master station pulse is

placed upon this pedestal by adjusting the frequency of the oscillator

until the master pulse drifts onto the pedestal. If the master pulse

remains stationary, the frequency of the timing system is then accurately

synchronized with that of the master station. A variable delay (time

modulator) produces a pedestal on the lower trace. By means of a delay

control this pedestal is placed under the slave station pulse. The long

sweeps do not provide sufficient time discrimination for accurate time

measurement. Accordingly expanded sweeps are provided which are

only slightly longer than the received pulses. These sweeps are initiated

alternately by the fixed and the movable pedestals. If the master pulse
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is near the rising edges of the fixed pedestal and the slave pulse is near the

rising edge of the movable pedestal, changing to the expanded sweeps will

still present both pulses. (See Fig. 7*546.) The pulses can be super-

Marks from oscillator

Trigger from divider chain

Scale of two

Slow sweep

Pedestals

Fast Sweeps

immillllMlIllllltillililiiliii iiiiiiiiiiiiiiiiiiiiiiiii

^ _IL I

Fio. 7*63.—Simplified block diagram and timing diagram of Loran receiving system.

posed by disconnecting the square wave which separates the traces and by
adjusting the delay of the movable pedestal. The position of the pulses
on the pedestal does not affect the measurement and they may even drift
slowly.
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polates between the 500-^lsec intervals. Both, delays are uncalibrated
and they need only be stable for a long enough period to count the
number of fixed marks in the delay interval.

The above method has made possible very accurate navigation by the
Loran^ and Gee systems. The counting methods, however, are difficult

to teach and there is considerable possibility of error under difficult opera-
tional conditions. To overcome this difficulty a direct-reading Loran
indicator could be used in which the time modulator is accurately cali-

brated so that it is only necessary to match the pulses and read the time
difference directly from a counter geared to the delay controls. A system
of this sort on which circuit design has been completed but which is not
in production at the time of writing is now to be described.

^ Complete circuit details of the currently used Loran devices are available in the
instruction manuals for the AN/APN-4 and AN/APN-9 equipments as these devices
have been released for general use and are no longer considered to be solely military
devices. The Loran method is further described in Vol. 5 of the Series and in Elec-
tronics for November and December, 1945.



264 MANUAL MEASUREMENTS [Sec. 7-30

7*30, Timing Sequence.—The basic Loran^ repetition frequencies

20 , 20 ,

may be given by tbe formulas
2 x (300 - rej 2 X (400 - n)

20
Trnn S

where n is any integer from 0 to 7 inclusive and cor-
2 yc, ^ooo ““ Tt)

responds to the station number. These three formulas give the exact

repetition frequencies for the 20-, 25-, 33-g-cps bands. The oscillator

frequency is chosen to be 20 kc/sec because this is twice the lowest com-
mon multiple of all the pulse repetition frequencies employed- The rea-

son for the factor of 2 will be apparent later. It should be noted here

that the repetition-frequency formulas give frequencies whose periods

vary in steps of 2 X 50 /isec in each case.

The two Loran signals will be referred to as the master and the slave

signal. Starting with the master and going to the slave signal, the time
difference must always be greater than P/2 and less thanP whereP is the
repetition period. These signals are displayed on the Loran sweeps.

The slow sweeps are triggered at the repetition frequencies given above
and display the full cycle. The first half cycle of the complete period
appears as an upper trace and the second half cycle as a lower trace.

(For convenience the first half cycle will be referred to as Pi and the
second half as Pi.) This then means that if the master station appears
near the beginning of the upper trace, the slave station must appear
somewhere on the lower trace. “Zero” time difference will be referred

to as a time difference of exactly P/2; that is, the master station will

appear on the upper trace directly above the slave station on the lo\ver

trace. This implies that the time duration of the upper sweep must, for
all values of N be of exactly the same as that of the lower sweep, and
since the various repetition rates in any one band are obtained by remov-
ing 2 X 50 X n Msec from the period of the 20-, 25-, or 33i-cps repetition
frequencies, this implies that 50 X n fxsec must be removed from Pi and Pi
to maintain this symmetry. This explains the reason the formulas in the
first paragraph are written with a 20-kc/sec rather than a 10-kc/sec basic
timing rate. This removal of n X 50 jusec is accomplished at the begin-
ning of Pi and Pi because of circuit considerations. The final matching
of the Loran signals is accomplished on fast sweeps. The fast sweep on
which the master station pulse appears occurs near the start of Pi, and is

fixed in time. The fast sweep on which the slave station appears, how-
ever, may be located in time any place in Pi, provided, that is, that this

^ This device was developed at the Jladiation Laboratory for airborne use. An
electrical working model had been built and tested, and a final model suitable for
flight test was in the process of construction at the end of the war. A direct-reading
indicator of quite different design for shipboard use is in production at the Sperry
Gyroscope Co.
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Fig. 7*66.—Timing diagram for direct-reading Loran indicator.
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time, measured from the beginning of Pa, is not less than the time from

the beginning of Pi to the beginning of the first fast sweep. It is more
convenient to use timing marks as a time reference than the beginning of

each sweep (the generation of these timing marks will be explained later)

.

Therefore, the first fast sweep is originated at a time 1500 — n X 50 Atsec

after the start of Pi, and the delay circuits which eventually initiate the

second fast sweep, are started at a time of 500 — n X 50 jusec after the

start of Pa.

Referring to Fig. 7*55, line 1 indicates the 20-kc sine wave which is

used as a master-timing reference. The frequency of this sine wave is

controlled by an AFC circuit with reference to the incoming pulse from
the master station (see Chap. 4). Line 2 represents division by 10 yield-

ing 500-/xsec range marks except the first mark after the start of each half

period of the repetition rate, this time being equal to 500 — n X 50-jusec

in each case that is, a division of 10 — n. The marks shown in line 2 are

now divided by 5 in a counter that gives an output for every fifth mark
of line 2. This is shown in line 3. These are then applied to a circuit

which gives an output for every sixth, eighth, or tenth mark shown in line

3- This is indicated in line 4. These marks are then used as triggers for

a scale-of-two circuit. This gives a square wave as an output whose
recurrence frequency is equal to the Loran repetition frequency desired
and is indicated in line 5. It should be noted that this square wave has
half-cycle symmetry. This circuit accounts for the factor of 2 in the
denominator of the formula for the repetition frequencies. It should be
kept in mind that any of the range marks mentioned previously are uni-
formly spaced except the first one occurring after the start of each half
period. Here the time interval is w. X 50 /xsec less than the rest of the
series. By the means of these various frequency divisions, we have now
obtained all the repetition frequencies required.

Line 6 indicates the upper slow sweep as being started at the beginning
of Pi. Line 7 indicates the lower slow sweep being started at the begin-
ning of P2 . Line 8 indicates the fixed delay of 1500 ~ n X 50 jusec

which initiates the first fast sweep. This is actually a multivibrator
which is turned off on the third 500-jLisec mark after the start of the first

half cycle. On the second half cycle, the step-delay circuit shown in
Line 12 is turned on by the first 500-asec mark, that is, 500 -- n X 50 jusec
after the start of Pa. This is accomplished rather indirectly. A coinci-
dence tube is included in the circuit which will give an output only during
Pa and when a 500-Msec mark and the rectangular pulse shown in line 8 are
coincident. This means a trigger will be obtained with the first 600-jusec
naark on the lower sweep. This trigger then initiates a coarse delay which
in turn terminates the delay rectangle shown in line 8 on second half cycle
to prevent further coincidences. Line 9 indicates the upper sweep
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pedestal being; started at the time 1500 — w X 60 jusec after the start of
the upper slow sweep. The duration of this pedestal is 220, 700, or
2100 jusec. Line 10 indicates the actual upper fast sweep which coincides
in time to the pedestal. Line 11 shows the selected trigger from 2 which
is selected by the waveform of Line 8 in conjunction with that of Line 5 as
explained. Lin© 12: indicates the coarse phantastron delay. This delay
is started at a ,time*500';^ n X 60 jasec after the start of P2 . This delay
is made to select any of the 500-^tsec marks in the JP^ interval after the one
originating it. This constitutes a selection of one out of 39,600-jusec
marks. The output of the coarse phantastron-delay circuit, see Line 13,
is used to initiate the fine delay circuit. The 20-kc/sec sine wave is made
continuously phasable and is then used to generate 50-iLtsec timing marks.
This is indicated in Lines 14 and 15. The fine delay circuit, after being
initiated by the coarse phantastron, then selects one of the phase-shifted
60-iusec timing marks, the control for this delay circuit being coupled to
the phase shifter in such a manner that as the delay is increased it will
always select the same 50-/xsec timing mark. The selector pulse is indi-
cated on Line 16, and Line 17 indicates the selected pulse. It should be
noted that this delay is continuous and may introduce any time delay
from very nearly 0 to over 550 /xsec. Line 18 indicates the lower sweep
pedestal which is originated by the continuously time-modulated pip of
Line 17. This in turn originates the lower fast sweep as shown in lane 19.

The lower pedestal and fast sweep are identical to those during Pi. Since
the delay circuit is initiated 1000 /xsec sooner after the start of P 2 than
the upper fast sweep is initiated after the start of Pi, the lower fast sweep
can be brought into what corresponds to “zero'' time delay; that is, it

occurs exactly ^ P after the upper fast sweep.
7-31. Circuit Details of Loran Indicator.—Figure 7-56 is a simplified

block diagram of the indicator. The basic time reference is a 20-kc/sec
Z/C-oscillator, with automatic frequency control. (For details see Chap.
4, Sec. 4-11.) There are two 20-kc/sec output signals supplied by a com-
bination buffer-amplifier and cathode follower. One of these outputs is

fed into a pulse generator, a blocking oscillator, which generates 50 jLisec

markers. The output of the pulse generator is fed into the counter cir-
cuit. In the block diagram it is mai'ked as a Frequency Divider dividing
by 400. The divider consists of a step counter chain with feedback, the
first counter dividing by 10, the second by 5 and a third stage by 6, 8 or
10 depending upon whether the selected PRF is in the 33-, 25-, or 20-cps
group. The counter chain is described in detail in Sec. 4-11.

The output of the counter chain triggers a bistable multivibrator,
which produces a symmetrical square wave at the repetition frequency.
This is used for trace separation .on the CRT and as a switching arrange-
ment in the trigger-selector and pedestal-generator circuits.
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The pedestal generator supplies the two pedestals for the sweeps

and a trigger to the automatic-frequency-control circuit.

The sweep generator supplies all the sweep function necessary in the

unit. It requires two different triggers; one for the slow sweeps and one

for the fast sweeps. The triggers for the slow sweeps are derived from

the last stage of the counter chains. The triggers for the fast sweeps are

provided by the delayed pedestals which are used to mark the position

of the received pulses. The sweeps are applied to the horizontal plates

of the cathode-ray tube.

The complete 3-scale time modulator comprising a phantastron pip-

selector that selects SOO-jusec marks, and a fine delay which is in reality

Fig. 7-66.—^Loran direct-reading indicator; simplified block diagram.

a 2-scale system comprising phase shifter and a phantastron pip selector

is described in Sec. 6.8.

Figures 7-57 and 7-58 are the detailed block diagram and the circuit

diagram respectively. Only type 6K4, 6D4 and 6AS6 tubes are used.

The frequency of the Z/C-oscillator Vn is controlled by the reactance
tube Fi which obtains a control signal from the time discriminator which
consists of the time-selective detector Fs, Fs and the early gate generator

Fs, Fg and the later gate generator Fe, F?. The early gate generator is

triggered from the pedestal generator, F49, Fso, and the AFC circuit

functions to hold the master pulse on the upper sweep pedestal. The
scale-of-two circuit Fse, F37 produces a bias on the cathode of the trigger-

ing diode F10 to prevent the gate from being triggered by the lower sweep
pedestal.
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indicator circuit,
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To prevent loading the oscillator a buffer-amplifier 1^12 is used follow-

ing the oscillator. This stage supplies two sources of 20-kc sine waves,
one to the pip-generating circuit and one to the continuous phase-shifter

network.
The pulse-generating circuit, which receives its synchronizing signal

in the form of a sine wave from the buffer-amplifier, is a conventional
grid-coupled blocking oscillatot*. Large negative pulses are obtained on
the plate of the blocking oscillator which are used as the initiating triggers

for the counter chain, and as 50-/zsec markers.

The counter chain following the blocking-oscillator pip generator
consists of three divider stages, their count being 10, 5, and 6, 8, or 10,

respectively. The first stage produces 500-/xsec markers except “X”
(referring to timing diagram) which is 600 — n X 50 where n is the
station number. This variation is due to the feedback circuit, the opera-
tion of which is explained in Sec. 4*11 and in Vol. 19, Chap. 17. The
second stage produces 2500-Atsec markers except again which
occurs at 2500 — X 50 /isec. The third stage produces repetition-rate

triggers of 66f, 50, or 40 pps. Again the first count contains the "X”
function which is dependent upon the station number selected.

The design of the gas-filled tube counters is discussed in Vol. 3,

Chap. 17, and in Sec. 4*11. The feedback circuit which is an integral

part of the divider chain is used to obtain the repetition rates neces-
sary to correspond to the various station rates. It results in division

by 300 — n; 400 — n or 500 — n when n is the station number. The
operation of the counter chain is described in detail in Sec. 4T1.

In order to obtain a double-trace sweep on the cathode-ray tube a
bistable multivibrator Vse, Vs? (scale-of-two) is used, which generates a
square wave at the repetition frequency. This square wave is applied
to the vertical deflection plates of the cathode-ray tube. In this appli-

cation triggering is done on the cathode.
Cathode followers are used to prevent loading of Vz^ and V37. They

supply outputs to the differential receiver gain control, pedestal delay,
trace separation, and AFC circuits.

The pedestal delay generator Y29, V30 performs several functions. It
delays the start of the upper-trace pedestal until after the occurrence
of three SOO-jusec markers. It generates a gate to operate the trigger

selector which selects the first 500-/isec mark on the lower trace to
trigger the coarse delay.

It is a monostable multivibrator which receives its initial trigger
from the output of the last counter stage. On the first half cycle cor-
responding to the upper trace, the pedestal delay generator terminates
its action on the third 500-Aisec range mark; this termination is accom-
plished by the following operation: Tso is normally conducting and
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nonconducting, a negative trigger on the grid of Vzq starts regeneration.
The grid of Vzo is held negative for a time determined by the time con-
stant Cbi, ^ 70 * The value of this time constant is such that when the
600-)usec marks are applied to the grid of 1^29 ,

amplified, and applied to the
grid of F30,

the grid recovers sufficiently to return to the conducting
region when the third range mark actuates the grid. The late edge of the
pedestal delay generator triggers the pedestal generator hence supplying
the pedestal for the upper trace.

In the second half cycle, regeneration is initiated by the same means
but the pulse is terminated after the first SOO-jusec mark by the negative
cathode waveform of the coarse delay which only operates during P2 .

Two amplitudes of 500-iusec marks are employed in this process
because as the stations are selected the 500-Msec marks move in SO-Msec
steps. In order to keep the top pedestal three 500-Msec marks from the

start of the sweep the amplitude of the markers applied to the multi-
vibrator is changed.

The trigger selector F23 initiates the coarse delay.

Three pulses are applied simultaneously to different electrodes

of F28 . The 600-Aisec marks are applied to the cathode, the pulse from
the pedestal delay generator is applied to the control grid and the square
wave is applied to the suppressor.

The square wave on the suppressor prevents any output during the
first half cycle corresponding to the upper trace. During the second
half cycle it permits the txibe to conduct during coincidence with the
other pulses. An output signal from the plate is obtained when a
coincidence between the pedestal delay generators and a 500-Atsec mark
occurs, this signal output triggers the coarse delay which terminates the

pedestal delay generator to pi'event further coincidence.

The pedestal generator y4 o, Feo performs two functions. It generates
three different lengths of pedestals for the upper and lower traces. These
are the rectangles which actuate the sweep generator for the fast''sweeps.

A portion of the output of V49 is used to intensify the trace on the CRT
during the fast sweeps. The pedestal generator is a monostable multi-

vibrator which is triggered in the following manner. On the upper trace

the pedestal generator is triggered by the falling edge of the pedestal

delay generator pulse. To prevent this trigger from firing it on the lower
trace, the square wave is applied to the trigger selector diode V47. Trig-

gering on the lower trace is accomplished by a trigger from the fine delay
through diode F48 .

The sweep circuit consists of three tubes, Fsi, F32, and F33. The same
circuit generates the slow and fast sweeps. It is a Miller feedback circuit

comprising a pentode amplifier coupled to a triode differential amplifier.

For slow sweeps the recovery is accomplished by a negative voltage
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pulse from the last divider stage which cuts off the pentode suppressor.

The sweep condenser is rapidly recharged by the plate resistor of the

differential amplifier. The circuit provides push-pull sweeps which are

capable of a very high duty ratio.

Switching of the sweep circuit is accomplished in a different manner
during the fast sweeps. The supressor of Vzs is pulsed into the conduct-

ing region by the pedestals from 749 . The rate of rise of the sweep is

changed by switching the sweep condenser. The durations of the sweeps

are governed by those of the pedestals.

The time-modulator circuit which delays the lower pedestal is a

three-scale system which produces a continuously variable delay. Unlike

the time-modulator circuits in the conventional Loran system this time

modulator is calibrated to read in microseconds directly on a Veeder-Root
counter with an accuracy ±0.5 /isec of a maximum delay of 20,000 ^sec.

It is described fully in Sec. 6*8 and comprises the following units.

1. A coarse-delay step phantastron 740, 74i, 742, and 743
,
which is

started by the trigger selector 728 and stopped by a selected

500-Msec mark from 727- The delay is variable in steps of 500 jusec

which correspond to the spacing between the 500-/xsec marks.
2. A fine delay which interpolates between the 500-jusec marks. This

is a two-scale time modulator comprising a step phantastron which
is started from the end of the coarse delay. Its action is termi-

nated by a selected, phase-shifted SOO-jnsec mark. The phase-
shifted mark is derived from the 20-kc/sec sine wave from the
cathode of 7 12,

shifted in phase by a phase-shifting condenser the
output of which is amplified by Vzs and converted into a pulse by
739 . The phase-shifted SO-jusec mark selected by the step phan-
tastron actuates the pedestal generator through 748 -

Details of the mechanical unit that controls the time modulator are
given in Sec. 6-8. This unit is one of the most important features of the
direct-reading system in that although the coarse scale is controlled by
one handwheel and the fine scales by another their readings are alge-
braically added in such a way that the counter reads the correct total
time interval.



CHAPTER 8

TECHNIQUES OF AUTOMATIC TIME MEASUREMENT

By R. I. Hulsizer, and F. C. Williams

INTRODUCTION

8*1. Automatic vs. Manual Measurements.—Many arguments have
been advanced, particularly at the beginning of radar history, on the

relative merits of manual and automatic measurement. Some of the

objections to automatic tracking result from the inferior performance

of the early automatic tracking equipment. Further argument arises

from the extremely undesirable characteristics of radar signals. In

pulse-echo systems the signals often fade into thermal noise; furthermore,

undesired signals from interfering objects and other radars demand from

the tracking mechanism, either human or automatic, discrimination, alert-

ness, and judgment. Nevertheless there are several advantages to be

listed for automatic tracking which have justified its inclusion in many
radars, particularly those designed for fire-control use.

The rapidity of response and higher-accuracy characteristic of auto-

matic control are of value especially for high-accuracy antiaircraft

radars. Response times of i to sec are realizable with automatic

tracking loops, whereas normal operator tracking shows response times

of one second or greater. It might be argued with considerable justifica-

tion that short response times are not requisite for tracking most radar

targets because of low accelerations, but it is preferable to employ a

fast-acting tracking device followed by a consistent and reliable smooth-

ing device rather than to rely on erratic smoothing by the operator.

Time-measurement operations started near the end of the war on high-

velocity projectiles indicate the inadequacy of human tracking to follow

accurately such high velocities and accelerations.

A second favorable aspect of tracking automatically is the advantage

in weight provided by electronic time measurement as opposed to visual

measurement, since visual measurement implies at least a meter presenta-

tion and usually a cathode-ray tube and certainly a man. A prime

example of this feature is the ARO radar AN/APG-6, which has auto-

matic searching and tracking, and indicates the approach of a target

within a certain range simply by a warning light.

The following two reasons for automatic tracking are more general

and apply significantly to the design of apparatus for measuring time

275
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duration of various phenomena in which the signal-to-noise ratio is large

enough to require less attention and discrimination on the part of the
operator. These are (1) that automatic tracking is less fatiguing for

the operator, particularly when high accuracies are demanded over long
periods of operation, and (2) that under favorable conditions, one
operator might monitor several simultaneous automatic-tracking opera-

tions. Such a situation might arise with an air-traffic-control radar
where each plane carries a beacon to be triggered by a zenith search set.

As each plane comes into the area of control, tracking gates are set to

track its beacon response until the plane leaves the area or lands. One
operator could handle several such tracking machines, from which data
would be fed automatically to a central control station.

Numerous applications in research or industrial control can be imag-
ined where automatically recorded
data is desired simultaneously on
the time duration of several

phenomena, yet where the cost of

engaging a separate operator for

each measurement might be
prohibitive.

8*2. General Technique of

Automatic Time Measurement.
The two basic methods of manual
time measurement have automatic
analogues. The first, that of con-
verting the time dimension into a
space dimension on a cathode-
ray-tube display and measuring
time in terms of distance, has been
successfully performed with the
aid of a pair of adjacent photo-
electric cells whose difference out-
put is made to drive them along
the direction of the time base in

accordance with the motion of the signal (see Vol. 19, Chap. 14).

The second method, the discriminate-remodulate technique (Chap. 3),
is usually employed. The process of comparing the time modulation
of the echo and the locally modulated pulse is known as time discrimina-
tion (Chap. 3) and yields a voltage or current which is operated upon to
convert it into a form smtable for controlling the local time modulator.
One immediately recognizes the ubiquitous automatic control mechanism
or servo, where a detector measures the difference between an unknown
quantity and the “following” or servoed quantity to generate an error

(a) Conventional servomechanism diagram
input signai or motion
output motion

(6) Block diagram of time-measuring system

Fig. 8*1.— block diagram of a con-
ventional servomechanism and an automatic
time-measuring system.
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signal which acts through, a control device to make the “following”
quantity equal to the unknown. Figure 8*1 illustrates this similarity as
well as indicates the elements of the time-demodulation system.

The box labelled “ Function unit ” performs the operation of converting
the time-discriminator output into a form suitable for controlling the
local time demodulator and may be an amplifier, electrical integrator,

rate servo, or a complex combination of such elements. This unit
defines the external properties of the system. Sections 8-6 to 8-10 will

discuss the design of these electrical or electromechanical operators.

Since the method of control has such a marked effect upon the design

of the function unit, they will be treated separately depending upon
whether electrically or mechanically controlled time modulators are

employed.
Electrically controlled time modulators are all substantially single-

scale, although they may be combined with an accurate fixed-delay

device to make a multiple-scale time modulator that is continuous over a
small interval. Good examples of this practice are the AN/APS-15 and
the British Oboe. As single-scale devices, these modulators are at pres-

ent limited in accuracy from 0.1 to 2 per cent of their maximum excursion.

Completely electrical tracking loops are possible which are lighter,

smaller, less expensive than their mechanical analogues, and are capable

of following ver3'' high speeds and accelerations, and usually of suppljdng

more accurate rate data.

Mechanical time modulators have the advantages of enabling the

use of multiple scales for high accuracy and of supplying data as a
mechanical motion directly rather than from a voltage-follow-up servo.

One difference between mechanical and electrical time modulators

that may be of importance in future time-measurement problems in which
high accelerations are expected is their comparative rate accuracies.

The rate errors introduced by the nonlinearities of time modulators

are proportional to the slope of the range error plotted against range.

The mechanical time modulators, such as the phase shifter, are accurate

only to about 0.3 per cent of a complete revolution whereas the electrical

time modulators are capable of linearities ten times better, and should

therefore be expected to introduce only one-tenth as much error into the

target-rate data.

It has been pointed out in Chap. 15 of Vol. 19 that with a multiplicity

of signals a time discriminator must have only a limited region of sensi-

tivity. The consequence of this restriction is that time-measuring

systems that must track one pulse in a complex group must include some
means for moving its sensitive region or time aperture into coincidence

with the pulse to be tracked. In radar practice this is termed target-

selection; it is usually achieved by a search display on a cathode-ray tube
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to indicate the relative locations of the time aperture and the target

signal, and an on-target indicator. Automatic search circuits may be
substituted for the display whereupon an automatic target indicator

would perform the function of stopping the search action and locking on
target. The problems of target selection are discussed in Secs. 8*13 and
8-14.

Another function which the time-measuring system must perform
is that of remembering the last velocity and position of a signal that has
faded and of keeping the tracking gates and data output moving at the
last velocity without severe transients until the signal reappears. Such
ability is called “velocity memory.^' Memory time is often limited by
the quality of electrical components, and hence an auxiliary function called
“coast” has been developed whereby the operator can throw a switch dis-
connecting the signal to enable the tracking system to continue moving
indefinitely at the last measured rate. This is particularly useful in radar
applications where the operator can observe on suitable indicators the
approach of interfering signals and “coast” through them. If the func-
tion has been performed properly he should be able to reconnect the
tracking loop when the signal again comes into the clear and find the
signal still in the time aperture. Memory provides no immunity from
interfering signals, only from fades; coast gives immunity from both.

8*3. Nature of Data and Its Effect on Performance.—This topic has
been treated in Chap. 2 and need only be summarized herein. If the
data consists solely of a synchronizing pulse and a time-modulated
pulse it is only necessary for the simplestform ofautomatic time-measuring
circuit to trigger a scale-of-two circuit once with the transmitted pulse
and later with the received echo. Measurement of time can then be
made by measuring the average current for a fixed recurrence interval,
or by any of several available methods. The immediate objection to
this technique is that it would be completely confused by multiple
signals. A technique one step more complex is the method of the

Sec. 8' 17, in which a range gate is made to increase in duration
until it includes part of an echo. This method has discrimination to
the extent of selecting only the first of several pulses. Further methods
of selecting any one of many signals are discussed in Secs. 8T6 8T7
and 8-18.

A second characteristic of the data that affects the time-measuring
accuracy is the receiver bandwidth and the pulse rise time, for the data
of Chap. 3 show that range errors of appreciable magnitude can result
from amplitude modulation of the signal if the receiver bandwidth is
inadequate. Signal modulation often results from fading, which can
last as long as several seconds and result in errors both in range and
range rate. Automatic gain control improves this situation. Rapid gain
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control reduces not only the errors in range but also the rate errors

introduced by fades. Furthermore, automatic gain control improves the
range-tracking performance since the signal amplitude and hence the
time-discriminator sensitivity will remain constant.

A most serious consideration is the nature of the reflector. For
example, if one were measuring the range to a mountain with a radar
set, there would be no indication as to what part of the mountain is

responsible for the leading edge, or the center, of the received pulse.

Even in measuring the distance to an island in which the leading edge
of the pulse is liable to be fairly well defined, the circuits must measure
the distance to the leading edge and not to the center of area of the pulse

as many time discriminators do. If the target is a complex moving
target, such as a ship, considerable fluctuations will occur in the apparent

range due to specular reflection from particular surfaces and interference

between the waves reflected from various surfaces. The range-tracking

gates of an experimental radar set employing 0.1-Aisec pulses to give 27-in.

resettability were found to wander over the whole length of the signal

received from a freighter since the circuit was seeking the point of maxi-

mum amplitude. Even differentiating the signal to track the leading

edge is not wholly satisfactory since with rapid AGO the appearance of

the leading edge of the pulse from a ship wanders more than half the

length of the ship.

AUTOMATIC TIME MEASUREMENT WITH NORMALLY CONTIITUOUS DATA

Design of the Function Unit

8-4. General Theoretical Statement of the Problem.—In the intro-

ductory description of the elements of the automatic tracking loop,

nothing was said about the transfer characteristics of the individual

elements. If, as indicated in Fig. 8-1, the time discriminator and the

time modulator are linear over a reasonable range and have frequency

and phase responses good enough to be neglected compared with the

rest of the system, it is the function unit that is called upon to meet

the requirements for stable tracking and to provide the functions of

memory, coast, and target selection. In addition, it must operate on the

error signal E to convert it into a form suitable for controlling the time

modulator and supplying data to a computer or indicator. These opera-

tions are symbolized by the expression

V =M (1 )

and the laws of the time discriminator and the time modulator are

expressed as

t = k2€ — ka(E — (2)
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and
R' = k^V

(3)

over their linear region of operation. The symbol R represents the
range or instantaneous value of the time modulation of the signal being
measured, and R' similarly represents the time modulation of the locally
time-modulated comparison pulse. The control signal of the local time
modulator is represented by V and may be either a voltage or a shaft
rotation. The error signal current i is usually in the form of a current
that flows only for the duration of the signal being tracked and hence
consists of pulses of current at the PRF. Since an average current can
be obtained by smoothing, its discontinuous nature is not important
provided the period of the PRF is very short compared with the periods
of fluctuation of the time modulation. Quite apart from its discontinu-
ous nature the current is not immediately suitable for controlling R'

.

For example, if i is made to flow through a resistance to generate a
voltage V for controlling an electrical time modulator, the discriminator
current could be zero for only one value of R'. For all other values of
R' the current i, and hence the difference R — R' would have to be
different from zero and Y would not indicate the true time modulation R.
It can be argued that if k-ik^ is sufiiciently large this error would be
negligible, but it is also true that this condition renders proper stabili-
zation of the tracking loop possible only with a very slow response.
Therefore a function unit that relates i and Y in direct proportion is
unsatisfactory

.

^

We deduce from this argument that one property which the function
unit must have is that the output Y can have any value while its input i
IS zero. Furthermore, as was mentioned in Sec. 8*3, the properties of
position or velocity memory are desirable. These two requirementsand the knowledge that the data must be reasonably smooth suggest the
use of one or more integrators in the function unit. Further restrictionson the function unit are that . must not differ from zero by an amount

loop^e st^^bL^^

dynamic accuracy specifications, and that the tracking

In the ensuing sections, the quantities R and R' will be regarded as

as^tW^t discuss velocity

time

By“ argument similar to the

^
weakness of the proportional function unit was demon-strated, It can be seen that a function unit performing the operation

dx
(4 )
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will allow V to take any fixed value when i is zero, but will require i to be
different from zero by an amount proportional to the desired rate of
change of V. In this operation C has the
dimensions of capacitance.

Differentiating Eq. (4) and using the opera-
tional notation p = d/dt, 1/p = /di, discussed
in VoL 19, Chap. 2, we have

W = (5)

Using this equation as defining the performance of the function unit, and
combining it with Eqs. (2) and (3) to give the equation of motion of the
system, we have

pR' =^ (B _ R') (6)

O—

•'z

o

Fig. 8-2.—Equivalent
circuit for single-integrator
system.

The circuit of Fig. 8-2 obeys a similar equation, for there

- Ez)
r

and i = pCV^ giving

- V,-) (7)

which is identical with Eq. (6) provided

Vt = R
Vz = R'

1

kxkz

(8)

Thus the behavior of the single-integrator system can be deduced from
this circuit.

The general behavior of this circuit is so well known that it remains
only to note a few salient properties of the system, namely:

1. In the steady state, R' — R,
2. If R suffers a unit function change, R' will approach equality with

R exponentially with a time constant

S = c
kxkz (9)

3.

If i? is changing at a constant rate dR/dt = oc * then R' in the steady
state will exhibit a lag behind R of

R ^ R' = Sa. (10)

If R is regarded as position, this system may be said to exhibit

velocity lag.
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In applying the.above discussion to the automatic tracking system,

there are a few remarks that can be made concerning a single integrator

system. If there is actually only one integrating element, the equation
of the system has no oscillatory terms and hence needs no additional

components for stabilization. An interesting concept can be derived
from the fact that the time constant of the system is C/kik^, since

l/kxka then has the dimensions of resistance. Now kx and /ca are the
factors of proportionality of the time modulator and the discriminator

respectively and may he called the gains of those elements. Developing
the concept further, 1/pC may he regarded as the gain of the integrator.

Hence the factor kxkft/pC may be called the over-all gain of the three
elements, and, referring to Fig. 8*1, the system may he regarded as an
amplifier with negative feedback where the entire output is fed back to
the input (/3 = 1). Much has been written on the stabilization and
design of feedback amplifiers and on the application of feedback amplifier
theory to automatic control systems. This treatment is used in Vol. 21,
Chap. 9, on automatic control systems where earlier references are
indicated. A high gain factor produces a short time constant and fast
response. In addition high gain provides “tight tracking, for the
velocity lag is See from Eq. (10). This is in accord with the conclusions
of negative-feedback-amplifier practice where high internal gain results
in wide bandwidth and a large reduction in over-all gain variations.

The conclusion that such a system is unconditionally stable also
agrees with feedback amplifier theory, because the loop gain factor
kxk^/pC has an attenuation vs. frequency curve that never exceeds
— 6db/octave, a sufidcient condition for stability.^

The system possesses position memory, for, if the incoming signal
fails, the function unit cannot distinguish whether this is due to the
equality of R and R' or to inoperation of the circuit in the absence of a
signal; hence, kz in Eq. (6) is efiectively zero and pR' ?= 0—that is, the
position of the tracking gates R^ become stationary at its last value.

Since the input signal usually moves continuously, it appears that
position mepaory in itself is of little value unless the fades are so short
that the misalignment between signal and gates will not exceed the range
aperture. Even then, the fades or interruptions introduce large errors
in the position and rate data. Velocity memory is obviously required
if fades are expected.

8-6. Double-integrator System.—Just as by making V proportional
to Ji dt, V was enabled to assume any fixed value without demanding
any input cirrrent t, so by adding to V a component proportional to
jji dt dtj it is enabled to assume any steady rate of change without

j> 77

* between Attenuation and Phase in Feedback Amplifiers,"
Bell System Tel. J., 19, 421-455, July 3, 1940.
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demanding any input current i. Thus if the function unit obeys the
equation

= ^ i dx -]r J i ds dx. (11)

which can be rewritten operationally as

= ^(14- (12)

R
~Aj\/\r

then with i zero, will be zero—that is, the rate of change of V can be
constant at any value. In this equation as before, the constant S has the
dimensions of time.

To see whether the constants for

the solution of the above equation
can be chosen to give stable track-

ing of R by R'j we combine Eq. (12)

with Eqs. (2) and (3) to give the
equation of the system in terms of

R and 72',

kxki

-\SiSiSLr

L
V^(=R)

o—
V,(=R')

pm' C8Hi + pS)(R - R'). (13 )

Fio. 8-3.—Equivalent circuit of double-
integrator system.

Once again, an equivalent circuit (Fig. 8-3) will help in making clear

the general properties of the system. In this circuit

and

Hence
i = pCV2.

^ (l + P I) (F. - F.),

(14a)

(14b)

(14c)

which is of the same form as Eq. (13) with

Fi
Fa

72

72'

72
^

1 kik9.

LC as

The complete integral of Eq. (13) is

(16)

U' = 2C CSV + Bev '^~4C‘ cs^‘ +^(,5) (16)



284 TECHNIQUES OF AUTOMATIC TIME MEASUREMENT [Sec. 8-6

It follows from the well-known behavior of the equivalent circuit

that a control system which has a function unit obeying Eq. (12) will

behave in general as a damped resonant circuit of resonant frequency
(undamped) /„ given by

(17)

The damping will be critical when

Scan = 2, (18)

the circuit being underdamped for lower values of S. Equation (13) can
now be written as

= calil + vS){R - E'). (19)

This is also the equation of the circuit of Fig. 8*3 using Eq. (17) and
the equivalences (15).

The salient features of the system can be deduced from the behavior
of the circuit of Fig. 8*3 and the solutions of Eq. (14c) by substituting R
and E' for Vi and F2 .

If R' is constant, then in the steady state (i.e., when t —>• <xi)R' = R-
therefore, there should be no error in R' for any static values of R.

If R performs a unit function change, R' will follow this change with
an overshoot and a number of oscillations of decaying amplitude, the
rate of decay being dependent on the damping, and therefore the sykem
is theoretically capable of stable operation. Figure 8-4 shows typical
examples.

If R takes on a rate of change a, then in the steady state, i will be con-
stant and E - E' wiU become zero as in Fig. 8.5. This predicts zero
velocity lag ^i.e., zero position error—as a function of target velocity.
The behavior of (R — R') during the settling-down period is shown by the
curves of Fig. 8-5.

If E has a constant second derivative (acceleration) equal to then

^ sohdng Eqs. (14) for Fi — F2 in terms of Vi, we find for jJ—> 00
,

1 2 == 0LC‘, fhat is, the system exhibits acceleration lag equal to
(kiki/CS)^.

The final question to be considered is whether or not the system
possesses velocity memory. The condition for velocity memory is that
It the signal fails, pR' shall be constant. It is necessary at this*point toabandon the equivalent circuit since in the absence of a signal Eq. (2)
basic to the analysis, is no longer valid. The disappearance of the signal
IS equivalent to rendering k, = 0. Equation (13) for the automatic
ccmtrol system, then reveals the behavior, for with ifca = 0 v-R' «= 0Wxucxi is the critsrioii for velocity ixiemory.
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In review we find that the double-integrator system has an accelera-

tion lag but no velocity or position lag, that it is capable of stable opera-

' Fia. 8-4.—Transient response of double-integrator system to a step function in position
for several values of damping. Curve 4 shows critically damped response.

Fio. 8-5.—Behavior of R-R' in response to an instantaneous change ct in the value of

dR/dt ipR) for various values of con*. This is the response of a double-integrator system
characteritized by Eq. (19).

tion, and that it possesses velocity memory. (This is sometimes referred

to as ^‘position and velocity memory.”)
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As in the discussion of the single-integrator system, the useful nega-
tive feedback amplifier theory can be applied as an alternative approach
to the solution. The system can be seen to correspond to two amplifiers

of gain k\ and k’l in series with a device of gain {1/pC) {X/'p^CS). The
over-all gain without feedback has two components,

pC and kikz

p^CS

The term kxk^/pCS gives 12 db/octave; the addition in the above solu-

tion of a component kxk^/pC, which attenuates at 6 db/octave only,

brings the attenuation slope to less than 12 db/octave, a condition
for stability.

In the transition from a single-integrator to a double-integrator
system it would have been perfectly natural to propose a function unit
in which the current i is simply integrated twice to form the quantity
V—that is.

V = i ds dx. (20)
*

The equation of motion for a system having a function unit of this
type is equivalent to that of an undamped resonator. The immediate
conclusion is that it would be impossible to stabilize such a system.
Alternatively, in terms of feedback amplifier theory, each integration
introduces a phase lag of 90°. Hence there would be no region in which
the feedback would be negative.

Satisfactory control of R' can be achieved with many other forms of
function unit, but the two so far described form the basis of most auto-
matic tracking systems.

8*7. Effect of Additional Smoothing.—Since the information (current)
supplied by the discriminator is essentially discontinuous at the PRF,
some smoothing of the PRF components will usually be necessary. The
smoothing usually consists of one or more simple 7?C-smoothers of the
type shown in Fig 8-2 for which

Fa _ 1

Fi 1 -f pTj

where T, — EC, the circuit time constant. If a single circuit does not
provide sufficient smoothing, additional circuits with the same time
constants may be used. The effect of introducing such circuits is to

multiply the function unit equation by a factor (j-j——^ ) ,
where n is

the number of smoothing circuits. In the presence of such circuits,



Fio. 8-6.—Response of a double-integrator system with one smoothing network to a
unit function change in R for various values of <onTt. Damping critical for all curves
(w»r 2) and m = 1,

Fig. 8-7.—Response of double-integrator system with two smoothing networks to a
unit function change in R for various values of <onTS. Damping critical for all curves
CcanT 2) and w = 2.
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Eq. (12) becomes

^2j/ _ _L (1 + vS) .

CS (1 + pTsY ’
(21)

and Eqs. (13) and (19) become

_ kikz (1 4* /jy iD/\
^ ra (1 4- pTa)^

^ ^ (22)

and

=
<0^ (^l'+

-

«'). (23)

The effect that these smoothers have on the behavior of the system
is shown in Figs. 8-6 and 8*7, which show the response to unit step func-
tion with n = I and n = 2 for various values of conTa. The value of co„

is given by Eq. (17). In these curves the damping is critical, i.e.,

iSco* = 2, and it may be seen that the response is not seriously spoiled
provided that

Tacon < 0.4 with n = 1 1

and I (24)
T.con < 0.2 with n = 2. j

For single-integrator systems whose behavior is expressed in Eq. (6),
additional smoothing may conveniently employ different time constants
for the smoothers since an additional feature can thus be obtained.
Equation (5) is replaced by

(1 + pr.)”’
and Eq. (6) becomes

where Ti is the smoother with a different time constant from its fellows.
Equation (26) can now be written

= kikz pTi
CT^ (1 -h pTi)(l + pTa)^

{R - E'). (27)

With n = 0, this equation corresponds with that of the series dampeti
oscillatory circuit of Fig 8-8, for which

r 4* pL
i = pCVi
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Since constant dV^ldt demands constant i, the system will exhibit

velocity lag, but the presence of L will introduce a certain amount of

velocity memory.
Equation 27 with n = 0 may be rewritten as

(1 + B'),

for which, when kt = 0, (1 + pTi)pR^ remains. The solution for this is

E' = A 4- Be

jg
from which pR' — ip e Thus any velocity existing at « = 0 decays

exponentially to zero with a time constant Ti. This may be called

transient velocity memory.
The resonant frequency of the circuit is given by

and damping is critical when

= Jcxkz

CTx

TiO)fi —

(28)

(29)

the damping increasing with decreasing T, as shown in Fig. 8-9.

When n = 1, the response is as indicated in Fig. 8T0, which shows
the unit function response with critical damping for various values of

wnjP«, and in Fig. 8T1 for m = 2.

The preceding presentation has the advantage of having equations

of motions of automatic tracking loops in a form that indicates clearly

the type of function unit necessary

to perform the desired operations.

Examples of synthesizing electrical

function units for several systems
will be given in the next section.

Feedback amplifier theory is probably
more lucid on the matter of stabili-

zation but does not indicate directly

the electrical operations that are

necessary to synthesize the equations.

Furthermore, in the simple electrical systems that are frequently used,

stabilization is a secondary consideration usually investigated after the

more fundamental operations of memory and target selection have been

obtained. It might be advisable in complex systems to use differential

equations to indicate the desired operations and then to obtain the

conditions for stability by treating the system as a feedback amplifier.

0-—
L

Vi

AAAr
R

Fig. 8*S.—Equivalent circuit for

single-integrator system with one
smoothing network.
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2 3 4 5 6 7 8 9 10 II 12

Fig. 8*9. Response of single-integrator system with one smoothing network to a
unit function change in R for various damping factors. This response is described by
Eq. (27) with n = 0.

Curves showing response-of sin^e-integrator system with two smoothing
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This might be particularly advantageous in the design of electromechan-

ical systems, in 'which the primary functions can be predicted fairly

easily, but in which the factors leading to instability are more subtle and
yield most easily to feedback amplifier methods.

It should be noted in addition that the major design considerations of

most wartime-designed automatic tracking systems were meeting the

military requirements and the designs were frequently achieved by
intuitive methods. Work on a useful theory progressed during the war,

but a complete treatment awaited the additional time available in the

reporting and terminating activities. Hence, widespread variations in

Fig. 8- 11.—Curves showing I'OBpoiiso of single-integrator system with three smoothing
networks to a unit function change in R for various values of oonTa. Damping is critical for

all curves (w»Ti =» 1) and n = 2.

practice will be observed in the section of this chapter that describes

actual systems.
8*8. Electrical Integrators.—It follows from the previous section that

the error signal must be smoothed and integrated and thereby rendered

suitable to control the time modulator. Using only passive elements

smoothing operations can be obtained exactly with components of

reasonable value, but only very approximate integration can be thus
lachieved. Chapter 12 of Vol. 19 describes feedback amplifiers used to

perform integration, differentiation, and combinations of these opera-

tions. The electrical function units can be synthesized from these

amplifiers.
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Table 8-1.
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Table 8*1,—(Contimied)
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In summary, the feedback amplifier of Fig. 8*12 is shown there to be

fiiTYiilflr to the circuit shown in Fig. 8*13. The “virtual ground’’ is a

ground only in that the action of the feedback amplifier is to hold that

point fixed by supplying a current through Z^. Within the limits over

which this assumption is valid, the output voltage can be calculated

by assuming that the current

which flows from Vi to the virtual

ground is equal and opposite to

the current which flows to the vir-

tual ground from V2 . The trans-

formation performed by the circuit

is the negative of the product of

the admittance of the input

branch and the impedance of the

output branch. Table 8*1 shows

the transformations that can be

set up using the more common
combinations of resistance and capacitance to replace 2/i and Z^. The
input admittance and the output impedance are shown in operational

notation, as well as the response of each circuit to unit functions of Vi
or dVi/dt. Where the input is in the form of a current, as it is in most
time discriminators, the diagrams of column (1) are relevant with

omitted and i replacing Vi/Ri,
There are numerous other possible arrangements in which the net-

work has one or more components
with one terminal grounded, two
of which are shown in Fig. 8-14.

The output voltage of the circuit

in Fig. 8-14a, in which current feed

is used, can be determined by
calculating i, the current entering

the virtual ground, and the out-

put can be obtained as before by
assuming that the same current

flows in opposite sense through
the output impedance. These steps are as follows for Fig. 8* 14a:

o -
* 1 + pCiRi

“ pCjCI + pCiK,)’

In Fig 8*146 it is the feedback which has a component grounded; here,

the process is to calculate in in terms of V2, and ii in terms of Fj, and

ground

F\a. 8-13.—Equivalent circuit of feed-
back amplifier using gonoral impodancoa
Zx and Z2.

o- ' " O
Fia. 8-12.—Feedback-amplifier block dia-

gram.
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equate them as follows:

295

- _vt
fls(2 + pR^Ci) “ “ SI

y^ = (2 + pR, cy

Pio, 8*14. Two feedback function units having one component grounded.

Pio. 8* 1S.““ Simple integrator ciromt. Vi *=» —RCpVi(.l + — )
—

A A

The assumption that the point labelled virtual ground remains fixed
is va.lid only for infinite amplifier gain. In the simple integrator circuit
of Fig. 8-15, two effects result from finite gain. These can be observed
easily by determining to what extent the input is the derivative of the
output. This is expressed as
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or

Ti =

Vx = -xcpv, (l + ^) - 5 j

(30)

The first effect is that the desired operation, integration, is in error by a
factor (1 + 1/A). Furthermore, the output is related at all times to

the input by the addition term ^V^/A. The following example will

show to what extent these errors can be neglected.

Synthesis of Double Integrator with Smoothing .
—^These methods will

now be used to synthesize a circuit of a function unit that obeys Eq. (21),

VW = 1 (1 + yS) ,

as (1 + pT.y ’

or substituting kjci/oil for CS from Eq. (17),

(21 )

= (1 + pS)i
(22)kikz (1 -|- pTs)^

Rewriting Eq. (22) for n = 1 in a form suitable for synthesis, one form is

i .. 1 (1 + 'dC.R^ 1w w (1 A- pCiRi) = V‘ (31)1 + pTa

This equation can be synthesized by the circuit of Fig. 8T4a, and Circuit
8 of Table 8*1 operating in series. Figure 8T6 shows this network for

t
t>

JRs C

I f-

i-Ht-n

-AAAr-
Virtual
ground

-= V
Virtual
ground

ffk *A * * ^-y
Fig. 8-16.—^Equivalent circuit for Eq. (22) with n = 1.

~ E^oh term in the equation is arranged to be below the componetit
that supplies that term. Equations (31) and (22) provide that

ki
CRiCn

RiCi = S
An alternative form of Eq. (22), this time with n 2 is

kikz
^

}
S. )

(32)

V = X
1 +pTa ^ p(C + C')

X 1 + pCRi

1 -\- p
C'CRi
C + C'

pC^
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Here requirements for identity are (see Fig. 8-17)

(C + C')R^C^ =^ )

CBi = s" ( (33)

C + C
)

The important difference between these two circuits that may influence a

choice between them is that in the one of Fig. 8T6,

XT pCiRx -rr=
1 + pC^By

and in Fig. 8-17,

V^ = pC^R^V.

Consequently in Fig. 8-17, V\, which is the output voltage of the first

feedback amplifier, is the differential of V and is, therefore, proportional

l+pj’s P(0+'C7'i I+ gCffi
C+C'

Fig. 8-17.—Equivalent circuit for Eq. (21) when n = 2.

to velocity, whereas in Fig 8-16 Fi is proportional to velocity smoothed
by a time constant RiCi. A choice between the circuits will be based
on the desire for either instantaneous or smoothed velocity. In general,

smoothed velocity is required since instantaneous velocity is liable to

have superposed on it a spurious fluttering caused by signal amplitude
modulations A further advantage of Fig 8-16 is that the smoothing
tends to prevent overloading of the second feedback amplifier caused by
flutter of large amplitude.

Note that if condenser C' in Fig. 8-17 is omitted.

n

CRzC^

= 1
,

7ci7c2

<0n (34)

and
CRi = ;S.
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Synthesis of Single-integrator System .—^Another synthesis o

is that for Eq. (25), the single-integrator system with n + 1 sn

xr _ ^ 1

C (1 -h pTiXl + yT.y
which can be rewritten

2>2T7’ —s ^ ^ y/ yTx 1^ ^ TxC ^ (1 + vTi) ^ (1 -h pTs^
or, substituting for CS from Eq. (17),

'pW = i ^ (1 H- pTx) ^ (1 + vTsy

The network for this equation with «. = 1 is shown in Eig 8*

equation on Fig. 8*18 is identical with Eq. (36) provided that

X u JS v ^ V ^

X+pZi 1-^pCR pC2

Fig. 8 -18.—Equivalent circuit for a sin^e-integrator system with two sinoi

Practical Circuit Design for Double Integrator .—Returning
Fig. 8-16, this circuit has been chosen as an example because it 1:

practical applications. If it is assumed that the discriminator
55 iua per /xsec of misalignment (/c2 = 55 amp/sec) and that
modulator circuit sweeps over the range of 0 to 100 Atsec as V ch
100 volts, then hi = 10~® sec/volt. If in addition it is assumed
gain of a single pentode stage may be treated as infinite, the cii

then be as shown in Fig. 8*19, where the key components of Fig.
denoted by heavy lines. The first difference between the twc
is the potential divider R^Rzj needed after the first tube to ei
potential Ei at the junction point of Rz-Rz to move positi's
negatively with respect to ground in response to variations of i

potential of A similar potentiometer would be needed 8

second tube Vb were it not for the fact that the particular time m
requires only positive voltages to operate it. Since the potentia
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is actually needed to supply only J2i, the condensers C and Ci may be
taken to the plate of the first tube, at the expense of losing direct com-
parison with Fig. 8*16 but with considerable practical advantage. The
advantages are twofold: (1) since potential variations at the plate
exceed those at V

,

smaller condensers can be used, and (2) as the excur-
sions of plate potential to produce a required rate of change of Eq will be

greatly reduced, there will be a reduction in any tendency for Vj, to
overload.

The modifications to the circuit of Fig. 8*19 are shown in Fig. 8-20.

In this figure the primes indicate components whose values require
modification—^that is, C', €{, and R{. Thus if C' is kept equal to (7, and
V 1 is now redefined as the voltage of the first plate (due allowance being
made for its steady direct component of about 150 volts) then Ci — Cij

Fiq. 8’20.—Modificatioa of circuit of Fig. 8-19.

but Ri requires alteration. Toltage Vi is now effectively halved by the
two resistors and Rs and the current due to Fi flows through an equiva-
lent resistance R[ -f- R 2 hence for equal current through and Ri of

Figs. 8-19 and 8-20, with R — Rz,
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or

75/ _ — ^2
^1 o

*

Bearing in mind that this adjustment will be needed, Fig. 8*19 is the
easiest figure to use when evaluating components.

The resistance 22* that may be placed in series with the output of a
practical discriminator is limited because the circuit will not operate
properly if the product of the misalignment current and output resistor

amounts to more than a few volts (Vol. 19, Chap. 14).

As the misalignment (E -- E') increases, the misalignment current
from the discriminator increases linearly at first until a maximum value
inaa. is reacficd. Any further increase in (J? — E') then produces a fall

in output current. With the maximum d-c back voltage that may be
applied to the discriminator as ±4 volts and the maximum misalignment
current as 40 /la, E, should not exceed 4 volts/40 yua or 100 k. The larg-
est value of C, that may be used is determined by co„, and the smallest
value depends upon the amount of PRF ripple that may be tolerated on i.

If = 40 Ata, the charge entering C* per pulse is 40 fi&/660 — 0.0616
Aicoulombs, where 650 pps is the PRF. Allowing a further ± 4 volts of
discriminator voltage output to accommodate the ripple voltage that
this charge will produce on ^ 0.0616 )ucoulombs/4 volts ^ 0.015 /uf.

Hence the minimum value of CsEs with Eg = 100 k is 0.0015 sec. Since
Tgcon should be equal or less than 0.4 for stability,

0.4
"nma* = — 265 radians/soc-

The lag time constant Tg will not affect the stability of the system for
values of less than conmax* Since smooth operation is usually desired in
spite of the presence of noise and random fading of the signal, much
lower values of <«>« are usually employed. In a particular case the gates
were to track an aircraft echo and to provide rate measurement in the
range of i 500 mph with a total change of i 30 volts. A value of
Wn = 6 (/to = 1 cps) was chosen. To provide the correct scale of rate
measurement, R1C2 must be such that when

then

Hence

and with

pE' = pk{V = l.bS/iSec/sec «

Vi = pEiCiV = 30

EiCz
30 _ 30fci

pV 1.63'

ki = 1.38 Aisec/volts,

E1C2 = 27 sec.

volts.

500 X 11

3600
'
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The largest convenient value for Ce is 4 hence

301

« 6.75 M.

On converting this value to R[ as in Fig. 8-20, where — R — 2.2 M,
it is found that

With
R'x = - Rfi) = 2.27 M.

Cl^iCs = kxkf.

03n

derived from Eq. (32), and with /c2 equal to 55 jua/sec,

^ = 27 X 36
' = °

The condenser is now chosen to give appropriate damping. For
critical damping [from Eqs. (18) and (32)]

Hence

or

C/ iR i03n — 2,

^ Rl03n

Oi
2

6.74 X 10» X 6
0.0495^1.

These values are pertinent to Fig. 8.20; the remaining components (i.e.,

the two plate load resistors) are each 50 k. It now remains to check the

assumption that single-stage amplifiers have sufficient gain. Tube Fe
is a high-flr^ pentode with a plate load of 50 k, whose gain A will thus he

about 100. The term Zi/Zz in Eq. (30) expresses the desired operation,

and Zi/Ziil -h 1/A) differs from this only by 1 per cent. In addition

the term 1/A introduces what might be called a position error in this

circuit. In Fig. 8.20, for a particular value of F, Vi can be called zero,

but aS* V varies, Vi must also vary by (l/A)Vj and hence the indicated

velocity is in error by 1/A times the indicated range voltage. In the

system described, V goes from -1-50 volts to -f-150 volts. If the value

of Vi for which V = 100 volts is designated zero velocity, then in the

steady-state tracking of a fixed target, the limiting departures of V i from

zero will be ±0.5 volt. Since the swing Vi for ±500 mph is ±30 volts,

the velocity may be in error because of this term by

(0.5/30) X 100 per cent — 1.6 per cent.

Similar errors will occur while tracking a moving target, the error in

velocity varying with range.
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Alternative Integrators ^—Synthesis of time-measuring systems employ-
ing either the difference integrator or the bootstrap integrator described
in VoL 19, Chap. 19 and shown in Figs. 8*21 and 8*22 can be accomplished
by methods similar to those used in the feedback amplifier integrator.

Since the equations for the three types of integrator are identical except
in the terms expressing the errors of operation, the choice of any one for

a particular system can be based
on the convenience afforded by
particular circuit arrangements.
For example, the feedback ampli-
fier integrator is certainly the
most simple to employ, for the
input voltage may be referred to

ground or a fixed point, and the
equivalent circuit using the con-

Epp

c

-Vo
Fig. 8'21. Difference integrator. Fig. 8*22.—Bootstrap integrator.

cept of a virtual ground is very suitable for the ^^electron-chasing”
type of reasoning. The difference integrator has the advantlige of
performing a subtraction or comparison at the same time that it integrates
or smooths, but both it and the bootstrap integrator require a floating
error-signal generator. For this reason, no particular advantage can be
seen for the bootstrap integrator, since it offers no compensating feature.
It was argued at one time that a ‘'cathode-follower” integrator could be
operated at lower grid current, i but this is a fallacy, for the circuit is

* The advantage that a straight cathode follower has over a d-c amplifier for grid
current is that large input voltages can be accepted with a smaU change in grid-to-
cathode bias.^ The bias can then be chosen as that associated with minimum grid
ciOTeiit. This ar^m^t does not hold here for in fact more grid swing is required with
the tnode than with the pentode mtegrator.
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nothing more than a d-c amplifier. General considerations of grid
current are considered in Vol. 18, Chap. 11. A limitation of the differ-

ence integrator is that the value of R is limited by cathode-to-heater
leakage current and the cathode-to-plate current that flows independent
of grid bias. The resistive elements in the bootstrap integrator and the
feedback integrator are limited only by grid current, which is usually
small.

The equation for the difference integrator is

R.C,V = I
(F. - Fi) - F,

where
R. = -h (a + l)i2].

If we call R — Z, 1/pC = Zq, and assume that R^ « (fx/2')R = (/jl/2)Zi

and if we let

then

Hence

, _ AVa -Vt,-V
Z^ y

Vc-Vi, Zt(.
,
A

V ZaY 7nJ

This is identical with Kq. (30) for the feedback integrator except for the
position error terms that dropped out in letting Eg « (^fi/2)R. The
design of a time-measuring system using this type of integrator will be
discussed in Sec. 9T0. It will be noted that Zi and 2^2 cannot take all

forms in this integrator—for example, Zi — lljo>C is impossible.
The equations for the bootstrap integrator are similarly equivalent

to those for the feedback amplifier, if 1/pC == Zs, R = Zi, and if we
remember that g, the gain of a cathode follower, is very nearly unity,

Fi - ^ (pRC + 1 - s) = V^pRC
[| + g

pRc]

Making the above substitutions.

Vt = Fa.

This equation is identical in nature with Eq. (30), since. 9 is nearly unity.

Hence all the integrators are seen to have similar characteristics and
errors.
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8«9, Memory and Coast.—^Before completing the discussion of elec-
trical function units, a few remarks will be made on methods of obtaining
memory and coast using the circuits described previously. In discussing

f®®dback-amplifier integrator the remark was made several times
that, if the signal faded, the current from the discriminator went to zero;
then, depending upon the type of circuit, either position or velocity
memory was obtained. This implies two things: (1) that if there is
noise present, the discriminator must be perfectly balanced so that the
presence of noise will not create an error signal current which would
produce either a velocity or an acceleration; and (2) that in the absence
of noise, the undesired currents in the discriminator due to insulation
leakage or current associated with vacuum-tube electrodes must be small.

Snice it IS difficult to maintain balance in the error signal discriminators
and to keep leakage currents small, it has been suggested that a neon tube
of 1^ operating voltage be placed in series with the integrating condenser
so that current will flow into it only when the error signal multiplied bythe gain of the stage becomes large enough to break down the neon tube,n the absence of a signal, the unbalance current and leakage current^ usually be kept small enough so that the neon tube will not strike.Ihe circuit arrangements for this addition are shown in Fig. 8*23.

It is at once evident that the only circuit in which the insertion of a
really appropriate is the difference integrator, for in the

other two circuits the time discriminator must provide adequate voltage
to overcome the neon-tube striking voltage. If the difference integrator
circuit IS not appropriate and yet the circuit demands a disconnector, a
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pair of back-to-back biased diodes can be used, with the precaution that

-fche leakage currents associated with the electrodes of the diodes be kept
•very much smaller than the unbalance currents of the discriminator.

The biased diodes are particularly advantageous when small leakage

currents are tolerable and when large unbalance currents require an
automatic disconnector without the large backlash associated with a

xieon tube.

According to our definition of coast, a switch or relay may be pro-

vided for interrupting the discriminator current either at the discretion

of the operator or in response to some device that detects the presence of

interfering signals. By this definition, the neon tube disconnector is

indeed a coast device since it disconnects the time discriminator circuit

when the error signal lies below a threshold value as it should with only

noise present or when locked accurately on a signal. One precaution

that needs to be taken is that the insulation resistance of the switch

Tbe high so as not to allow any spurious currents that might flow into the

integrator condenser and change the rate voltage. An additional pro-

vision is usually to insert simultaneously a large properly charged con-

denser in parallel with the normal feedback condenser. The Oboe
automatic range-tracking circuit described in Sec. 9*1 is a good example

of this technique.

8-10. Mechanical Function Units.—Ideally, an identical approach

to the design of function units can be made by employing mechanical

elements in the place of vacuum-tube amplifiers. There exist numerous

types of mechanical integrators but the one most appropriate for the

purpose of synthesizing function units is the velocity-controlled servo-

mechanism employing tachometric feedback as illustrated in Fig. 8-24.

This integrator has the advantages over other mechanical types, such

as the ball-and-disk, of being constructed of standard components, of

possessing high gain, of delivering abundant torque for computers and

data transmitters, and of being sensibly independent of torque loading.

Moreover, the loop containing the servoamplifier, the motor, and the

tachometric generator can be regarded simply as a voltage amplifier.

The act of connecting the output of the tachometric generator in series
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with and opposing the input error signal ensures that the generator

voltage is always approximately equal to the error signal, for indeed

this is the function of the servoamplifier and motor. If the servo loop

is stable, it is analagous to the feedback amplifier described in Table 8-1,

circuit 1, having resistance input and resistance feedback elements.

Integration is performed by virtue of the relation between the generator

shaft and its output voltage—^namely, that the shaft position is the

integral with respect to time of the generator voltage. Provided always
that the requirements of loop

stability are met, the mechanical
integrator may be modified in the

same manner as the electrical

integrator to perform the func-

tions of smoothing and loop

stabilization. This modification

involves inserting in series with
the tachometric generator resis-

tive and capacitive elements to

perform the desired functions- A
simple example is shown in Fig.

8-25, in which an RC circuit is

placed in series with the tachometric generator voltage, being fed back
to the input of the servomechanism. The performance of a velocity

servo with this modification is described in detail in a British Report^ on
velocity servomechanisms, the velodyne.

The equations for this modification show that the transfer function
becomes 0o/ei = -f- pRC)/(p) where a is the scale factor of the
tachometer generator in volts per rpm. Further modifications in accord-
ance with Table 8-1 are likewise possible, though one should bear in
mind always the restriction that the servomechanism must be capable
of stable operation under the modified conditions and that the output
quantity illustrated in the table is shaft speed. The remark made in
Sec. 9-7 about the relative merits of the differential equation solution
and the method of feedback amplifier analysis in designing the automatic
time-measuring systems is especially pertinent with mechanical function
units. The recommended procedure is to make the simplifying assump-
tions of the previous paragraphs in determining the general nature of
the mechanical function unit, and then to work out the detailed design,
including stabilization,, according to established automatic-control-
mechanism practice; In the particular case of the velodyne this last
step has not been found necessary where the natural period, 1 //n, is long.

The three specifications that an automatic time-measuring system
1 1.E.E, Convention paper, F. C. Williams and A. U. Uttley, March 1946.

Fig. 8-25.—Servomechanism with tacho-
meter feedback modified to perform a more
complex operation.
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must meet and tkat thas determine the specific design of the mechanical
function unit are: (1) the system must possess sufficient gain to keep the
range-tracking gate aligned "with the tracked signal to within the desired
range accuracy

; (2) the tracking must be sufficiently sluggish and stable
to prevent noise components in the signal from causing large fluctuations
in the output data or even pulling the tracking pulse away from the
target signal; and (3) the sluggishness must not be so great as to limit
the ability of the system to lock onto a moving target quickly, or to
cause appreciable velocity enor.

Selecting gates

range rate $0
fia. 8*26.—Single integrator mechanical time-measuring device.

The complexity of mechanical function units is such that they are
Used only when, the requirements of the system demand either mechanical
data output, or the use of a mechanical time modulator. Even then it is

of coarse possible to use an electrical tracking system together with a
mechanical voltage- or time-follow-up mechanism, as discussed in Sec.
8*15. Such an arrangement involves some duplication of equipment,
which is costly unless the separate electrical signal tracking loop is

exploited for rapid target selection, or automatic search. This situa-

Fia. 8'27.—Doublo-iatonration svstora omplojdng two velocity sorinoinecliamsms-

tion occurs in range-tracking systems in which mechanical output data
and an accurate mechanical time modulator are used.

A fundamental advantage of mechanical function units, is that
mechanical integrators are free from the position error term — Vi/m of

Eq. (30). Well-designed servomechanisms can be balanced with great
stabilityand the conditions for good velocity or position memory then rest

solely on the balance on noise of the time discriminator. If adequate
time-discriiainatoi* balance cannot be obtained through careful design,

the technique discussed in See. 8-9 of introducing a neon tube or biased
diode disconnector is appropriate here, providing the backlash introduced
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does not disturb the stability of the system. Pigure 8*26 shows the
block diagram of a single-integrator mechanical time-measuring system,
which possesses position memory only. As is pointed out in Sec. 9-2,

it possesses some velocity memory by virtue of the smoothing networks
preceding the velocity servomechanism.

Figure 8*27 shows the block diagram of a double-integration system
with velocity memory employing two velocity servos. Such systems
have been used for angle-tracking but not, to the author’s knowledge, for
range-tracking. This system has the advantage of providing range and
range-rate data directly as shaft rotations. An alternative method is

to use a mechanical integrator to integrate range rate and a feedback-
amplifier integrator to integrate acceleration, as illustrated in Fig. 8*28.

Fia. 8-28.—Typical combination of electronic and mechanical integration.

The objection to this scheme is that range rate is not obtained as a
rotation.

shaft

Time Discbiminators
8.11. Gener^ Consld^atioiis.—In the complete time^demodulationscheme employing discnmmation and remodulation as described in

oerfomLi
demodulation in its simple form is

discnmmator. Its function is not to indicatethe absolute value of time modulation of the received sienn.1 but to

W^V tr ^ ! !
magmtude and sense of the time difference Ltween theUy gcnerat^ selector-waveform and the received signal.

Tbo f
contained in Chap. 10 of Vol. 19e followmg sections will give several circuits that were used in rarhirautomatic range-tracking systems.

The first operation is that of time selpp+inTt +v.o+ • 4. j*
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from the remainder of the video information. This is usually performed

by a pair of time selectors (see Chap. 10, Vol. 19). The selecting wave-
forms or gates are time-modulated by the local time modulator. The two
outputs from the time selectors are then detected and compared in a

difference detector (see Chap. 14, Vol. 19). The difference current or

voltage is operated upon by the function unit to control the local time

modulator. The two selecting waveforms are thus made to divide the

video signal equally. The value of the time-modulator control voltage

that locates the waveforms symmetrically on the signal is then the desired

indication of the time modulation of the signal.

The properties desired of a time discriminator are that the output

signal (microamperes per microsecond of misalignment) should be large

compared with the noise level at this point in the circuit and that the

balance should be stable. There are two conditions for balance in the

time discriminator. First, the output voltage or current in the absence

of any signals must be zero, and second, the output voltage in the presence

of equal signals in the selector gates must be zero for various amplitudes

of signals. The latter requirement applies to both noise and intelligible

signals. Balance is required on noise to avoid change of velocity or

position during fades of the signal; balance on signals is required to

prevent shifting of the tracking point with fluctuations of signal ampli-

tude. Unbalance on noise might also shift the tracking point in the

presence of a signal if the signal-to-noise ratio were low. If the system

is to have position or velocity memory in the presence of noise without

the use of an error signal disconnector (such as a neon tube) noise balance

is necessary; otherwise, the function unit will take a position or velocity

or acceleration indicated by the amount of unbalance in the time dis-

criminator. If a disconnector is not used, the time discriminator should

operate on video signals of large amplitude, and should be followed by
as little gain as is necessary. If this is done the effects of either zero

or dynamic unbalance in the time discriminator can be minimized.

Since the generation of square selecting waveforms (Vol. 19, Chaps. 5

and 6) or gates is not particularly stressed elsewhere, the circuits for

generating them are included occasionally in the following circuit descrip-

tions of time disci’iminators.

8*12. Simple Time Discriminators.—A simple discriminator is one

in which the time selection, amplitude comparison, and the operations of

the function unit are all performed in an essentially indivisible circuit.

The principal advantages of such circuits are their economy in size, com-

ponents, and power consumption; hence their frequent use in airborne

radar systems. The possible disadvantages of sensitivity to interference

and imperfect balance on noise are not often serious limitations for the

particular use for which they are designed.
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AGL {T) Discriminator.—The first circuit of this kind to be described
is the time discriminator from the AGL (T) Mark I British Radar.

In this discriminator the output from a single time selector is detected
and compared against a reference voltage to tell how much of the target
signal is coincident with the tracking gate. Although two gates are
employed in the time discriminator only one ever coincides with tlie

echo (see Fig. 8*29) . The waveform of line a is a pre-pulse lasting 20 ^isec,

at the end of which the r-f pulse goes out. Waveform h shows the output
of a phantastron which is triggered first at U, recovers after a time i', and

Fig. 8*29. ^AGL-(T) time-discriminator circuit and waveforms.

is triggered again at U to stay on again for a time t'. The length of the
interval t' is determined by the position of the range control. Waveform
d is the output of an amplifier driven by waveform a. Waveform f shows
the output of the receiver. The blank space in the vicinity of 1-2 results
from a gain-suppression action that removes the transmitted pulse from
the receiver output. The circuit of Fig. 8*29 shows two gated pentode
detectes Vi and V2 . These tubes are both gated on their control
grids by waveform h from the range phantastron, so that space current
nows during the two inten’-als t' of each recurrence interval. The sup-
pressors are gated positive respectively by the waveforms a and d so
that during the interval t' following h, Vi has both its control grid and
suppressor grid on and acts as a pentode-switch detector (strobed diode,
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Vol. 19, Cliap. 14) liaving lOO ^olts of screen poten.'tial, zero grid and
suppressor bias. During this interval has its suppressor cut off.

On the other htan-d, during tlie interval follovring ti, Vi is off and Ka is

conducting- The control grids are normally "biased off to — 10 volts
and are prevented from going positive by the series grid resistor. The
suLppressor is biased hy current drawn on positiv"e swings flowing through.
R%, so that it will also aiitoirLatically adjust itself to a bias of zero volts
while the gates are on. rhe plate current that flows in Fi on the coin-
cidence of the waveforms a and h is determined by the plate voltage
that is supplied from the video output of the receiver. As indicated in
line / the receiver output dirring the first gate is purely noise since it

occurs at the extreme end. of the previous recurrence interval. When,
the two gates on V i go off the condenser Ci is left charged with a
voltage proportional to the average noise during the interval t\ This
voltage decays ejcponentially through jRj "to ground with a time constant
of 4700 /isec. The PR-I is 670 pps. Tube V2 operates in a similar
manner. In the condition shown, Cg will charge up to a voltage repre-
senting the average of the noise and that portion of the video echo which
is included in the intervals' following tg. If the two circuits are identical,

the negative voltage on Ca will be greater than that on Ci due to the
presence of a signal in the second gate. In the aTosence of a signal the
difference will be zero except for the unbalance caused by the time-
varying gain. With zero output the time modulator is arranged to creep
out in range. "Unbalance in tlie output dne to variations of Wi and Vz are
reducing by adding 2.2 k in series with the plate. The charging time
constant thus becomes nt Least 2.2 ju.see for a 0.5-/isec pulse, ensuring that
the detector is an average detector.

The two outputs are connected ton differential amplifier which feeds

arelayservontecbaaism whose output shaft controls the range potentiom-
eter to adjust the interval totemninate on the front edge of the closest

signal. T’he circuit ma,y besaid to possess the simplicity of a single-gate

system and the advantages of a balanced doulole-gate systeia. In the
original conception of the system in Avhich time-varying gain was not
used, noise in one gate "balanced the effects of noise in the other. But in

this circuit changes in signal amplitude would cause the tracking point to
shift although AGO would minimize this effect.

Oboe Time Discrini7iator .—The secoad simple time discriminator is

the one used in the British Oboe Ground Station that automatically
tracks the aireraft response in range and uses the range voltage either to

keep the aircraft on a constarxt range course or to provide a bomb-release
signal, depending upon which of the two ground-station functions the

set is performing. A complete discussion of this tracking unit will be
given later in See. 8*22. The discriminator is shown in Fig. 8*30. -The
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beacon response from the aircraft is fed to the time discriminator from
the cathode follower Vz with a maximum amplitude of 90 volts, and is

represented as waveform d on Fig. 8‘30. The selecting waveforms are
shown as waveforms h and c, and are formed in the gate generator circuit
of V%. The gates are not equal in length : the second gate c overlaps the

si^al completely and the short gate overlaps the first half of the long
“idioated. The desired discriminator characteristic is obtained

thT^uwTrt®?
detectors gated by these pulses by combining half of

^e outmut of
® detector with that of the short gated detector,e output of the long gated detector can be employed directly for
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signa,! amplitude indication and A-GC. Th.e circuit for* accomplisliing
tkis is shown in Fig. 8'30. The short gate is applied to the control grid
of Ys driving it positive from — 170 volts until it drstws grid current at
— 150 volts. Its plate drops until the cathode of F4 comes to ground, at
which time Vi conducts and holds the 3 unction of Ki and Ri near ground.
During the time this condition holds, the video pulses applied to the
plate of the diode Ye can draw current and charge 0 1 . When the gate
turns off, the plate of V 3 rises again and brings the cathode of ¥5 up to
-1-150 volts, shutting off the diode. This design, aims at making the
current due to the video pulse independent of the gate amplitude and of

tube characteristics. This is realizied by using a resistor in series with,

the diode and by using the gated tube only as a means of bringing the
cathode of the detecting diode from cutoff to ground. The charge col-

lected on (7i from rectification of the rideo pulses flows through the
smoothing network BzCi, to provide a smoothed current. The tube
Ye and the associated diodes T7 a.nd Ys operate in the same manner,
gated hy the long gate and. creating a smoothed current proportional to
signal amplitude. This current is later inverted, haVed, and mixed with
that from the short gate to provide a discriminator error signal.

/Sf<7i?-784 Time r>iscrimin<itor.—A third simple discriminator is one
that was used in the automatic range-tracking circuit for the SCR-784.^
Here again gating and detecting are done in the same circuit. One
difference between this circuit and the previous examples is that, whereas
previously two separate detector currents were derived to be compared
in a subsequent circuit, in this circuit advantage is taken of the fact
that the difference between two currents is desired, and the gated recti-

fiers act to charge and discharge a single condenser simultaneously, form-
ing a difference detector. The error signal is the net charge on the
condenser at the end of this competitive process and no discharging
resistor is required. This process is similar to the bidirectional detector
action described in Chap. 14 of VoL 19. At each occurrence of the
gates, the voltage of the output condenser is adjusted to the relevant
value, and between pulses it is left charged, thus effectively converting
pulse amplitude directly into d-c voltage of the same value. The action
is shown in the circuit of Fig. 8*31. The cathode follower Yi feeds
shortened video signals directly onto the grid of Y2 and to the grid of Vs
through a short delay line. The tuhes Ya and Yj are connected as
triodes and are plate-gated by the narrow tracking gate. ISTormally

Ya and F’s are biased, off by voltage derived from a cathode follower which
follows the output error signal and keeps the plate voltage on the gated
tabes approximately independent of output voltage. The presence of a

Department Technical Manual TM11-1654, ^'Hadio Set SCE,-784 Service
Manaal," Mar. 1, 1945.
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signal coincident with the gate on Fa causes current to flow to charge C\

and Ca, whereas a signal on the grid of Fs coincident with the gate acts

to discharge Ci and Ca. The sensitivity is about 150 volts/Msec of

misalignment. In the absence of gates and signals, C\ and Ca have

only leakage paths to ground and hence remain charged. A nepitive

bias is applied to the cathodes of F2 and F3 by a bias gate and is adjusted

to keep them cut off for the duration of the plate gate unless a video

signal appears. This was necessary to prevent unbalance currents in the

presence of noise, but it has the disadvantage of placing small signals at

Fig. 8*31.—Time discriminator of Hadio Set SCR-784,

the low-gr« portion of the gated tube characteristics, and furthermore if

AGO is used it fails in its purpose entirely, for the AGO brings the noise
up to average signal height. A more logical approach would have been
to put a gain-balance control in the circuit to keep the average charge
delivered to (7i and Cg zero for noise, leaving the grid bias smaller.

The cathode follower F4 provides a high-impedance input to connect
the error signal to the delay circuit. A similar time demodulator is

described in Vol. 19, Chap. 14,

8-13. Time Discriroinators Consisting of Separate Time Selectors and
l^etectors.—In the following, circuit the actions of time selection and
detection are separated. One consequent disadvantage is that the addi-
tional stages increase the variations in zero and gain balance with tube
changes. It offers the advantage of the same type of competitive charg-
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ing of the output condenser as that in the SCE,“784 and provides an
inexpensive source of the sum of the output of the two gates without
resorting to the long and short gate device of the Oboe. Unlike the
SCB.-784, the output of this discriminator is used as a current. The cir-

cuit is shown in Fig. 8*32. The video amplifier V\ supplies Fa with video
pulses of 20 volts peak. The cathode of Fa is approximately at —300
volts and in the absence of gates, its plate current flows through the
diode Fs to ground. When the early gate comes on Fs its cathode rises,

+ 4.7V

cutting off Fd- Since Fa is a pentode, the current is substantially inde-

pendent of the plate load, and the same current that was flowing through

Fb will flow through Fa and through the plate-circuit pulse transformer

Tx and cause a negative current to flow in <7i through the diode Fe- When
the early gate goes off and the late gate comes on, the plate current of Fa
is switched from Fs to F4 and causes a positive current to flow into C
through the diode If the average current duidng each gate is the

same, Cx will receive no net charge. If the average voltage on the grid

of Fa is larger or smaller during the first gate interval than during the
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s6Coii<l gate interval; Ci will take a positive or negative net eliaige.

Tlie condenser 0% is coupled, to the low input impeclanco of a Aliliei

integrator. This is the discriminator that provides 55 AtA/Vsee usetl in

conjunction with the function unit evaluated in Sec. 8'8. i lie Ih volts

tolerance in output voltage, ±4 volts d-c, and dz-l vf>lt..s ripi)le, thert*

allowed is due to the 16-volt spacing between the diocit'! biases. i he

transformer Tx is fed from a high impedance source and is designetl ns a

current transformer—that is, the secondary current tends to bear a

fixed ratio to the primary current independent of output voltag<N tlii)d«‘

resistance, or applied biases. The potentiometer Ri takes advantage of

the imperfections of the transformer and inserts more or less resi.st aiuM*

in the two secondary circuits to afford a gain-balance control.

Pig. 8-33.—Time discriminator of AN/APO-lf).

quality of the transformer can be judged by the fact that a C(Ui^i>lete

excursion of the potentiometer changes the balance only by 1 1) per cent

.

The current that flows through Fa is determined by tiie signal ampli-
tude; thus the current from the center tap of the plate tran.sforrnc^r Ti
flowing through Ti provides a pulse output over the whole interval of the
two gates which can be average-detected by the diode Vs for ACHI or
amplitude-demodulation purposes.

Employing a current transformer in this type of differential amplitude
detector circuit offers a solution to the problem of maintaining balanced
sensitivity in such a circuit when the output voltage departs from the*

mean of the diode bias potentials. The alternative solution with a low-
impedance source is to cause the mean diode bias to follow exaedly the
voltage excursions of the output condenser as in the next discriminator
to be described.
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A second discriminator that performs the two functions of time selec-

tion and detecting separately and also uses difference-taking in a con-
denser directly is the time discriminator of the ARO (AN/APG-16,
AN/APG-6) shown in Fig. 8-33. Tubes Vi and V 2 are suppressor-gated
pentodes with the video signal applied to the control grids and inverting
pulse transformers in the plate circuits. The secondaries of the inverting

transformers feed triode detectors of the type shown in Chap. 14, Vol. 19.

The net charge in Ci is the difference between the charge that flows in

Vz and V 4. due to the early- and late-gated video pulses. A difference

detector using high impedance triodes of the 6SL7 type to charge 1.0 /if

for 0.5 /isec is certainly operating as an average detector. The output
signals from the secondaries of Ti and T2 are mixed to provide a combined
pulse for the AGC detector which represents the signal amplitude during

the whole of the gating interval. The bias of F4 is fixed, and the bias of

Vz is maintained nearly constant by the cathode follower Vz operating

with a pentode as a cathode load as the potential on (7i moves up and
down over a range of 15 volts. A balance control in the cathodes of

the gating amplifiers provides balance on equal signals so the voltage

on Cl will not change in the absence of signals or in the presence of noise

alone.

8-14, Time Discriminators with Time Selectors, Pulse Stretcher, and
Narrow-bsind Pulse Amplification.—^An example of this type of dis-

crimination on which considerable data is available is the circuit used

to supply automatic range tracking for an experimental radar. Two
aims were prominent in the time-discriminator design : minimum sensitiv-

ity to interference, and accurate position memory and coast.

The first item was achieved by decreasing the range aperture to

0.4 /isec and employing rapid-charging peak detectors in the time dis-

criminator. Unfortunately the short range aperture requires wide
receiver bandwidth and thus decreases the receiver sensitivity and
increases the cost of amplification.

The second aim was achieved by designing a time discriminator

that would remain balanced on all amplitudes of noise up to receiver

saturation.

The principal method of achieving good balance on noise is to main-

tain extreme linearity in the amplifiers and detectors, which operate

separately on the early- and late-gated video.

As is shown in Fig. 8*34, the selecting gate is formed in Fi, a blocking

oscillator using a Westinghouse 132-DW pulse transformer to generate

a 0.12-Msec pulse. A 0.1-/tsec delay line is employed to provide a late

gate fi’om the early gate. The spacing of the gates is chosen to keep

the additive output of the two gated-video stages constant over as wide

a range of misalignment as possible. It turns out that this condition
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Fig*

8*34-

Puisne-stretching

time

discriminator*
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provides the maximum slope of range-error signal vs. range error. The
video signals of •+ 1-volt level are amplified to +8 volts in a two-stage
20-Mc/sec video amplifier to drive the grids of the two suppressor-gated
6AC7 amplifiers, V2 and Vz- A d-c restorer V4 is supplied. In order to
obtain the maximum gain from the gated amplifiers, the screens are
gated from +76 to +150 volts for a 6-^tsec period centered on the track-
ing gates. This is necessary because during the.time that the suppressors
are held at — 130 volts the total space current flows to the screens, which
would burn up if maintained constantly at +160 volts.

When the screen is at +75 volts the cathode bias is small and large
video signals cause grid current to flow, which passes to ground through
the low resistance of the diode 1^4. The gating amplifiers are fairly

highly degenerated to minimize gain variations between the two stages.^
The net stage gain is about 0.5. The plate loads of these amplifiers
are designed with shunt and series compensation to provide a pulse rise

time (10 to 90 per cent) of 0.02 jusec in the stray capacitance of the output
circuit of the 6AL5 diodes Vs and Ve. It is unnecessary to provide
low-frequency response after the gating stage because there can be no
signals longer than the gate width, hence the small coupling condensers
which permit lower capacity wiring, a factor highly important in wide-
band video construction practice. The type 6AL5 diodes were used
because each section has a resistance of 200 ohms, giving 100 ohms for
the pair as the series resistance through which the stray capacitance from
plates to ground must be charged with a time constant of 0.02 jusec.

The decay time of this detector is about 10 jusec through the 1-megohm
resistors Ri and R2 . The o\itput of the peak detectors are negative
10-/isec triangular pulses whose initial amplitudes represent the peak
amplitude of the gated video signals and may now be amplified in narrow-
band amplifiers. This completes the desired operation of rapid peak
detection.

Tubes y? and Vr are the narrow-band amplifiers, having a gain of six.

Their bandwidth was chosen as i- Mc/sec to allow the plate to rise to an
appreciable fraction of the peak of the triangular input pulse and still pro-
vide reasonable gain. Degeneration is employed again to reduce the
differential gain variations and to allow the amplifiers to handle the maxi-
mum possible grid signals without departure from the linear portion of the
grid characteristics. The cathode followers and Vob provide low-
impedance output to the pulse, transformers To and T?, which drive the
detector diodes Vvoa. and Vxob- The diodes respectively discharge and
charge Ci through the smoothing resistors Rz and R^. The net charge
on Cl is the range-error signal which is fed to the integrator and range-

1 The degeneration of tliis stage is actually so high that it would probably have
luade little difference to the gain if the screens had been operated steadily at +75 volts.
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tracking servo. Figure 8 35 shows the range-error voltage plotted against

range error; the slope is 164 volts//xsec and the aperture is 0.4/jusec.

The gated amplifiers Fa and Vz are biased Class A during the gating

interval. This implies an average plate current of about half of peak.
Hence when the gate comes on the suppressor, the plate drops to the
zero-signal level. This pedestal lasts as long as the gate is on and is

largely removed by biasing off the peak-detecting diodes. A differ-

ential bias control determines the balance of the range-error signal in

the absence of signal and noise. In the presence of noise, the balance is

determined by the differential gain control in the cathodes of V17 and Fia.

The high gain of the servo amplifier following the time discriminator
inakes balance conditions very critical. For example the maximum error
signal IS ±5 volts but in order for the drift velocity on noise to be less
tnan 20 yards/sec, the range-error signal on noise must be less than

’
e

requiring balance to 2 per cent. This was obtained over
periods (^several hours and with values of noise from zero to twice AGO
olf

P^lse output from the cathode followers V,a and Voo is
e AGO a single pulse representing the sum of thepeak amphtudes of the two gated videos.

ici

reasoning behind the choice of the two time-constant detectors

^
l^hat since rapid peak detection is desired, it is economical to detect

w- evel m a very small capacitance whose exponentially decayine:output can be amplified with reasonable gain in narrow-band ampliLrs
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and redetected at Hgh level to provide a d-c error signal. One alterna-
tive would have been to amplify the direct-current component of the
output of diodes Vb and V At such a low level, 5 mv/yard, balance
errors due to drifts of the d-c amplifiers would have been introduced.
To increase the level at this point would require additional video ampli-
fication, which for 20-Mc/sec bandwidth and voltages above a few volts
is very expensive.^

Review of the circuit shows that its real value is the pulse stretching
of the peak-detector stage which provides a long voltage pulse from a
short one. More effort might well have been put into increasing the
resistance of the diode output circuit than into providing narrow-band
gain since the subsequent average detection is benefited as much by
increasing pulse duration as by increasing pulse amplitude.

8*16. Time Selection.—In the absence of interfering signals, the time
selection operation could simply divide the recurrence interval into two
periods, time before the signal and time after the signal, each period
including half the signal as in Figs. 8*36 and 8 ’37.

In the presence of multiple signals, the time-selection process must
reject information from all but the desired signal. In fact, since a 3°

radar beam has an angular aperture

of about 600 yd at 10,000 yd, scan- Eorly

ning radar range finders rely on time 9°*®

selection or range discrimination to

provide most of the target discrimi- video

nation. An advantage of discrimi-

nating in time more finely than in

angle is that it is a very simple matter
to extend the time aperture for search-

ing either by scanning in range or by diagram of the time

presentmg the whole time interval on
a CRT display, whereas the problem of expanding an angular aperture
from a very narrow beam is a complicated mechanical problem involving
either high-speed scanning or some sort of beam defocusing.

If the output of the time selector shown in Fig. 8-36 were put into an
amplitude comparison and memory circuit the output error signal would
have the form shown in Fig. 8-37. If only one gate were used, say the
early gate, the output would appear as in Fig. 8*38, and is identical

with that from the double-gating system except that its amplitude is

halved and it has a different d-c level. The single-gate system has been
used for light-weight airborne fire-control radars where only one target

^ A rough calculation assuming video amplifier design consistent with the rest of

the system shows a cost of 140 ma for first stage of 11 db and 410 ma for second stage
11 db, which would bring the error signal up to a reasonable value of 50 mv/yd.
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was expected—^for example the AGL-T in Sec. 8-12. The obvious

advantage of the gating systems of Figs. 8-37 and 8-38 is that no matter

where the gates are with respect to the video signal there exists a sig-

nificant error signal: hence no search problem exists for a single target.

Reference
.pulse

(a)

.Video A
Eorly gate

Video

1 Early gate

I Late gate
Late gate

(6) j Time

r Error signal

Time at which gates reverse

Fig. 8*37.—Time-selector waveforms and error-signal curve of a tiino discriminator.

The disadvantage of the system of Fig. 8*38 is that the time-discri mination
technique involves matching the output of a single detector against a d-c
level, so that the output of the single detector is a function of signal ampli-
tude as well as of its time modulation; hence the tracking point varies
with signal strength.

A
*

' Synch, pulse

Video

(a)
I i

I

Single gate
1

Virtual index

(6)0

Time of front
j-^edge of video

Error signal

Misalignment of virtual
index and video

Fig. 8-38. Waveforms and error-signal curve of single-gate time discriminator.

Multiple signals requhe narrow selecting gates, the gate width and
imlse width being determined by estimated signal width, separation, and
the desired resolution. In radar applications the undesired signals are^ound echoes, sea clutter, pulses from adjoining radar sets, and inter-
fering targets near the desired one. Decreasing the range aperture
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.3.

yj
^Toraet

I Video

Early gate

Interfering
echo

SI
n Late gate

{^Virtual index

Time

xnore than necessary increases the difficulty of locating the gates on the
signal in the search process and the probability of losing the target during
s. fade.

Measurements taken on power required for minimum detectable

signal in noise as a function of gate width show that the power required

increases with the gate width for

"values of the ratio of gate width
fco pulse width greater than unity.

^For gates narrower than the sig-

nals the signal-to-noise ratio is

fairly constant.^ Hence most
x*adar systems are designed with
sach gate approximately equal to

fialf the signal width. Reducing
fche gates of Fig. 8-37 to half the

signal width gives the discrimi-

nator curve of Fig. 8-39. The
orange aperture is the region from
Cl to b on line 6 of the drawing.

Signals outside this region will not

n,f¥ect the tracking, and in fact,

tracking will not be lost even if a
signal of equal amplitude comes
within about one gate width of

the desired signal. Conversely,

•the signal must be brought within

one pulse width of the virtual

index for tracking to commence.^
The separation of the gates is determined by two factors. First, two

separate outputs indicated by lines 3 and 4 of Fig. 8-39 should combine
to provide a smooth curve at point c on line 6 since this is where normal

Peak output of
early gate

Peak output of
late gote

Error signal

Sum of early and
late gated outputs

Misalignment of virtual
index and video

Fio. 8-39.—Discriminator waveform and
error signal with gates reduced to half signal
width.

tracking occurs, and the slope at. this point, is a factor in the gain of the

tracking loop. Large variations in gain will lead to either possible insta-

"bility in the tracking loop or sluggish tracking. Second, the outputs of

the two time selectors are often mixed additively to give a signal represent-

ing the average pulse height for AGO and amplitude demodulation,
indicated in line 7 of Fig. 8*39. The plot of this term vs. misalignment
should have a flat portion to avoid interaction between slight movements

^ Data from W. H. Jordan.taken by . listening for PRF note out of receiver as a
function of gate width.

^ In the diagrams for this section, triangular signals, square gates, switch-type
gated amplifiers, and peak detectors are assumed- for simplicity in graphical construc-
-tion. Results for average detection, etc, are easily obtained by the same method.
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of the tracking gate and the amplitude of the signal repi'esenting pulse
height (see Fig. 8*40).

The gate separation shown in Fig. 8-40a provides the maximum pos-
sible slope of the error-signal curve in the region of the tracking point,
and at the same time provides the maximum length of flat portion in the
curve plotting the sum of the gated outputs vs. misalignment although
giving considerably smaller output than the arrangement of Fig. 8'39.

Video

Early gate

Late gate

Error signal

Sum of
gated outputs

(6)

+
O

Eorly gate

Late gate

Error signal

Sum of
gated outputs

Fig. 8-40. Effect on time selection of varying gate separation.

Tte IS difierent for average detectors. The arrangement ofpa (6) produces a flat portion m the sum curve but gives a very smallnonhnear range-^or curve. If the video pulse width is r, and the
apertures associated with the three gatespacmgs shown are: ^

1. No overlap: 2 gate width -f video pulse width = 2r
2. j

overlap: li gate width + video pulse width = Ifr

^*^dtr=2-^^
width: 3 gate widths + video pulse
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An. alternative to generatiag two adjacent gates istodelay tte video
apply the same gate to beth gating amplifiers as in Fig. 8*4:1. The

-vricLeo spacing of Fig. 8*41 has been arranged to provide the naximuin
slo;^e of the error-signal curve and maximnna fiat portion in the sum

OTiirve. The associated time aperture is the video •width plus the gate

wicdLth or -It, which, is considerably smaller than the double-gate arrange-

ixiemt for the same conditions.

It is often desirable to obtain a •warning of interfering signals approach-

ing; the tracking gates. Methods
for accomplishing this with out-

rig^er gates will be discussed in

Seo. 9-17.

One interesting hub untried

poossibility is to increase the range

a,pesrture during search. One sina-

I>le possibility employs a multi-

p>le—valued rather than a switch

olia,racteristic for a time selector.

If -fchis is done, the early and late

^abes could hare sloping frontand
Toaok respectively to extend the range aperture without seriously affecting

-fclic3 interference rejection of the narrow sq[uare gates (see Fig. 8 ’42).

TaR-GET SELECriON"

8*16. General Considera'tions-—In any aatomatic time-measurement
sys.'tem whose time-selectiixg waveforms do not cover the whole recur-

x*en-ce interval, there exists the problem of bringing some portion of one
of the selecting waveforms into coincidence with the desired signal.

'W'taen this has beea done, the time discriminator by definition will

I>rcz»duce an error signal of the correct sense to make the selecting wave-

ITio. 842.—Time seleobor with sloping gates.
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forms move to exact coincidence with the target. The latter process

wiU be called “locking on target.” If the process is to be done manually

there are five steps in the operation.

1. SecLTch visually over the displayed range to find a target.

2. Identify the target as the one desired.

3. Slew the selecting gates toward the target.

4. Note indication of their coincidence.

5. Switch to automatic tracking and allow the circuit to lock on.

Of these five operations only - the last three will be discussed in this

chapter since the first two belong in the treatment of displays in Vol. 22.

The procedure of automatic target selection is similar to the manual

process but differs in the following ways. In general, searching is com-

bined with slewing—that is, the method of search is to slew the range

gates through the range interval of interest at a convenient speed until

a target occurs in the gates. ^ In automatic target selection, target

identification and indication of coincidence are identical processes, for

the circuit that detects coincidence simultaneously examines the target

for any electrically distinguishable characteristics. Upon coincidence

with a suitable signal, target indication is given and the tracking circuits

are connected to “lock-on.”

There are two applications of automatic time-measuring systems

where it is almost imperative for automatic search to be included. One
occurs when the operator employing the automatic time-measuring

system has many other duties—^for example, the pilot of a single-seater

fighter plane who is relying on automatic range measurements in his

radar to superelevate his gunsight. Another example of the need for

automatic search is a radar system which functions to report the presence
of an approaching target. The target selecting circuit would have to

find the target, lock on, measure the sense of its range rate, and either

sound a warning or reject it and continue the searching.

Conditionsfor Automatic Search.—The question to be answered by the
designer is, “When is it possible to exchange an elaborate CRT disi)lay

for an automatic search circuit?” The answer depends on whether the
desired target can be identified electrically and whether the range gates
can be made to scan without missing the targets.

Regarding automatic identification, frequently it is sufficient that the
target desired be always closer in range than any other. The obvious
procedure is to search out in range until a target is found; if none is

^ It is iateresting to note that the inherent speed of the range scan is the speed of
light, "because as the electron beam traces out the display, it is actually presenting
the course of the r-f pulse through space. Persistence of vision or of CRT screens
allows the scan to be examined visually in retrospect at a lower speed.
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encountered, then return from maximum to zero range rapidly with the

lock-on circuits inhibited.

Pulse decoding offers more elaborate automatic target identification.

With this method, a decoder located before the automatic search circuits

will eliminate undesired signals, permitting tracking only on satisfactorily

coded signals. Target selection may also be made with respect to the

angular position of the target. Amplitude modulation of the echoes

may be utilized for targetr selection in a conical scanning system. The
antenna scans conically, and the pilot of the plane keeps the antenna
axis pointed at the desired target by means of an optical sight. The
automatic search circuit then locks only on targets with zero amplitude
modulation—that is, on the axis of the antenna. Since the antenna looks

down at the earth from the plane, there is only one point on the ground
which is on the axis of the antenna. Many other methods of automatic

target identification may be suggested by the particular need.

The second condition, that of ensuring that the range gates will

cover the desired range interval without missing a target, is somewhat
like an impatient boy trying to mow a lawn rapidly without leaving any
uncut strips. First, since the signal pulses appear only at the PRF, the

rate of searching in range should not be so large that the range gates

will move more than one range aperture at each recurrence interval.

Second, if there is some likelihood of signal fading, the range gates should

overlap each point in the range interval long enough to allow the signal

to recover from a fade during the time that the range aperture includes

that point. Third, if the antenna is being scanned in angle, the range

search either should move so slowly as to move out less than one range

aperture during each complete angle scan, or should move so rapidly

as to search out the whole range interval while the beam moves one

beamwidth. The second alternative conhicts with the first two points,

especially since most radar systems are designed to search in angle so

rapidly that only a few (say five) pulses are received from a small target

per angular scan. The fourth point that causes the rate of range search

to be decreased is that the coincidence detector is often designed to

require more than one pulse to build up enough signal to override or

disconnect the search circuit. This prevents noise pulses or randomly
occurring interfering pulses from stopping the search. If the time delay

involved in switching by relays to track from search is appreciable, the

gates should not move away from the target. An equation could be
written showing exactly the fastest rate of range search scan in terms of

these five factors, but the definition of symbols would take more space

than the equation would save.

As a practical example, the AN/APG-15 is of interest. It has a
PRF of 1400 pps and a conical scanning rate of 35 cps, relays with
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0.01-sec closing time to disconnect the search sweep, and a 0.7 jusec pulse
with two adjacent 0.7-iusec range gates. The range aperture is thus
about 2.0 jusec, or 320 yd; the maximum search range is 1800 yd. If

there were no conical scanning, the range gates might move out 320 yd
each recurrence interval, covering the 1800 yd 318 times per second
if negligible flashback time is assumed. With conical scan, a range scan
of 320 yd in -it sec, or 11,000 yd/sec would just give complete coverage
of the volume swept by the conical scan. If,the disconnect relay takes

sec to close, the gates wil have moved 110 yd or one-third the range
aperture between the time of detecting a target and starting to lock
on. In the actual system a more conservative rate of 4000 yd/sec was
employed.

Nonlinear search rate or synchronized range search scans might be
used in particular situations to emphasize particular portions of space
or to skip portions of space.

Hapid search of the type indicated in the above example is easily
accomplished in electrical tracking systems where the only limitation to
scanning speed and particularly to the speed of flashing back to initial
range at the end of the scan is the fact that a large condenser to ground
usually exists at the point at which the range control voltage is found.
The low impedances available in thyratrons or pulsed hard tubes provide
flashbacks of about 100-/isec duration even with several microfarads
capacitance. In addition, the presence of a large condenser favors the
practice of discharging small condensers into the range condenser for
introducing a *‘kick^^ in range to remove the gates from an undesired
signal. Several methods of scanning and disconnecting will be shown in
examples to follow.

Mechanical tracking systems offer a quite different picture. The
greatest obstacle to range search in these systems is the wear on the gears
and moving parts that would follow from continuous scanning in range.
If wear is not objectionable, it is still usually impossible to scan the whole
search range in fractions of a second and decelerate to target velocity
without losing the target unless the search range is veiy limited.

On-target Indication .—The target-detecting circuit is that one which
should possess the maximum possible discrimination since it most closely
^mulates the action of the operator in choosing or rejecting a target.The simplest method of detecting the presence of a target signal in
coincidence with the tracking gates is to connect a biased detector to the
output of the time selector and set the bias so high that only signals
large enough to track will cause current to flow. The resulting voltage
can be used to operate the search-disconnect device and the on-target
indicators. The major disadvantage of this system is the practice ofcomparing the signal level from a receiver without constant level AGC/
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with a fixed threshold voltage. A method which overcomes this short-
coming is that of comparing the output of the tracking-gate time selector

with that from a time selector operating on the output of the receiver
during a time in which only noise is present. The criterion of comparison
is thus the signal-to-noise ratio and not the absolute signal level. This
technique is iised in the British AGL-(T). Some circuits employ in

addition sensitivity to the misalignment of the target and the gates, pulse
width, and presence or absence of other echoes near enough to interfere

with the tracking.

In addition to stopping the search and indicating to the operator
that a target is in the gates visually or audibly, the target indicator must
often connect auxiliary follow-up servos, stop the angle search operation,

or perform other switching functions. These may be done with relays

or electronically depending upon the speed of action required. It is

probable that the demand on radars to track high-speed projectiles in the

modulator

Fro. 8-43.—Target selector of mechanical range-tracking system permitting insertion of
manual slewing without disconnecting the automatic range-tracking loop.

future will require that all these operations to be done electronically, to

prevent loss of the target during the switching interval.

If visual indication of the target is available on a CRT display, or

if the operator is able to see the target and know that its true range

differs from the range indicated by the automatic tracking circuit, it

may be helpful to provide manual methods of displacing the range gates

in supplement to the automatic search. Methods of introducing a

'‘kick” into an electrical tracking system were previously mentioned.

A drift in either direction may also be introduced by manually connect-

ing the range voltage condenser to a higher or lower potential through

a large resistance.

A convenient trick for manual target selection that has been used in

some mechanical range-tracking systems is to introduce a hand-driven

generator in series with the lead to the mechanical range integrator as

shown in Fig. 8*43. After the operator has slewed rapidly to the region

of the target, he can turn the generator in such a direction as to move
the gates toward the target. As soon as coincidence occurs, the time

discriminator will add a voltage to the generator voltage, causing the

gates to lock on the target. From then on, as long as the operator does
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not turn the generator violently, the gates will remain on the target.

If the operator finds he has selected the wrong target and wants to move
on, he can give the generator a quick turn which will overcome the time-

discriminator signal and take the gates away from the undesired target.

This was used in the Automatic Radar produced by General Electric.

Precautions .
—

^If the receiver gain is controlled by a “slow’^ (0.1 sec)

AGO circuit, this should be disconnected during search and the gain set

manually at the desired level. This is not necessary if the AGO time
constant is much shorter than the times involved in the range scan.

Precautions must be taken to keep the automatic-search circuits from
endeavoring to lock on to the transmitted pulse, which can be done by
limiting the minimum range of the range search scan, or blanking the
receiver during the transmitted pulse. For many applications it may
be advisable to apply temporal gain control to prevent locking-on
insignificant nearby targets such as birds or on side-lobe echoes.

8*17. Practical Examples of Automatic Target Selection.—The follow-

ing section will discuss several useful circuits for accomplishing the
operations described in the previous section. One method for picking
up an approaching target automatically is simply to adjust the quiescent
position of the range-tracking gates at the desired range leaving the
automatic tracking circuits connected. As soon as an echo reaches the
gated interval, the automatic tracking circuits should lock on and start

tracking. This does not take care of the possibility that a target might
approach (or be approached) in such a manner as not to appear until it

was at a range closer than the gated range interval.

AGL-{T).—A system one degree more complex is the British AGL-(T)
previously mentioned in Sec. 8-12. In brief, the output of the receiver
is examined by a detector for an interval h just before the transmitted
pulse, and a second interval U of equal duration immediately following
the transmitted pulse. The duration of the two intervals is controlled
by a relay-controlled motor and a phantastron. If the content of the two
intervals is the same (noise), the motor is made to increase the duration
of and If there is a signal in h, the motor is made to run in until
only a small portion of the signal is included in ^2 ,

at which time the motor
stops until the signal moves. If no signal appears, the motor increases
the duration of t\ and U until the maximum width of 1400 yd is reached.
The gates will remain at this width until a signal appears, within 1400 yd.
which the motor will follow. This is a simple arrangement involving no
switching of functions and could be converted to a completely electrical
system to provide an inexpensive automatic search and tracking system
that is independent of receiver gain.

Figure 8-44 shows the aequence of gating waveforms in a typical target
acquisition.
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AiV/.APG-6.—Figure 9*2 shows the complete automatic search and
range-tracking circuits of the AIST/APG-S and AlSr/APG-15. The auto-
matic search and lock-on circuits of these systems will be described here.
The normal operation of the circuit is that of searching by scanning the
gates out in range at 4000 yd/sec. A symmetrical infinite-impedance
detector Y lo detects the highest output of either of the two time selectors

V4 and Y b, biasing Voa to conduct for all signals of amplitude greater than
that set by the ‘'clamp” adjustment R 5 ,

which determines the lock-on
threshold. When Fga conducts, C2 is discharged through the plate

resistance of Voa, finally cutting off V^b and starting in less than 300 Aisec

to close relay Ki. If the signal is lost, Yc,a is cut off and C25 charges

toward -1-250 v through Pi (10 megohms). On the average, this point

will rise in about 0.3 sec, enough to start opening the relay Ki. In the

absence of a signal, connects the search sawtooth generator Y12 to the

range integrator condenser Ci. When the relay Ki is energized by

Receiver output

n n I I _J I
Target gote

n n I 1 I I

Noise gate

Fig. 8*44.—Gating waveforms in a typical target selection withL the AGL-(T) time dis-

criminator.

coincidence between a signal and the gates, F12 is disconnected, the

on-target lamp is lighted, and the range follow-up servomechanism is

turned on.

The searching is done by connecting the range integrating condenser

Cl to the plate circuit of Fia, which operates as a thyratron relaxation

oscillator. Condenser Ci charges exponentially toward -{-400 volts

through Cz and 7^2. The double-diode limiter F20 is connected to set

adjustable limits to the maximum and minimum voltage through which

the unit searches. The reverse sweep during conduction of Y 12 is

sufficiently fast to prevent lock-on for the largest signals encountered.

Provision is made for manual rejection of the signal being tracked,

with subsequent drift in the desired direction. The circuit will lock-on

to the first target then encountered. Pelays Kz (in) and Kz (out)

control this action and are energized by push buttons. Either of these

relays disconnects the sawtooth generator and disconnects Cz, reducing

the time constant of the target detector circuit. It then connects a

charged condenser across the range integrating condenser Ci so as to

force the gates completely off the signal and at the same time connects a

bleeder resistor to give drift of the gates in the desired direction. The

shunt condenser and bleeder are disconnected at lock-on and the normal
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-I50v

J Out kick

Fig. 8*45—Early ARO automatic search system.

Pig. 8*46.—^AI Mark VI automatic target-selection system block diagram.
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circuit blacKout
control

Fia. 8*47—AI Mark VI automatic target-selection, circuit.
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time constants are restored as soon as the button is released. It has

been found desirable to discharge Cz when the control buttons are

depressed. Any desired portion of the range out to greater than 1800

yd can be searched continuously at two or more times per second.

One limitation to the search speed of this system is the time taken

for the relay to throw from search to track position, about ten milli-

seconds. An electronic switch was used in an earlier model as shown in

Fig. 8*45. The functions of manual reject, manual drift, automatic

search, and automatic tracking are shown. Tube Vz acts as a variable

resistance in series with the primary of a filament transformer to light

the target-indicator lamp without a relay or power oscillator.

A.I. Mark VI .—The early but excellent British A.I. Mark VI pi’o-

vides an example of an automatic search and track system that uses a

Fig. 8*4:8—Gating pulses of Mark VI time discriminator and target selector.

single-ended discriminator and that rejects signals of width greater t.han

the transmitted pulse. ^ In this system only qualitative range data Avere

required. The heart of the operation is the standard electronic integrator

which provides the search sweep and acts as the function unit integrator,

as shovm in Fig. 8*46.

An electrically controlled time-modulation circuit triggers a delay-liTie

pulse generator shown in the circuit of Fig. 8*47 as Vi and Vz, which
supplies the waveforms shown in Fig. 8*48. The three gates D, E, and
F turn on three time demodulators (strobed pentodes) shown in Fig. 8*47,

which in turn control the drift circuit to determine whether the gates
shall drift out in range, track a signal, or return to minimum range. The
operation of the circuit is as follows. The tube V e is an integrator whose
plate potential determines the range of the gates D, E, and F. The rate
of motion of the plate potential is determined by the input voltage to the

1 1.E.E. Convention Lecturette, ^‘Automatic Strobes, March 1946.
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integrator, which is shown as being -f 10 volts normally. In the quiescent

state, the plate will fall down to 4-25 volts as in the standard Miller sweep

generator at which time the diode will conduct, driving the grid of V

a

negative which in turn drives the grid of Ft from its normal value of — 20

volts, well below cutoff, to zero ; its plate falls and pulls the suppi'essor of

Fe from 4-5 volts down to —40 volts to cut off its plate current. The
plate then rises, bringing the range gates in, until it is caught by the plate

of Fio, whose cathode is held to 4-125 volts. The plate of the integrator

Fe is coupled to the grid of Ft through a differentiating network, holding

that tube on during the flashback in order to keep the suppressor of

Fe off. Otherwise, the whole drift-return circuit would stop working as

soon as the plate of Fe rose above 4-25 volts. With this addition, the

suppressor is held off until the plate is caught at 4-125 volts and the grid

of Ft returns to below cutoff. When this happens, its plate rises, bringing

the suppressor back to 4-5 volts, plate current starts to flow in Fe, the

voltage drop in R-j drives the control grid of Fe nearly off (
— 2 volts)

through Cl as in normal phantastron action, after which the grid starts

to rise towards 4-10 volts, and the plate continues its fall from -1-125 volts

to 4-25 volts, sweeping the range gates from 800 to 33,800 ft. A simpler

circuit could be designed using the phantastron or sanatron technique

for recycling as described in Chap. 6 of Vol. 19.

The rate of drift or search is determined by the current flowing into

the grid side of Ci, which in turn is determined by the current flowing

from the -1-10 volts tap through and the current drawn through

and the gated pentode rectifier Fs. The average cathode voltage of Fe

is — 10 volts, and its plate is returned to the grid of Fo which is at — 2

volts; hence there is 4-8 volts from plate to cathdde of Fs. The control

grid is normally held at —30 volts except when a 5.5-Aisec gate {E) drives

it positive. At that time, the screen current rises sharply, causing a

negative step to appear across the 0.45-Msec delay line. On reaching

the end of the line the pulse cuts off the second control grid, thus allow-

ing plate current to flow for only 0.45 ^lsec of the 5.5 ;xsec that the control

grid is gated on. W^hile the screen and control grids are both on, the

plate will drop to within 1 volt of the cathode, and with no video signals

present, 1.75 ma, (8-1)volts/4000 ohms, will flow. This provides

an average current of 1 .05 /xa, which subtracts from the current to 2.4 /xa

flowing through jRi to give a net current of 1.35 which is integrated in

Cl to produce a rate of fall of 27 volts/sec (that is, a range-search period

of 4.3 sec). If video signal X appears during the 0.9-/xsec interval

during which Fs is conducting, Fe will draw more peak, and hence

average current away from the grid side of Ci; in fact, if it draws 2.4 /xa

of average current, the plate of Fe will stop moving and the gates will

stand still, thus locking on the signal. To do this a signal of standard
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AGO level, namely 25 volts, must overlap pulse D by about half its width.

If the signal moves, the overlap will change and the gates will auto-

matically track as long as a signal is present. If the signal fades, the

current in 1^6 will drop to 1.05 jua and the range search will recommence.
If for any reason it is desired to reject a certain echo after the auto-

matic searching has found it and to continue the search to greater range,

may be put out of action long enough for the gate to move past the

signal by closing the signal-rejecting switch which causes a negative
voltage step to be applied to the outer control grid of Yr,, which then
returns to its normal bias as C2 recharges through the diode Vn and a
time constant of 0.05 sec, after which the gates can again lock on a
signal. This corresponds to a ‘^kick” of about 3000 feet.

On-target indication is given the operator by differentiating the range-
search sweep voltage and applying it to the grid of Fa, which controUs

the intensity of the angle-error-indicating CRT. When the gates are
searching, the derivative is negative and Fa is cut off. When the gates
stop searching. Fa turns on, bringing the CRT spot intensity xjp to

normal. The CRT is prevented from brightening during the positive-
going flashback by the diode part of Fs and the smoothing network
and Cz.

Rejection of ground echoes is performed by “integrating'’ the output
of 5.5-jusec time selector. The first ground-return echo from this air-

borne set was found to be about 6 ^sec long; hence the time constant of

the “integrating" network was adjusted to discriminate against a 4-/xsoc
signal. The time selector Fs is a heptode gated on the second control
grid by the waveform F to select the video signals imposed on the first

control grid. The plafce potential drops to 10 volts during any coinci-
dence of the gate F and the signal, putting a 290-volt drop across the RC
combination R^, Ci, C 5 . After 3.8 ^sec the diode F40 conducts charging
Cq slightly. If the long pulse recurs several times, Ca charges up enough
to start the flashback action described earlier.

The philosophy of this circuit is interesting. It might have l^ecn
evolved by designing a straightforward balanced (two-gate) time dis-
criminator, to feed an integrator whose quiescent rate is positive rather
than zero. As long as the quiescent rate is greater than that which
is ever to be encountered from a target, one half of the time discriminator
is then contributing nothing, and might as well be omitted. The objec-
tion to unbalanced tracking of this type is that the point at which the gate
tracks the signal depends upon the signal amplitude and upon the amount
of noise present in the single gate. For accurate tracking it would bo
necessary to have a good AGO circuit or to use a balanced discriminator
and an integrator whose quiescent velocity is normally zero, but which
would be switched to a positive rate in the absence of a signal. The
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unbalanced circuit has two advantages which the AN/APG-5 with its

complicated relay switching does not possess: (1) it operates in both,
track and search functions with no change in circuit connections, and
(2) it eliminates the need for a sawtooth scan generator.

Summary
8*18. System Planning.—The previous sections of this chapter have

taken up the various operations to be performed by the automatic time-
measuring system and have given practical circuits. Circuit design for

the individual operations—time discrimination, target selection, etc.

—

must be preceded by a block-diagram stage in which the general con-
figuration of the tracking loop and the nature of the several elements
are determined.

There are five major configurations of mechanical and electrical

elements. These are shown in Fig. 8-49. The other possibilities are

numerous, but those illustrated are the ones of greatest interest. It is

assumed that velocity memory is required—Whence double integration is

used, although for most purposes single integration is adequate. For
simplicity, the integrators indicated are shown without the necessary

stabilizing features without which the loop would be unstable.

Type (a) completely electrical, is typified by the example given in

Sec. 8-8 on systems using electrical integrators. An outstanding example
of the first type is British Oboe mouse station, which uses both range

and range rate as voltages to compute electrically the bomb-release time.

Type (h) is identical except for the addition of a servomechanism which
converts voltage into shaft rotation for driving mechanical computers

or indicators. Examples of this type are numerous, (AN/APG-5, etc.,)

principally because of the scarcity of computers taking electrical data.

The third type (c) is rather unique in that the mechanical follow-up servo

follows time data rather than a voltage. The electronic loop supplies the

features of rapid slew and search for target selection, and smooth rate

data arising from t]ie inherently high slope accuracy obtainable with

electrical time-modulation circuits. The separate time-following mechan-

ical loop offers two advantages—^it can be disconnected during search

and slew, thus saving wear on itself and the computer which it drives,

and it can employ a multiple-scale mechanical time modulator for range

precision, while retaining the advantages of an electrical signal-tracking

loop. The closest known examples of this type are the automatic range-

tracking circuits proposed for the SCIl-584 by General Electric Company
and the Radiation Laboratory. The first Was used in a system called

the Automatic Radar produced by General Electric and the second was
used in the SCl^-784.

Type (d) is fairly conventional for systems that require mechanical
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R^$

Time
data

R^9

Fig. 8*49.—Five possible configurations of automatic time-measuring systems. The sym-
bols (JS) and (Af) indicate electrical or mechanical operations.
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data outputs. The time modulator may be single- or multiple-scale

depending on the accuracy required. A fifth system is proposed as

having capabilities of velocity memory limited only by the balance of the
time discriminator since the mechanical integrators have no position

error.

The process of determining the best configuration for any situation

may be illustrated by discussing a hypothetical example.
The requirements might be

—

1. Maximum tracking range of 140 /usee with range data accurate to

±0.05 per cent, and the rate data accurate to 0.06 /usec/sec for

rates of 1 /usec/sec—^both range and range-rate data to be in the
form of shaft rotations.

2. Provisions for manual, aided, and automatic tracking.

3. Provisions for slewing at greater than 18 jusec/sec.

Since mechanical output data are required, the completely electrical

system is ruled out, and the last system is not considered because of

the problem of stabilization involved. The accuracy specification in

range rules out the electrical system with voltage-to-shaft follow-up

since reliable accuracies of 0.05 per cent are not realizable with electrical

time modulators. The field is thus reduced to type (c) or (d). The
advantages of the type (c) system are that it allows rapid slewing and
search, and it provides smooth accurate range-rate data free from periodic

errors. The apparent disadvantages are in the complexity and size

involved in employing two loops and the fact that with an electrical inte-

grator defining the position of the range gates they would always even-
tually (in about 10 min) drift to some quiescent point in range and
would not remain permanently at any given range without switching to

manual operation. For these two reasons, the single-loop mechanical
system was often selected and has performed satisfactorily. The reason
for rejecting the two-loop system is nevertheless open to question. Al-

though range is stably defined by a mechanical shaft position which is

perfectly content to remain fixed indefinitely, the range rate is controlled

by the balance of the discriminator and the quiescent point of the electri-

cal integrator. Thus, although there is no preferred position, it is difficult

to maintain the quiescent velocity at zero. Furthermore, the range-rate

accuracy of the system would only be about 2 per cent, due in part to the

cyclic nature of the range errors of a multiple-scale system. Similarly,

the two-loop system would be much more suitable for automatic searching.

If, however, the radar is to be used under conditions of target confusion and
interference, automatic search circuits would be useless and manual

^ For this application the electrical range-rate data would be followed mechanically
in either type of system.
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search should be used. Thus the only disadvantage in target selection

introduced by the single-loop system is the low slewing speeds obtainable

(3000 yd/sec).

From this hypothetical example, the various factors that enter into

the conception of a time-measuring system can be seen. A comparison

of all five systems on the basis of the most usual requirements is shown in

Table 8*2. The column headed ‘^Limiting Factor^’ reveals two common
causes of weakness. One is that a mechanical time modxilator must be

used to obtain high range accuracy. The development of a highly pre-

cise electrical time modulator to replace the currently used capacitance

or inductance phase-shifters would open the way to completely electronic

precision time-measuring systems. The second weakness arises from tlie

need to supply data as a shaft rotation. The inevitable trend of the

future toward electrical computers for high-speed solutions will free

time-measuring systems from this additional need for incorporating

mechanical elements. But for these two weaknesses, the all-electrical

system of Fig. 8*48a would represent the ideal. For the present, the

system of Fig. 8-48c comes closest to the ideal in that it has the high

range accuracy of the multiple-scale mechanical time modulator, the

rate accuracy of the electrical time modulator, the facility at target

selection of the electrical loop, and supplies mechanical data with a

minimum of wear. Its major disadvantages are cost and weight.

Table 8-2.—Comparison of Tracking Systems

a 6 c d e Liiniting factor

Range accuracy Poor Poor Good Good Good Eloctri(Nil time modula-

tor (s nglc scale)

Rate accuracy Good Good Good Poor Poor Cyclic errors of time

modulator
Target acquisition . . . Good Good Good Poor Poor Mechanical motion
Speed ratio Good Poor Poor Poor Poor Mechanical motion
Mechanical data No Yes Yes Yes Yes Mechanhud motion
Wear Good Good Good Poor Poor Slewing done me<*han-

ically

Economy Good Poor Poor Poor Poor M C(!han ical elem (tntn

Weight Good Poor Poor Poor Poor Mec;!!an ical elements



CHAPTER 9

SYSTEMS FOR AUTOMATIC TIME AND
POSITION MEASUREMENT

By R. I. Hulsizer, J. V. Holdam, and W. B. Jones

PRACTICAL SYSTEMS FOR AUTOMATIC TIME MEASUREMENT
By R. I. Hulsizer

In the light of retrospection, every piece of equipment appears
covered with the fingerprints of the designer. There is often as much art

as science in the design of practical circuits for performing a particular

operation. In addition to this factor, the development during the war
was marked by two further diversifying effects. One was the necessity

of building useful military equipment before adequate study and experi-

ment had led to satisfactorily systematized theories of design, and the
other was the time delay in diffusion of improvements in the theories of

design. As a result, the systems for automatic time measurement often

show little similarity to each other and less resemblance to design based
on any general principles now available.

Although five configurations of systems were presented in the previous

chapter, the practical systems to be discussed are divided into only two
groups, the simple electrical and the simple electromechanical, for all the
more complex forms can be derived from these.

Before a discussion of the more conventional systems, two simple

techniques particularly adaptable to laboratory measurements will be
mentioned- The simpler involves the simplest method that one can con-

ceive—the “leaning gate” system in which a single time selector is made
to drift in range until it intersects enough of a signal to cancel the drift

action. This is exemplified by the British systems, AGL-(T) and A. I.

Mark VIA, both of which have been mentioned in Chap. 8. These
systems perform with a minimum of circuits the functions of search,

lock-on, and track. They are limited in accuracy since the single-gated

time discriminator is sensitive to signal and noise amplitude.

A second technique which is simple and yet capable of extreme accu-

racy is that of photographing a circular sweep display with a movie camera
and later plotting the data. No tracking circuits are required and
systematic errors can be removed from the data. It is, of course, limited

to applications where instantaneous data are not required, as in determin-

ing the velocity of test models of aircraft.

341
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The demand for instantaneous and accurate data has led to the design

of the conventional systems in general use. The first group discussed

will be the electrical systems as exemplified by the British Oboe system
and the ARO (Automatic Range Only), used in the AN/APG-5,AN/APG-
16. The second group are the systems employing mechanical time modu-
lators directly in the tracking loop and will be illustrated later.

9*1. ARO Electrical System.—The time discriminator and the auto-
matic search circuits for this system have been discussed in Secs. 8-13

and 8-18 respectively; therefore a brief description wdll be adequate here.

In order to illustrate the design considerations, the chief subject of dis-

cussion will be the modifications that were made on the ARO Mark I

in a development program aimed at reducing the size, weight, power con-

Pia. 9-1.—ARO range system block diagram, Mark I and Mark II.

sumption, and complexity of the circuits The resultant design was
known as the ARO Mark II or Midget ARO.

The block diagram of the circuit remained unchanged and is shown in
Fig. 9T. The schematic diagram of the earlier circuit is shown in
Fig. 9-2. The circuit consists of a delay multivibrator as a time modu-
lator, followed by a blocking oscillator to form the early gate and to
trigger a similar blocking oscillator that forms the late gate. The time
selectors are suppressor-gated 6AC7's. Pulse transformers in the plates
of the time selectors invert the gated pulses so that they drive two triode
detectors whose difference current produces a net voltage on the large
condenser Ci. A cathode follower with a constant-current pentode as a
cathode load provides the range voltage for the ’delay multivibrator
and the range followup servomechanism at low impedance and also
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provides suitable biases for the triode difference detectors. As already
described in Sec. 8*17 on-target indication is performed by two “infinite
impedance” detectors with a common cathode resistor fed by the two
gated signals. The larger signal controls the detector output voltage.
If this voltage exceeds the threshold, it closes a relay which connects
either a search-sawtooth or manual target-selector control to the range
voltage whenever the signal is below the preset threshold. The AGC
circmt is a third infinite-impedance detector fed by the sum of the two
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Fig. 9-3. ^ARO Mark I range unit (a) top view; (&) bottom view. Dimensions:
9^ in.

ISMX

gated video pulses and operating a d-c amplifier and an output cathode
follower.

Figure 9-3 shows the completed Mark I ARO chassis. The useful
area of the chassis is 15^ in. by 9i in., or 150 in.* An estimate of power
consumption from the circuit dia^am shows about 65 ma from the +400
bus moluding the regulated current, and 30 ma from the negative bus

^
Figure 9-4 shows the schema of the Mark II ARO and Fig. 9-5 shows

the constructed chassis. The estimated current drain is 30 ma from the
positive supply and 10 ma from the negative supply. The chassis
plate has a useful size of llj- in. by 6i in. or 75 in.* The relative densities
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of the two constructions give meaning to the size comparison. As
pointed out previously, the block diagram remains almost identical.
The saving came in simplification of the circuits and use of smaller tubes

and components. If the development of the Mark II had continued
longer, 6AL5 diodes and miniature VR tubes would have been available
to replace all the large tubes used except the 5Y3. A feature of note is
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the absence of the large 4-^isec delay line used in the Mark I to compen-
sate for the large minimum width of the delay multivibrator.

A “bootstrap” self-gating linear-sawtooth generator, Fi, Vz, V^h, V^y
and a pickofif diode VAb, replaced the delay multivibrator as the Mark II
time modulator, to save 15 ma of current and decre^ase the minimnTYi
range to 50 yd as compared with 400 yd. The bonuses resulting from
tliis change are more accurate range data and elimination of the video
delay line. A second modification resulting in appreciable space saving
is the use of a single blocking oscillator Ve with a delay line to form
the early and late gates for the time selector. The 0.26-Msec delay line
can be seen at the right of the underside of the Mark II chassis.

Range

3500 yd 500yd

(a)

m

t T-O
<D
O*co
OC

t
2000 yd I2<jyd

(ft)

Fig, 9-6.—Ilange vs. rang© error of Mark I ARO. (o) represents the 4000-yd range
scale. (6) represents the 2000-yd i-ange scale. Note the range error resulting from change
in direction of target motion. Rates are ±25 yd/sec. Errors cyclic at 200 yd originate in
the range-tracking calibrator.

Suppressor-gated 6AS6’s are used for the time selectors Vs and Vs.
The particular improvement here is that the suppressor characteristics

of the 6AS6 provide much more of a switch-type gating action than those
of the 6AC7. The plate loads of the time selectors are resistors rather
than pulse transformers. This saving is made possible by using diode,

instead of triode, detectors Fio, Fn following the time selectors since the
diode detectors can accept negative signals.

For the function unit, the Mark II uses an electronic integrator F17,

whereas the Mark I uses only the approximate integration of a high-
impedance detector and a large condenser. The integrator is made
necessary by the larger range of control voltage of the linear-sweep time
modulator. A cathode follower Fig provides a low-impedance output
to the computer and convenient feedback path for the 0.01 feedback con-
denser. The small excursion of the output voltage of the difference

detector makes it possible to use fixed biases on the detector diodes.
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mm

In the on-target detector circuit, the technique of taking the larger

of the two gated signals for the on-target indication is abandoned and a

stretched pulse representing the sum of the two gated pulses is amplified

at narrow bandwidth in V12 and peak-detected in Viz to drive the relay

amplifier 1^14 . The use of a-c,

rather, than d-c, amplification

results in more stability in the
threshold adjustment. The AGC
circuit provides an additional

stage of pulse amplification Vm
after V 12 and detects in a diode
detector Tie-

The only modifications in the
range-search sawtooth generator
are the elimination of the limiter

and level-setting diodes. The
amplitude of the sawtooth wave

Fig. 9-7.—Range-tracking data of ARO x j. xi i

Mark II. Data show range errors due to remains constant, the Only vai*i-

nonlinearity and velocity. Data obtained able being the average level ad-
from electrical tracking loop only. . , x -nt i • 1 -

justment. No change is made in
the target-selector relay circuit; it is drawn symbolically in the schema
for Mark II merely to decrease the confusion of the circuit.

Figures 9*6 and 9*7 show the dynamic range-tracking data of the
Mark I and Mark II systems. The range-tracking calibrator is dis-
cussed in Sec.’ 9*3.

9*2. British Oboe Electrical System.—The Oboe Mark IIM^ is chosen
as a second example of an electrical automatic time-measuring system
because it illustrates British approach to the
problem. The characteristics that it illus-

trates particularly are the utilization of both
range and range-rate output voltages as data
for an electrical computer, the incorporation
of a multiple-scale time modulator in an
all-electrical time-measuring system, an un-
usual gating technique for obtaining both
range-error signal and Signal-level indication Fig. o-s.—

G

eometry of Oboo
from two detectors, the use of high-precision blind bombing.

electronic integrators in the function unit, and an automatic-coast circuit
that provides accurate memory for nearly a minute.

The time-measuring system is part of a British radar-beacon set for
precision blind bombing by triangulation. As illustrated in Fig. 9-8,
there are two ground stations, “the cat and the mouse, which interrogate

iIEE Convention Paper, “Oboe,” F. E. Jones, March 1946.
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a beacon responder in liie. airplamer; Tke :cat";^ automatically
tracks the received signal, compares its range -with the distance of the
cat from the target and transmits a signal to the pilot to keep him flying
on a circular course passing through the target. The mouse station
automatically measures the aircraft range and range rate which are
compared in a computer to determine the bomb-release point. Reports
indicate that the accuracy of range measurement is about five yards, at
all ranges out to 350 miles, and bombing accuracy is 12 to 25 circular
mils. The high precision of time modulation necessary to produce these
results is obtained by the use of a step delay which selects any one of

coatrol

Fig. 9-9.—Oboo range-tracking system block diagram.

70 five-mile crystal-controlled markers to form a trigger for a tracking
phantastron that is positioned by the time discriminator and works only
over a region of 16 miles centered on the target.

Figure 9*9 shows the block diagram of the system which can operate
as either cat or mouse station. The top row of blocks shows the time
modulator. The necessary alignment process for supplying standardized
data to the computers is described in the remainder of this paragraph.
The tracking-gate phantastron control is set at -i-165 volts, its middle
value, and the 5-mile selector and the active-region delay phantastron
are adjusted to place the tracking-gate marker at the range of the target

as determined from maps. This setting is made with the use of an
A-scope display that has accurate 5- and 1-mile intensity markers. The
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target-marker phantastron is then adjusted to put out a target marker

at the target range. The target-marker phantastron is then left fixed

during the operation, its function being to provide on the A-scope a

marker which will show the operators the location of the target on the

sweep while the tracking-gate phantastron moves about in its operation

of tracking the aircraft. From this sweep indication the ground operators

estimate roughly the “time to go” before bomb release which they

communicate to prepare the bombardier. Except for this convenience

the target-marker phantastron is unnecessary. Once the alignment has
been completed, the tracking-gate phantastron may be moved from the

target range. The departure of the phantastron control voltage from
-1-165 volts indicates to the computer the “residual range,” that is, the

distance of the aircraft from the target.

As described in Sec. 8*12 the time discriminator generates a current

proportional to the misalignment of the gates and the signal. The
velocity integrator operates on this current to provide a range-rate

voltage. For the computation of bomb-release time in the mouse opera-

tion, this is standardized to be at +165 volts when the velocity is zero.

The slope of the velocity-control voltage is 0.4 volts/mph. The range
integrator integrates the rate voltage to provide range-control voltage

centered about +165 volts and having a slope of 33 volts/mile.

Target selection is performed by switching the velocity voltage to a
manual control, watching the A-scope for the relative positions of the
tracking-gate marker and the aircraft echo, and manually moving the
tracking gates to coincide with the echo, whereupon the velocity voltage
is disconnected from the manual control and connected to the velocity
integrator for automatic tracking.

The current phase inverter in the time discriminator (Fig. 9*14) feeds
a relay amplifier which energizes after the signal level has dropped
below an arbitrary threshold for more than sec. The relay disconnects
the velocity integrator from all sources of current and connects between
plate and grid of the velocity integrator a condenser which has been
charged to a “smoothed” velocity voltage. Consequently, the plate
(velocity) voltage remains constant at the “smoothed” velocity up to
15 or 20 sec until the echo reappears and automatic tracking recommences.

Figures 9T0 and 9T1 show the timing sequences of the fixed delay
(5-mile selector) and the variable delay (tracking-gate phantastron,
etc.). Figure 8-29 shows the timing sequence of the tracking gates and
the video signals and the circuit schema of the time discriminator.

Following are a few remarks on particular features of circuit design
of the Oboe automatic time-measuring system that can be omitted
without losing continuity.

The crystal oscillator, whose circuit is not shown, is of the Meacham-
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Fig. 9*11.—Oboe active-region timing diagram.
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bridge stabilized type and is contained in a temperature-controlled oven
so that its frequency stability is 5 parts per million over a period of

several months. This care is necessary to ensure the accuracy of range
measurement of 5 yd in 300 miles (10.5 parts per million).

The 5-mile pip selector shown on Fig. 9T2 is a phantastron triggered

the PUF pulse and terminates at a range determined by the potential

of its anode-catching diode and the nearest 5-mile pip. The 5-mile pips
are applied to the suppressor and trigger the bottoming process of the
phantastron causing its termination on a 5-mile mark. The synchronizing

control is included to ensure good phase lock. The selected pip is fed
to^ the active-region delay phantastron through a differentiating cir-
cuit and clipping diode. It appears that this circuit might be a possible
source of inaccuracy since a synchronizing control is necessary; how-
ever the marker pulse from the target-marker phantastron provides
a continual A-scope check on this error.

Figure 9T3 shows the active-region delay phantastron, the target-
marker phantastron, and the target-marker pulse shaper. A technique
of interest is that of using a delay-line pulse former to form short pulses
from the long time-modulated phantastron waveforms. The active-
region delay phantastron is in series with the tracking-gate phantastron;
the range stability is thus dependent on the combined stability of two
phantastrons. Fortunately, it is possible to calibrate the total delay
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against the crystal pips just before the start of each run so that stability

required of the phantastrons is of short duration only.

In Fig. 9*14 is shown the tracking-gate phantastron F7 that is of

conventional type. Its plate-catching diode Fe is controlled by the
range integrator which in turn is controlled either by the velocity tube
or by a manual control, depending on the mode of operation. The plate

of the phantastron tube is returned to -1-1000 volts to increase its linear-

ity in the operating range. Insulation breakdown of the tube is pre-

vented by the diode Fs, which limits the plate swing to -1-360 volts.

The limitation of having the time modulation continuous over only a
short range is tolerable for this particular system and it permits the
tracking loop to be completely electrical without reducing the precision

of the system.

The rest of the circuits on Fig. 9T4 have to do with the automatic
control of the time modulation. The time discriminator is discussed in

Sec. 8*12 (Fig 8*29) and is seen to deliver two currents whose difference

is proportional to the misalignment of the range gates and the echo.

These currents are indicated as ix and iz. When the target is correctly

located in the gates, iz is twice as large as ii because its gate is twice as

wide as the short gate and extends over the whole echo. Thus iz is a
true indication of echo intensity and wdll not change for small motions of

the gate with respect to the echo. The tracking loop then compares
half the current due to signal level with the current from a gated detector

which extends over only the first portion of the signal and time-modulates

the gates to make these two quantities equal.

The tube Fi is a current inverter. If the gain of Fi is assumed to be
infinite, it can be said that the grid of Fi remains fixed (a virtual ground

as discussed in Sec. 8*8) and hence the current flowing in Ri must be

equal to and opposite i^. If the voltage at A which produces this equal

and opposite current is halved, the current which flows through to a

potential equal to that of the grid of F 1, must be equal and opposite to

ii/2 since Ri equals i?2. This current —iiJ2 is added to i± at the grid

of the velocity integrator F3 which integrates the difference current to

supply a velocity voltage F^. This voltage is integrated in turn by F4

to form the range voltage which controls the phantastron. The zero-

velocity control Rz adjusts the grid potential of Fs so that whenti = ^'2/2,

the plate of F3 is at -4- 165 volts, the standard for zero velocity. When
ix becomes greater or less than — Z2/2, the plate potential of Fa must
change at a rate which will balance the difference current by an equal and

opposite displacement current through Ci. This unbalance of currents

might be due to motion of the target, and the change of the velocity

voltage will cause the range voltage to move at a rate which will keep

the tracking gates aligned on the target. The zero-range control is
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adjusted so that when the velocity voltage equals 4-165 volts, the plate

of 1^4 is at 4“ 165 volts.

The automatic-coast operation is discussed in the following para-
graph. If the signal fades, the velocity voltage will fall to 4-165 volts

with a time constant of several seconds. However, the plate of Vi will

fall and will cause the plate of y2 to fall with a time constant such that the
relay will actuate i sec after the signal fades. When the relay energizes,

the three switches around Vz throw from the automatic position to the
coast position During automatic operation, the velocity voltage
charges C2 through a 2-sec time constant. When the switches throw
to coast, this condenser is connected from plate to grid of F3 and all

the sources of current are removed. Since C2 is charged with respect
to the normal grid bias of F3, the potential across C2 is closely equal to the
mean potential difference between the plate and grid of Vz over the
preceding two seconds, no current will flow into Cz, and the plate must
stay at the smoothed velocity voltage except for leakage currents.
During the i-sec lag before the relay throws, the voltage on Ca does not
change appreciably because of the smoothing effects of the integrator
and the smoothing network. The velocity memory under coast condi-
tions is good enough to prevent the introduction of a significant error in
bombing under operational conditions if the echo fades 15 sec before
bomb release, provided the pilot maintains constant velocity. The
advantage of using automatic coast is that unbalance of the time dis-
criminator due to drifts in gain or level of any of the components cannot
introduce a false velocity since the time discriminator is disconnected.

It will be recognized, of course, that leakage currents in the range
integrator 1^4 will have as serious effects as those in Vz, for it is assumed
that by maintaining Vv constant, the rate of Vr will remain unchanged.
This can only happen if F4 acts as a true integrator. The most serious
source of leakage current in this stage is the 4-juf feedback condenser.
The specifications call for a condenser having 2000-megohm leakage
resistance, and in a later model a mica condenser was used.

There are several suggestions that have been made for revising this
circuit. One is to replace the target-marker phantastron and the track-
ing-gate phantastron with a single linear sawtooth generator and a pair
of '‘multiar or regenerative amplitude comparators of the type described
in Chap. 5. Another is to select the 5-mile pulses in a double-valued
time selector rather, than by adding them to the phantastron waveform
and amplitude selecting as in the present 6-mile pulse selector. It is
also felt that 0.1-mile pulses would increase the accuracy of calibration
and these could be obtained by multiplying up from the present 1-mile
pulses. A time discriminator of the type described in Sec. 8-13 would be
.used but no improvement in the electrical integrators except the use of
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mica coadensers can be foreseen since limiting conditions of operation are
already employed.

An interesting accessory to the Oboe system is a dynamic tracking
tester for testing the automatic-tracking operation and calibrating the
slope of Vv against velocity. It consists of an electronic integrator
controlling a phantastron whose output triggers a variable-width variable-
amplitude video pulse generator. By varying the input voltage to the
integrator, the dummy signal can be made to move at rates from -i-300
mph to —300 mph over any portion of the 350-mile range. The velocity

of the dummy signal can be checked against the accurate range markers
with a stop watch and the velocity voltage calibrated.

9 *3 . Electromechanical Systems.—The class of systems in which a

mechanical time modulator is employed in the primary signal-following

loop may be called “electromechanical” and is exemplified primarily by
some of the high-precision automatic range-tracking systems. These
systems, like the Oboe, rely on short velocity memory (2 sec) from the

first integrator and some sort of coast circuit for long-time velocity

memory. The coast circuits often act to keep the rate voltage of the

aided-tracking mechanism equal to the rate of the target as measured in

automatic tracking. The coast operation then consists of manually or

automatically switching to aided-tracking mode where the correct rate is

already set up. The single integrator of the function unit consists of the

servomechanism employed to drive the mechanical time modulator from
the time-discriminator error signal.

Stabilization of a double-integrator electromechanical loop of this

type should be a straightforward process for the servomechanism expert.

The form of the error signal and the scale factor of the mechanical time
modulator are known for each particular circuit. The desired accelera-

tion properties are usually defined on the one hand by the width of the

range aperture and the speed with which the target is expected to move
through that aperture in the target-selection process, and on the other

hand by the necessary lack of response to rapid noise fluctuations. The
over-all gain is determined by the maximum tracking speed desired and
the velocity error in microseconds permissible at the maximum tracking

speed. A treatment of the design of equalizing networks to meet the

above requirements with the more complex transfer characteristics of a

mechanical servomechanism is presented in Vol. 25 and in Part II of

Vol. 22.

An electromechanical system of recent design is shown in Fig. 9T5.

The synchronizer originally described in Chap. 4 performs the operation

of selecting, once every 330 ^isec, two of a train of continuously running

163-kc/sec markers. These become the pretrigger and modulator trigger

for a system.
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The two-scale phase-shifter time modulator employs a condenser

phase-shifter for the fine scale and a bootstrapped linear sawtooth gen-

erator with diode pickoff for the coarse scale. Its design is conventional

Indicator Receiver

Fig. 9-15.—Block diagram of range-tracking system.

Fig. 9*16.—Function unit block diagram.

and similar to that of Sec. 6*2 and need not be discussed here. The time
discriminator whose time-selecting gates are only 0.12 /xsec long (70-yd
aperture) has been discussed in Sec. 8*12. The time discriminator
delivers an error signal of about 1 volt per yard of misalignment.
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In Fig. 9*16 is shown the block diagram of the function tmit, whose
circuit is illustrated in Figs. 9-17 and 9*18. The two unique features are

the method of introducing manual displacement during automatic track-

ing and the method of obtaining aided tracking and coast. The mixing

circuits for these two operations are extracted and redrawn in Fig. 9*19.

Figure 9*19a shows the automatic-tracking connection where i?i, J? 2 ,

and C form the first branch of the equalizing network and Rs leads into

range servo amplifiers the mixing circuit where the range tachometer

voltage is introduced for tachometer feedback. When it is not being

turned, the manual-tracking tachometer obviously does not affect the

Fia. 9-17.—Equivalent condenser of function unit and memory circuit. This circuit

uses plate-to-grid feedback to produce with a 10-Mf condenser a large equivalent condenser

C by utilissing the well-known Miller effect.

circuit performance, but when it is turned it develops across R^b. voltage

proportional to the rate at which it is being turned. Since the tachom-

eter-feedback servomechanism is an integrator, the range shaft turns in

direct proportion to the manual-tracking tachometer and thus gives dis-

placement control. Meanwhile the time discriminator is still operative,

and when the gates reach an echo, it will develop a voltage adding to that

from the manual-tracking tachometer that will hold the gates on target

until the operator stops turning. If he decides the locked-on target

is not the correct one, he can pull the gates off the target by a rapid spin

of the hand wheel which will overcome the time-discriminator signal.

This arrangement, used in conjunction with the slewing control shown
in Fig. 9T8, gives excellent performance for target selection. The
maximum slewing rate is 5000 yd/sec and the displacement control is

2000 yd/rev.
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The connections for aided tracking are redrawn in Fig. 9T96. There

the time-discriminator signal has been disconnected and the tachometer

develops for the displacement component a voltage proportional to the

rate of turning across the equivalent 300-Mf condenser C'

.

The time

constant of integration is formed principally by ZSi and C' to be 300 sec.

This gives the time in which an established rate will fall off if the operator

makes no further corrections. Since C" is also charged up to the output

voltage of the time discriminator in the automatic-tracking mode, this

is the time in which the velocity memory will fall off if the operator pushes

the coast button. If the target fades in automatic tracking and the

operator does not push the coast button, the established rate will fall off

with a time constant of about 2*7 sec, as in Oboe, Sec. 9-2, determined by

Servo
amplifier

Fig. 9*19.—^Equalizing network and manual-control input circuits of range-tracking
system, (a) automatic connection with displacement adding, (6) aided tracking con-
nection.

12 1 and R2 and the output resistance of the cathode follower Vx. Thus
reasonable fades are satisfactorily handled since the response speed of the

AGO circuit is about -g-^ sec. The aided-tracking time constant is | sec,

with 100 yd/rev displacement of the handwheel.
It will be noted in Fig. 9T8 that, following the main equalizing net-

work and the tachometer-feedback mixing network, there is a smoothing

network consisting of i?6, Rt, and C2 before the 60-cps switch modulator

(Brown Converter). The servoamplifier is a standard small servoampli-

fier shown in Fig. 9*20. The servomechanism motor is a Diehl FPE-492a
two-phase induction motor, and the tachometers are Elinco Type B-44.

The motor ratio is 100 yd/rev.
The range-rate followup servomechanism is similar to the range servo-

mechanism except that it is a position, rather than a rate servomechanism.

Dynamic-tracking Performance .—One of the most useful aids to the

design of automatic-tracking mechanisms of any kind is a dynamic-track-
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ing tester which will provide a dummy signal whose range and amplitude
variations will simulate those of a real target and which will record
directly the difference between the dummy signal range and the range
indicated by the automatic range-tracking device. Such a device was

Potentiometer for
electrical recording

200yd type d display
for monitor 200 yd condenser

phose -shifter -for

generated range

Dummy-range

Measured
range

Fio. 9’21.—Dynamic raiigo-tracking tester.

S/M
i.O

1.55

3.1

125

Range error
lOOyd/in.

u J-
8000 7000 6000 5000 4000 3000 2000 1000

Range in yards

Fio. 9’22-—Velocity errors of I'ango unit on automatic tracking as a function of signal-to-
noise ratio S/N. Video output = 1 volt. Hates = 400 yd/soc out, 200 yd/sec in.

built and is shown in !Fig. 9*21. It supplies a time-modulated trigger

whose range is related to by the shaft output of a rate servomechanism
to within ± 1 yard. The output shaft drives one input of a differential,

whose output shaft is in turn connected to a long cylindrical drum.
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Ouf
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8000 4000 30007000 6000 5000
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Fig. 9-23.—^Short-time velocity memory in automatic tracking of the range system.

Effect of fading: signal off sec. AGO level => 1.0 volt.

Fig. 9*24.- -Responae in automatic tracking to velocity step functions,
ratio = 200. Video level = 1 volt.
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Fig. 9‘25.—^Automatic tracking performance with varying video level. Signal-to-noiao
ratio .= 26. All curves at ra,tes hetween —ISO and —400 yd/sec.
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When the output shaft of the range-tracking unit is connected to the

second input of the differential, the rotation of the drum indicates range

error. If a pen is made to move along the length of the drum propor-

tionally to range, the resulting trace is a plot of range error vs. range.

8000 7000 6000 5000 4000 3000 2000 1000
Range in yards

Fig. 9*26.—Aided tracking on accelerating targets with range-tracking controls.

Rate:

+200 yd/sec

-200 yd/sec

Automatic -M
L

Automotic
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o,-

IS

8000 7000 6000 3000 20005000 . 4000

Range in yards

Fig. 9'28.—Aided tracking of a constant-velocity target.

1000

The range rate of the time-modulated trigger is variable from -|-120p

mph to —1200 mph. Complete reversal of any rate could be made ip

about •g- sec. The output trigger is used to fire a pulse generator which

gates an i-f oscillator. The oscillator output is amplitude-modulated to

simulate antenna scanning and is fed into a receiver i-f. strip. Figures

Range

error

lOOyd/ln
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9-22 to 9*29 show the results of testing the above range-tracking system
with the dynamic tester. Figure 9-22 shows the velocity errors as a func-

tion of signal-to-noise ratio and indicates the period (1000 yd) and the
amplitude (± 5 yd) of the periodic range errors

;
no cumulative range error

is observed. The velocity error is indicated by the separation between
traces taken at different speeds for a given signal level. The largest

separation seems to be about 10 yd for the indicated speeds with signal-

to-noise ratio equal to 1, At this level, the target was lost several times
at 400 yd/sec. Since the velocity

error prior to losing the target is

much smaller than the range
aperture of 70 yd, it is probable
that inadequate smoothing of the
servomechanism response was re-

sponsible for the failure to keep
the target. The remainder of the
plots show the response to tran-
sients under automatic and aided-
tracking operation, the effect on
automatic tracking of varying the
video-signal amplitude, and the
effectiveness of the memory and
coast provisions. Figure 9-27 in-
dicates that fades of 1 sec can be
tolerated without switching to

coast. Under coast conditions the allowable time of fades or interruptions
is shown in Fig. 9-29 to vary 3 to 7 sec. The upper curve of Fig. 9-29
indicates that the range of the gates can depart from the range of the
target by about 25 yd before the target will be lost on returning to the
automatic-tracking mode of operation.

In Fig. 9-30 is shown the static stiffness of the range-tracking loop.

Fiq. 9-30.—IMechatiical stiffness curve of
range-tracking loop.
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POSITION ERROR DETECTORS AND INDICATORS

By J. V. Holdam
9*4. General Considerations.—There are two methods of measuring

the angular position of a target with a single radar system in which the
dependence of intensity of the received echo on alignment with the beam
axis is utilized. One method utilizes continuous circular scan in which
a PPI indication is employed. The other employs either conical scanning
or lobe-switching with the antenna array pointed continuously at the
target. The fitst method measures the center of the signal on the
persistent indicator by means of observing the rate of decrease of signal

intensity on either side of center
;
on fixed targets it provides accuracies of

Fig. 9-31.—Conical acajining antenna pattern, SCR-584.

of the beam width. (See discussion of the l^recision Ranging Indi-

cator, Chap. 7.) The second method compares continuously the inten-

sity of signal received from two similar positions on opposite sides of the

beam where the power is decreasing rapidly with angle. Measurements df

similar accuracy have been found with this method. The basic differencb

between the two systems is that the second provides continuous data
with which rapidly moving targets may be followed, whereas the first

provides data interrupted at a period equal to the scan period of the
antenna, and hence less suitable for moving targets. On the other hand,
the first method has the advantage of providing data on many targets

at once.

Conical scanning radar systems have thus been used extensively for

angular position measurements on moving targets. One of the impor-
tant techniques used in these systems is the method of obtaining an
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error signal that indicates the angular error. The following two sections

will describe this technique. The symbol <i> will be used to represent

azimuth angle and B for elevation angle.

A widely used radar employing conical scanning is the SCR-584.

Figure 9*31 shows its antenna pattern.

The SCR-584 employs a single-antenna beam, but it is displaced

from and rotated about the axis of the parabolic reflector. When the

target is off the axis of the reflector, the target echo is modulated at the

frequency of rotation of the beam about the axis of the parabola. By a

comparison of the phase of the signal modulation with the geometric

phase of the antenna beam, the direction of the target from the parab-

oloid axis is determined, and the amplitude of the signal modulation is a

measure of how far the target is off the axis of the parabola. Only if the

target lies within a small cone centered on the axis of the reflector is the

modulation of the target echo too small to be detected. If the antenna
assembly is moved to make the modulation zero, an accurate determina-
tion of <f) and B is made. The beamwidth of the SCR-584 is approxi-

mately 5°, but and 6 are determined to better than
The type of indication used with precision angle detectors varies with

the type of application. The SCR-584 precision angle detector has a
closed-loop servomechanism which operates to maintain the parabola
axis in coincidence with the target. In other applications the precision

angle detector may control a zero-centered meter (British 274) or a type G
presentation (AN/APG-15), and the operator becomes a biomechanical
link in the servomechanism loop that positions the parabola axis on the
target.

9-6. Design Requirements.—The design of circuits for the precise
determination of <f> and B is not particularly critical provided the rest

of the system is properly designed since the measurement employs the
null method of comparing two signals and making them equal. Most
systems perform lobe-switching at rates from 30 to 100 cps. It is

important that the phase shift be carefully controlled, that overloading
be prevented by good AGO action, and that the commutator, or phase
discriminator, minimize crosstalk between <(> and B and be insensitive to
harmonics of the switching frequency. Further, the antenna must be
designed to minimize harmonics, to minimize false modulation by
“pulling” the transmitter as a function of switching phase, and to
maintain a fixed relation between the radar axis and some mechanical
reference line.

The considerations listed above are in addition to problems confronted
in any radar-system design. They are valid only for systems which
purport to make precision measurements of <f> and/or 6. They arise
from the necessity of making a critical examination of each echo. For
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search systems it is sufl5cieat to get aa echo—^whether it is distorted or

whether it overloads the receiver makes little difference.

Most systems that perform lobe-switching by a conical scan (SCIl-584,

AN/APG-1), offset the lobe from tho axis of scan so that the crossover

point is approximately 80 per cent power, one way. For antennas whose
illumination of the reflector is uniform or varies as 1/r (r is radial distance

on the surface of the reflector measured from the vertex) ,
this crossover

provides a compromise between optimum modulation sensitivity and
beam broadening. In lobe-switching systems the rate of change of

power with angle of the antenna is the limiting factor in the accurate

determination of <j> and 6. It is not possible to compensate for small

slope at crossover by increased amplification of the modulation since

spurious or unwanted modulation is also amplified. Most radar systems

employ close coupling between the transmitter and the transmission line,

Range-gated
video pulses

Fig. 9*32-—Block diagram of generalized angle-measuring circuit.

and hence the antenna; therefore it is important that the VSWR in the

line be unaffected by the process of lobe-switching.^

Figure 9*32 is a block diagram of a generalized angle-measuring

circuit. It includes all the components that are discussed and illustrated

in detail in the sections that follow.

The requirement on the receiver is that signal modulation must not

be distorted. This requirement principally affects the AGO loop design,

since it requires that the phase shift due to AGO action to be zero at the

modulation frequency. Two essentially different methods have been

developed for applying AGO to the receiver. The older method,

employed in the SCR-584 and AN/APG-1, AGO voltage is generated

from the range-gated video signals and applies this voltage to the receiver

after it is operated on by a low-pass filter. Since the filter is designed

to eliminate the modulation and higher frequencies, the AGO voltage

does not degenerate the desired modulation. A newer and somewhat

better way‘^ uses a fast-acting AGO that completely degenerates the

1 Variations in VSWR cause the transmitter to change frequency and power out-

put. If the VSWR varies with switching phase, the net effect is a false modulation on

an echo of a target lying on the radar axis. See Ii. J. Laslett, “Calculation of Conical-

scanning Errors,” RL Group Report 94-3/43,

® See Vol. 23 for a detailed discussion of this circuit.
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modulation in the receiver for modulation frequencies up to 300 cps.

The modulation for the commutator is taken from the AGC voltage

through a bandpass filter. The advantage of the latter method is

greater protection of the receiver against overloading from spurious

modulations.

Both the AGC voltage and the envelope voltage (demodulated video

pulses) are derived in the range unit, or the range gate is cabled to a

separate unit where the AGC and error voltages ai'e dei’ived. Systems
which measure 4> and 6 precisely usually also make a precision measure-
ment of range; hence a narrow range gate is available for the selection of

the radar echo of the particular target whose coordinates {<t>, 6) are to be
measured. It is important that the electronic operations performed on
the signal for the determination of range should not distort the signal or

the modulation. This is best assured by using a triple-gated vidt^o (tlu^

early and late gates are used for range tracking and the middle giit(? for

AGC and audio (AN/APG-l), the overlapping gates of AI Mk VI, or a
single gate and manual range tracking (SCR-584).

The problem of “detecting” the gated video pulses is difficult.’

Since all the available information is contained in pulses of voiy short
duration separated by intervals of long duration, the third detector must
be designed to make maximum use of the signal while it is available.

The most efficient detectors developed for this purpose are the bidirets

tional detectors.^ Such circuits have the unusual and desirable charac-
teristic of instantly assuming the average voltage value of each gate<l

signal while it is present, and maintaining it when the signal is not
present.

The principal requirements on the audio amplifier following the third
detector are constant gain and fixed phase shift. These requirements
do not call for special techniques; the only complicating factors are (1)
the necessity of filtering the envelope voltage and (2) the change in
modulation frequency with speed of the lobe-switching motor. Unless
the frequency of lobe-switching is maintained constant, the audio filter

must be designed for constant attenuation and phase shift over the range
of modulation frequency expected.

The commutator, or phase-discrimination circuit, sorts the audio into
-l-A<^ and — A<^ and -^Ad and —Ad components. The requirements on
the commutator are linearity at least for small values of audio signal and
isolation of <t> and 6 components of the audio signal so that the two track-
ing axes will not interact. The commutation should be full-wave and
symmetrical to remove the fundamental frequency from the output and

1 The circuit which detects video signals to obtain AGC or audio is (uillcd the
" third detector.

® See Vol. 19, Chap. 14, of this series.
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to give minimum response to the large second-harmonic component
invariably introduced by dissymmetries in the antenna scanning.

Since the output of the commutator is direct current (superimposed
on a strong but useless second-harmonic component), it must be con-
nected to d-c amplifiers if the output is not of the proper voltage or power
level for the particular application. Since direct-coupled amplifiers are
avoided wherever possible, commutators usually operate at a high level.
This has a serious disadvantage (but not so serious as following the com-
mutator with direct-coupled amplifiers) in that it is difficult to operate at
high audio levels and maintain a high input impedance at the commu-
tator. Grid current in commutator tubes, whether during an “on’^
period or an “off” period, tends to react on the final audio driver to
cause crosstalk between the 0 and 6 axes.

9*6. Manual Tracking Systems.—In this section a few systems which
provide precise angle measurement on a special indicator are discussed.
All the systems discussed are null systems, that is, the antenna-pointing
is corrected manually by observing a null indicator. In each system
discussed the indicator is a cathode-ray oscilloscope, but some other
systems have employed zero-centered meters.

AN/APG-lb.—Figure 9-33 is a condensed schema of the angle-
measuring circuits used in the AN/APG-15 system. This system is a
lightweight airborne fire-control system which permits blind fire against
enemy aircraft. It employs automatic-ranging equipment described in
Sec. 9T, and presents relative target bearing on a small cathode-ray tube
to enable the gunner to position his guns properly.

The envelope of the video representing amplitude modulation is ampli-
fied and filtered, and paraphased in Vi and Vz. The filter between
Fi and V2 made up of ISb, R7, Rs, Cq and Ci is broadly tuned to
peak at about 30 cps and thus gives good attenuation of the second
harmonic at 70 cps. The modulation voltages at the plate and cathode
of Fa are equal in magnitude and differ in phase by 180 electrical degrees.

Tubes Fa and F4 are full-wave phase-comparison and amplifier tubes for

6 determination. (The <#> circuits are not shown but are similar.) The
phavse comparison takes place by virtue of conduction through Fa and F4

when the grid and cathode modulations are in phase. The circuit is

essentially a phase-detector: the individual tubes are allowed to conduct
only when the resulting differential plate voltage on the two tubes
conducting simultaneously is proportional to the 6 or 4> component of the
pointing error. (This limitation is by virtue of the switch in the cathode
circuit mechanically operated by the antenna conical-scan motor.)

Network RxCi filters the commutated output and Fb amplifies it to a
level suitable for presentation on a cathode-ray tube. Besistor Rz serves

as a centering control.
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In the AN/APG-15 system the conical-scan rate is 36 cps. The
AGO filter is designed to have a charge time of ^ sec and a discharge

time of 1 sec; this enables the AGO to hold the average modulation below

saturation in the receiver and not to degenerate the modulation.

AGL{-T ').—The British counterpart of the AN/APG-15 employs
a phase-comparison circuit as shown in Fig. 9-34. The detected modu-
lation is amplified to a high level, commutated by a mechanical switch

driven by the antenna conical-scan motor, and directly connected

to the cathode-ray tube. The differential voltage is filtered by UxCx,

and governs the maximum charging rate of Ci. Resistance acts

as a sensitivity adjustment. The result, in the axis illustrated by Fig.

9-34, is a vertical displacement proportional to the amplitude of the video

modulation in phase with the vertical component of the antenna
motion.

SCR-^lb .—This is a long-range ground-search system with special

circuits for making precise angle measurements- Range tracking is

manual, conical scanning is employed only while precise angle measure-
ments are being made, the beamwidth is 4®, and the conical scan rate is

24 cps. Figure 9-35 is a schema of the angle-tracking and AGO circuits.

(These exact circuits were not in production before manufacture was
stopped by the end of the war.)

The phase-comparing circuit is similar to the one in the AN/APG-15
equipment, but the cathodes are gated by a square-wave generator rather

than by a mechanical commutator. The reference voltage comes from a

two-phase generator driven synchronously with the antenna. A single

video gate is used and it is made to coincide in range with the desired

signal by the range-tracking operator. The third detector is of the

type mentioned in Sec. 9-5. Positive video signals and a positive range

gate are applied to Vi; the gated video signal is applied to the grid of the

top half of Va- Since the lower half is biased beyond cutoff, the 200-iLtMf

condenser Ci charges up to the full value of the signal, and since there is

no path for discharge, Cx maintains the full charge. Immediately
preceding the next video signal the “dunking” gate overcomes the bias

in the lower half of Ya and discharges Ci. The next video signal then
charges Ci to its full value, etc. The net result of this sequence of

operation is that Cx assumes the voltage of each gated video signal in

turn.

The function of Yg is to generate an AGO pulse that will prevent the
signal in the range gate from overloading the receiver. The input gate

is of constant amplitude and Yg varies the output-gate amplitude as an
inverse function of the potential from the detector. The advantage
of gated AGO is that only the signal under examination is operated on.

Other signals have the advantage of full receiver gain.
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Phase Comparison on a Circular-trace Cathode-ray Tube .—This method
of phase comparison differs from that of the others in that a cathode-ray

tube is used. The conical-scan frequency is 30 cps and is accurately

maintained constant by an electronic governor (see Fig. 9 -36). The
signal being range-tracked is detected and the envelope filtered by a sharp
resonant filter (30 cps). It is then divided into four components of equal
magnitude and separated in phase by 90 electrical degrees. These
quadrature voltages are applied to the four deflection plates of the indi-

cator to make the cathode-ray-tube beam prescribe a circle on the face; the
radius of the circle is proportional to the amount of the error, and the
phase of the circular sweep (with respect to the phase of the conical scan)
is related to the angle between the scan axis and the target. A reference

generator on the antenna furnishes a reference voltage which is used to
intensify the indicator for a small fraction of the conical scan and which
maintains constant phase with the mechanical rotation. Since the error
modulation can have all possible phase relations with the reference
voltage, the beam intensification can occur at all possible positions of the
circular sweep. The net result is a coherent relation between the
intensified portion of the circular sweep and the relative target bearing.

The various parts of the circuits in Fig. 9-36 are functionally labeled
to facilitate understanding the operation. The advantage of a combined
commutator-indicator of this type is the absence of errors due to the
drift of d-c amplifiers.

9*7. Automatic Tracking Systems.—^As with manual tracking sys-
tems a few examples of automatic tracking systems are illustrated to
point out the variations in design. The differences between manual and
automatic operation are obvious; automatic systems are used w'here the
additional weight, size, and power consumption can be tolerated and
where the increased accuracy is essential; angle information in automatic
systems is used in a servomechanism to correct the position of the scan
axis, whereas angle information in manual systems is displayed on a
cathode-ray tube.

Figure 9*37 is a schema of the angle-tracking circuits in the AN/APG-1
airborne fire-control system.

Positive video pulses are connected to a delay line which has three
output taps and gives video signals delayed by 1, 1.25, and 1.5 )usec respec-
tively. .The 1- and l.S-^sec delayed video signals are gated in Vi and Fa
by a single gate, and the outputs of Fi and Fg are in the automatic range-
tracking circuit. The 1.25-/isec delayed video pulse is gated (again by
the same gate) in Fs and supplies the angle error and AGO channels
through the common detector F4 . Network Rx and Cx filter the AGO
voltage to prevent degeneration of the error signal. The control voltage
for the AGO circuits is used to vary the gain of the i-f stages in the pre-
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amplifier and to control the amplitude of the screen-sensitizing pulse
going to the receiver. This latter control is similar to the one used in the
SCR-615.

The phase-advance network Fx assists in stabilizing the servomecha-
nism and is followed by network Rz, Cs which filters the output.

Tube Fs amplifies and paraphases the angle-error signal, and Fe
provides balanced amplification for the two phases. Tubes Ft and Fg
are full-wave commutators, the ±Ad voltages being generated at their
cathodes. The commutator is similar to those previously discussed
except for the fact that the reference voltage is injected into the plate
circuit and the commutated output is taken from the cathodes. The low-
impedance commutated d-c error signal is power-amplified in F9 and F10

in an amplidyme to control the speed and direction of rotation of the
elevation drive motor. Tube Fn is an antihunt amplifier whose connec-
tion in the circuit stabilizes the elevation servomechanism.

TRACKING ON GROUPED OR PERIODICALLY INTERRUPTED DATA
By W. B. Jones and R. I. Hulsizer

9*8. Introduction.—In the automatic time- and direction-measuring
systems that have been discussed, the radar is engaged constantly in
obtaining data about a single target. Nevertheless, as discussed in
Chap. 7, measurements can be made on a single target while the radar
is scanning through 360®. This fact suggests that even while scanning,
a radar set might well obtain sufficient information about a particular
target to track the target automatically with accuracy. The possibility
of this economy in the use of a radar set gave rise to the study of auto-
matic measuring systems using grouped data.

Most search radars scan at a constant rate in azimuth. The radar
obtains data on a particular target during the small fraction of the scan
that the radar beam is directed toward the target, that is, the data are
said to be “grouped.^’ The groups of data are spaced uniformly in time,
if the azimuth acceleration (measured by the observer) of the target is
small. Consideration has been given to the problem of obtaining data
from targets throughout the hemisphere above a ground station or ahead
of an airplane.^ All of the proposed hemispherical scanners interrupt the
pulses from a single target for such long periods that tracking is not possi-
ble if the target is in motion at all. If a more simple solution were to
become available the methods outlined in this section could be extended
to three dimensions.

"^3^® appropriate indicator with an azimuth scan radar. It
is of importance that the oscilloscope screen have a long-persistence time
constant, for in this way the indicator ^‘remembers” the information
denved from the data. The PPI remembers the position of a target
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during the time between receptions of groups of data. The ideal meas-
uring system for tracking radar-observed targets (moving with respect

to the observer) gives a continuous indication of the displacement

of the target. To accomplish this with small error, an automatic tracking

system operating from grouped data must be capable of learning and using

one or more of the time derivatives of the displacement as well as the dis-

placement in order to anticipate the motion of the target during the peri-

ods when no data are being received. The part of the automatic tracking

system that measures the time derivatives and predicts the displace-

ment of the target is the function unit. The number of derivatives that

the function unit is designed to use is determined by the accuracy

desired of the tracking system, the quality of the data, and the accuracy

of the measuring reference. In the automatic tracking systems (using

grouped data) which have been developed, it has been found useful to

measure and use only the first time derivative of the displacement (or

velocity) and the displacement of the target. The radar data contain

such large errors that employment of any higher derivatives than the first

does not improve the operation of a tracking system. The automatic

measuring systems to be discussed are, therefore, automatic tracking

systems with velocity memory.
There are several applications for automatic tracking systems oper-

ating from grouped data. Since the radar set is scanning while collecting

data for such a tracking system, it follows that one radar can be used

to supply data to many tracking systems and many targets can be

tracked automatically and simultaneously. One application of this

technique is in airport traffic control where many aircraft flying inde-

pendently of each other must be tracked. A second is that of tracking

the ships in a task force or a convoy where it is of importance to know the

relative positions of ships. In these cases, the targets are all of equal

interest, and usually no very precise information about any one target is

required. A third application is that in which one target in a region is

of paramount interest, and precise information is required about this

target whereas only rough information is required about other targets

in the region. A specific example of this application is the case in which

it is desirable to use a search radar for scanning a region and at the same

time to use an automatic tracking system operating from the radar data

to give precise enough information about a particular target for accurate

navigation control. This application may be in conjunction with either

a two- or three-dimensional scanning radar. A fourth application is that

in which it is desirable to have accurate information about two targets

whereas only rough information is needed about other targets in the

region scanned. An example of this application is the use of an airborne

search radar to obtain data for tracking two responder beacons and thus



380 SYSTEMS FOR AUTOMATIC TIME MEASUREMENT [Sec. 9-9

accurately determine the location of the airplane. Xhe beacons can be
tracked automatically as two targets might be tracked and from the
tracking data a continuous indication of the location of the airplane is

made available to the navigator.

9-9. Automatic Time Measurement on Grouped Data.—The circuits

and methods used in automatic timing devices operating on grouped data
are very similar to those in automatic timing circuits operating on
uniformly spaced data except for certain special restrictions. The special

operation of the function unit is to provide continuous position and
velocity data in spite of interruptions in the incoming signal. Hence
it is often called the ‘'memory device.” If it is assumed that velocity

memory is provided by the function unit, there are four constants that
must be determined as a function of the length of the data period !7”

and the time between data periods T.

1. Position learning time: If there exists an error in range at the
beginning of a particular data period, T'^ for example, maximum
accuracy demands that this error be reduced to zero at least
before the end of T^.

2. Position memory: In velocity-memory systems this factor is not
always obvious, but as pointed out in the description of the Oboe
range-tracking system in Sec. 9-3, it is not only necessary to ensure
that the velocity voltage remains constant for velocity memory,
but also that the range rate produced by constant velocity voltage
remains constant. The integration operation performed on the
velocity voltage to produce range voltage must be accurate at
least for intervals of time as long as T.

3. Velocity learning time: If the data are interrupted, there are obvi-
ously two methods of obtaining velocity data. The first is to
measure rate by the change of range during a data period; the
second is to measure rate by the change of range between data,
periods. The first method is impractical in conventional radar
systems because the data periods are so short that the target does
not move by an amount comparable to the dynamic range error
during the data period. The second method remains if a function
unit has velocity memory. Velocity learning implies measuring
the difference between the true range and the range which is pre-
dicted by the function unit by virtue of its velocity memory and
correcting the indicated velocity by an amount proportional to
this error. Aided tracking manual with the right time constant
is the analogue of this process.

4. Velocity memory: The restriction on velocity memory is that its
duration be adequate for time intervals equal to the length of the
dataless periods.
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The purpose of this section is to examine analytically the dependence of

these four constants on the lengths of T and T'. A summary of the
equations applicable to continuous tracking shows that for a double-
integration system providing velocity memory the following equations
from Secs. 8*4 and 8*6 define the operations of the time modulation, time
discrimination, and double integration: .

= kiV (8-3)

i = h^{R - R') = (8*2)

1 r* . 1 r r /**

.

V* — ^ j
'If dx I

cjS j I /
^ dx "b const

.

If these three equations are combined and k2 is assumed to be constant,

the result is the equation of motion for the closed tracking loop, in a

form, expressing the dependence in different terms than that previously

used,

pU + +^ = p^B (1 )

whose solution is

e = aeyit 5^72* _j_ f(pm) (2)

where

kikz lk\k\ kikz
± V 4C5 “W

and

fCp^R) == I" f p^R{x)e~'y^^ dx — f p^R(x)e~’^^‘^ dx (4)
Ta — 7i L Jo Jo J

Equation (2) holds when it is assumed that data are continuously

available. Now, it is necessary to consider the action of this loop when
the data are grouped. Let T' be the time during which data on JR are

available and T the time between beginnings of the periods measured by
T', and in all cases of interest here, T is much greater (20 times or so)

than T'. All analyses will be made assuming that T' and T are constant.

During the periods measured by T\ Eq. (1) holds. On the other hand,

during the periods measured by T — T', no data on R are received a

statement that can be represented by making A;2 = 0 in Eq. (8-2). Thus,

for the periods measured by T —• T'

,

pm' = 0 . (6)

Solving this equation:
R' = Mt^-P (6)

ds -b const. '(8T1)

where M and P are determined by the initial conditions. From Eq. (6),

it is evident that R' changes at a constant rate during the dataless

periods, M is the initial rate of and P is the initial value of R'

.

This
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constant rate of R' during dataless periods is characteristic of a loop with
velocity naemory.

The solution of the equation for this tracking loop has been broken
into two parts, T' and T — T', for each period T; as a result, there are
four arbitrary constants in the solution. It would be more desirable to
have a single solution which holds for a period T. Since the periods meas-
ured by T' and T start coincidentally, a solution for the period T could
be obtained by first letting the initial conditions determine the con-
stants a and h. Equation (2) then gives the value of the error if the
function is known during the period T'. Thus at the end of the

period T", all the necessary quan-
tities are known for determining
M and P. This method gives an
exact solution for the problem for
a period T. In this way each
period T can be treated separately.
A still more useful solution would
be one that gives the value of R'
at any time provided the function
f(p^R) and initial conditions are

Fio. 9.38.-Time o! groupod data l^own. Finding this exact solu-
tion would be very laborious by

the method just described. By making some specializing assumptions,
however, one can obtain a useful approximate solution.

Since a number of periods T are to be considered together, it is
convenient to number these periods consecutively starting with the
period when the boundary conditions are known. Subscripts will then
associate quantities with particular periods T as in Eig. 9-38. Thus Mn
and P„ are the rate and position of R' after a time T' in the nth period T.
Since T' is a short time any change in the value of R during a time T"
is masked by the errors in the data, only the average value of R during a
period T' is of interest. Let be the average value of R during the
period T' of the nth period T

.

Let R'^ be the value of i?' just before the
nth period T. Let = Rn — R'^j where €« is ti’eated as the error at
the beginning of the data period.

A matter determined by the grouped nature and accuracy of the
data IS the construction of the memory device in such a way that it can
use the data to learn the velocity of the target. As discussed previouslv,
the penods JT are so short that the only practical method of measuring
range

^
to vide the change in range, given by two successive groups of

data, by the time between those two groups. This process can be
expressed by the relation

(7)
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.ere is a constant of tlie order of magnitude of 1 and expresses tlie

ictice of allowing the learned velocity to be influenced in a decreasing
mner from earlier data periods.

In order to measure the range of a target accurately, the constants
O and 1/CS of Eq. (8-11) must be adjusted so that e is reduced, to a
eligibly small value during the periods T'. Focusing our attention
the nth data period, Eqs. (8-2) and (8-11) may be combined and

*tten

:

L kikzedx H- /: /: kikze dx H” il^Tn— ds (8)

om this equation

dt nT
kik^e dx Mn-x- (9)

w lc%9^0 only fornT <t < nT -j- T'. Thus for nT + T' >t> (n -H 1)3^,

•nr-t-r'

' nT

view of Eqs. (7) and (10), it is evident that

•<n+i)r rs

dR
dt

' - _L r
CS Jn

kiksfi dx “H iUft—i = (10>

r<n+i)r rs

CS J nT JnT
kik2€ dx ds

>f the order of magnitude of e«, and since T' <3C T,

'nT+T' fs
kik^e dx ds <$C €n.

CnT+T* rs

as JnT JnT
<11)

the approximation R = Rn for periods T', Eq. (8) becomes

K r
C JnT

/Ci/C2€ dx •+* L /:
kikze dx M-]

—
ds

e. (12)

turning now that Mn-iT' <SC «« and remembering that e is to be rednced
a negligiV>ly small value in the time 7"', it is evident that

1
/*”’

C JnT

T'

kikii€ dx :§> L fe /:
]\d[ <2 -ij ds. (13)

erefore, it is very nearly true that

‘nT-\-T'-

€n
- L r'~ C JnT

kjc^/s dx. (14)
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Henbe, combining Eqg. (9), (10), and (14):

or

nT-\-T’ rjo

kj02e dx = CS(M:„ - ikfn^i) = ^ ”

nT T

h — 1
S~ T (15)

Equation (15) gives a relation which must hold between the con-

stants of the memory device in order to have the memory device operate

as described by Eq. (7). The other condition which has been assumed
to be satisfied by the tracking loop is that € is reduced to a negligibly

small quantity in a time T' when data on R are available. How this

condition can be satisfied, is seen from examining Eq. (2). Since it has
been found convenient to measure t from the beginning of the zeroth

period T, Eq. (2) may be written

€ = + f(p^R) (16)

where

T2
—— \ f p^B(x)e-^^^ dx— yiL JnT

^yiit—nT) f pHi (.T) dx
1
•

J nT J

It has been assumed that R is very nearly constant during all periods T'

;

thus p^R is small and f{p^R) is negligibly small. With good approxima-
tion, therefore, Eq. (16) can be rewritten

It is evident that

€n — 0>n + 6».

(17)

(18)

The other initial condition can be obtained from Eq. (12). Assuming
that Afn—

1

is small compared with the initial rate of e in the nth ptiriod,

^ _ kik2€n

dt\t^nT C

Thus, from Eqs. (17) and (19),

kik^Gn _ I _ 7

Q
— = 'Vlttn -T* 'y25n,

and from Eqs. (18) and (20),

(20)

kikz -|- Cy^
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jtj “1“ Cyi
^1- 72)

For e„ to become small in a time T', either 7, or T2 (for example, rO must
have a real part which, is negative and much smaller than —1/T\ Since
Eq. (15) must be satisfied and since the real part of yi must have an
absolute value large compared with 1/T', yi and ya are both real because
from Eqs. (15) and (3)

^1^2 kjkz k^ij

4(72 ^ CaS ~ CT
k\kz T]

C T
therefore, 1*7

1| \y^ and the following equation is a good approximation;

y\ — kiki
and^ auu 72 = _ „

Using these values for 'Vi and 72, it follows that and K — 0
and therefore,

€ = €ne ^
(21)

for nT ^ t ^ n2' T'. It is apparent that it is desirable to make
kiki/C approximately equal to lO/T' or greater. If AjiAg/C is sufficiently
large, Pn = + e«.

The next step is to consider the difference equation. The desired
relationships have been found for a grouped data tracking loop:

V

= Mn~V€n

T
Cn — ““ Pn
P; = P«~l + Mn-lT
Pn = Pn + €n

kjci _ 10

c r
(22)

7i =

- — = s = ir
Tit 7]

From these equations the difference equation is obtained:

€n+l “1“ (17 l)€n == Pn+l — 2Pn “f" Rn-l- (23)

From this difference equation, one can find the maximum error in the
^th period, given the maximum error in any other period. In the case
in which P is changing at a constant rate, Eq. (23) becomes

H“ (17 — l)€n = 0.

Solving this equation,

en = €0(1 — 77)"’.
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In order that the tracking loop may be dynamically stable, it is neces-

sary that 2 > 17 > 0. It is significant to note that if ^7 = 1, = 0 for

n > 0. This means that the memory device learns the rate of R as

measured in the zeroth period and since dR/dT is constant in this special

case, there will be no error after the zeroth period. Because of errors

in the data, it has been found better practice to make 17 < 1. With
17 < 1, Mn is a weighted average of rates of R measured in the n periods.

Criteria have now been established for determining all the constants

of a particular automatic measuring system using grouped data. The
action of a radar range-tracking loop is different from the system described

in an important respect. It was assumed in the foregoing analysis that

in the equation i = k^CR — R') = k^e, k^ is a constant when radar data
on a tracked target are being received. In most time discriminators, the

output is proportional to the strength of the video pulse as well as to the
error e. This is a good technique because the higher the signal is above
noise the more valuable it is as an indication of the target range, and
hence the large video pulses should be given greater weight. The two
limits on k2 from the analysis given are that kxkz/C > 1/T', and that

kxk^/C must be small compared with the PRF in order for the assumption
of continuous data during T' to hold.

Function units for performing the operation described in the Eq.
(8T1) used in this section have been described in Sec. 8*6. It should be
noted that the time constants of the function unit are exactly defined in

grouped-data tracking application, according to Eqs. 22. An item of

particular interest here is the importance of the disconnecting devices
for rendering k^ equal exactly to zero during the dataless periods.

9-10. Example of Automatic Range Tracking on Grouped Data.—The
purpose of H3X is to track automatically the ranges of two separate fixed

radar beacons from an airplane without interrupting the 3 sec PPI scan
of a microwave radar. Thus the data are uniformly grouped.

The schematic diagram of Fig. 9*39 shows one of the tracking loops.
Tube is a trigger amplifier and P'2 a blocking oscillator. The first

section Fs of the time discriminator is gated positive by a gate from the
grid winding of Tx. The second section, V4,

is gated by the positive
overshoot from the plate winding. The video is applied to the grids
of Fs and F4 and the pulses of current which flow while the gates are on
charge the stray capacitances in the plate circuits of Fs and F4. The
carrier pulses are removed by the 250 Msec. R-C smoothers and the
two voltages are amplified differently first in Fs and Fc and again in
F7 and F&. The difference voltage on the plate of Fs is coupled capaca-
tively to the neon-tube disconnector and the bootstrap double integrator
F10. Capacitive coupling is permissible since the error signal appears
as a modulated signal at the scanning frequency. The output of the
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double integrator controls a phantastron time modulator. In the HsX
system the angular positions of the radar beacons are nearly constant since
they are at a great distance and manual adjustments at infrequent inter-

vals suffice for the azimuth tracking. Mechanically operated switches are
used to connect the proper tracking loop when the radar is directed
toward the radar beacon being tracked.

Figure 9-40 is a graph showing the performance of one tracking loop.

For this graph a precision range calibrator Sec. 9.3 was used to supply

the video signal. An Esterline-Angus recorder was used to .record the

error. Thus the graph gives € for the tracking loop as a function of time;
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To interrupt the data from the calibrator, a mechanically operated

switching device was used which switched on the video signal for 0.15 sec

(TO every 3 sec (T). The automatic loop was started with zero range

error and with the range index moving with zero velocity about two

seconds before the first data period occurred. The simulated video

signal was moving at a rate equivalent to a target with a range rate of

100 yd/sec. It is seen that e falls practically to zero for every data

period T', but the velocity is never correctly learned for the following

reasons. For the HsX memory circuit, rj
— -Kl-S) = 0.68. Since ei in

this graph is about 200 yd, it would be expected from the theory that

62 would be about 100 yd. In fact it takes three scans for €n to fall to

100 yd and two factors may contribute to this error. One is that the

integrator is not perfect; but this explains only a small part of the error

because the time constant of the integrator is 125 sec. The major reason

is that an oil-impregnated paper condenser was used as the storage con-

denser in the memory circuit, which because of the dielectric soakage intro-

duced large errors. When its charge is being increased, the condenser

appears to discharge in between data periods.

Mechanical Devices in Measuring Loop .-—Often it is convenient to

have a mechanical output from an automatic measuring system. This

suggests the use of a mechanically controlled local time modulator with

a mechanical memory device. In the cases that have been met in prac-

tice, it turns out that T' is approximately 0.1 sec. As it has been pointed

out, the positioning time constant of the tracking loop should be short

compared with IT'. It is difficult to make a range-tracking loop con-

taining mechanical devices with a time constant as short as 0.01 sec.

Thus, no cases have arisen in which a mechanical memory device would

be desirable. Therefore, if a mechanical output from a range-tracking

circuit is desired, it is better to have an electric tracking loop and a

separate servomechanism device that will follow the electrical range data.

An alternative is to treat the range error signals received during the times

T' from the time discriminator as single bits of data recurring at the

scanning frequency, The mechanical system could then operate on

these pulses even as the electrical system operates on pulses at the PRF.
Experimental data show that the velocity error can be decreased to

50 per cent within five pulses of the carrier frequency without damaging
the loop stabihty. With j? — 1, the electrical tracking loop should be
able to remove the velocity error in one period T, but the HsX system
tests showed that fluctuations in the data required tj to be taken enough
smaller that the velocity error was reduced to 50 per cent in three scans.

This is not much superior to the performance predicted above for a

mechanical tracking system.
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Angle-positioning with Grouped Data.—The photo-
graphs of 9-41 represent the envelope of the video pulses received
from a freighter anchored m a calm sea. The bright spots represent a
fixed point on the ship as determined optically. The pulses were time
se ecte an demodulated in a two-way switch detector with constant

^
Pio. 0'41.~Aziniutli ariKlo onvolopo of video pulses received from a freighter at anchor

an a fairly calm soa. The bright spot represents a fixed point on the ship as determined
optically.

output circuit of the type described in Chap. 14, Vol. 19. Two deductions
may be made from these pictures. One is that these angular envelope
pulses, although occurring on a time scale 1000 times slower than video
pulses, can be tracked by the same techniques as those used in range
tracking, using adjacent time selectors, etc. The second observation
is that the shifts in the center of area of the angular envelope pulse with
respect to the optically determined point are so large that smoothing





CHAPTER 10

SPECIAL DATA-TRANSMISSION SYSTEMS

By E. F. MacNichol, Je.

INTRODUCTION

Data transmission may be defined as the transmission of useful

information from point to point. This includes the whole of wire and
radio communication, facsimile, and television arts that are beyond the

scope of this book. This chapter will confine itself to a brief description

of those techniques that are not generally covered in the literature

and will discuss several systems in which these techniques have been

applied. All the systems discussed are designed for remote control or

for telemetering.

There are three fundamental problems involved

:

1. The original data, which may be mechanical, optical, chemical,

acoustical, thermal, etc., must be converted into electrical com-
ponents by means of suitable transducers (modulators).

2. The electrical components must be converted into a form suitable

for accurate transmission without mutual interference.

3. The original data must be recovered at the receiving end in a form
suitable for use.

SHORT-DISTANCE WIRE DATA TRANSMISSION

Where distances are short, separate wires may be used for trans-

mitting the electrical components of the data so that Step 2 can be
omitted. The problem is simplified to the construction of a suitable

transducer at each end.

10* 1 , Telemetering.—Wire data-transmission systems are discussed

in Vol. 22 specifically as methods of converting antenna position informa-

tion of radars into spot displacements on the displays. In this case the

cathode-ray tube acts as the output transducer (demodulator). Similar

systems are also discussed in Parts I and II of Vol. 21 as computer data
input devices and servomechanisms.

The electromechanical modulators and demodulators (transducers)

used for data transmission are discussed in Vols. 17 and 19. This chapter

will therefore present a summary of general methods of considerable
391
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precision and the specific applications of time-modulation and time-

demodulation techniques to data transmission. In addition especial

consideration is given the number of circuits^ necessary for transmission

of specific types of information.

A single circuit (pair of wires) can normally transmit a single continu-

ous nonrepetitive quantity such as the rotation of a shaft through an

angle of less than 360°. The simplest type of device is shown in Tig.

(a) Voltage transmission
.(ampiitude modulation)

Variable
frequency
oscillator Frequency

meter

(c) Frequency modulotion

(d) Phase variation

Fig. 10-1 •—Simple transmission devices with limited rotation.

lO-lct. A potentiometer divides a fixed potential in a ratio determined

by the mechanical data; the fraction of the total potential is read by a

remotely located voltmeter. This simple device is used to indicate the

antenna tilt in the AN/APS-3 radar. It is evident that changes in

supply voltage or in the resistance of the circuit will lead to errors in

measurement

.

A similar device (Fig. 10-16) is used as a remote gasoline gauge in

automobiles. Current from a battery sets up a fixed magnetic field in a

coil. Yariable current from a variable resistor sets up a varying field

1 "Circuit” is used here in the sense of a communication system.
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in a coil at right* angles to the fixed coil. A soft-iron vane indicates the

direction of the resultant field. In this case the direction of the vane is

indicated by the ratio of two currents so that changes in the battery

potential which* is common to both circuits are canceled out. In order

to achieve this independence of supply potential an extra circuit is

necessary. (It is the definition of the volt that permits the transmitting

and receiving systems of Fig. 10*la to be set up independently of one

another.)

A general law may be derived from this argument stating that, if a

quantity is to be transmitted on an absolute basis and demodulated by
means of a device calibrated in terms of absolute magnitude of the

quantity, a single pair of wires is needed. If the quantity is to be sent

as the ratio between two quantities, a third w'ire is needed. In this case,

however, it is not necessary to have an absolute standard at either end
of the transmission link.

Another absolute system that involves only a single circuit is the

frequency-modulation system shown in Fig. 10*lc. An oscillator is

frequency-modulated (possibly by varying mechanically the capacitance

of a tuned circuit). A frequency meter at the receiving end reproduces

the input signal. Here the untransmitted datum is time.

The phase of an alternating current can also be used for data trans-

mission as shown in Fig. 10- Id. Phase cannot be transmitted on an

absolute basis since phase measurement implies comparison with a refer-

ence phase. Two circuits (three wires) must therefore be used.

10‘2. Transmission of Continuous Rotation.—In order to transmit

unlimited rotation two circuits must be used since there is no single

quantity that varies continuously and unambiguously with angle. As
shown in Fig. 10-2a two currents can be modulated with sine and cosine

components of angle by means of two variable resistors attached to an

eccentric or to Scotch yokes. These currents can be used to set up
orthogonal fields producing a resultant field whose direction can be

determined by a suspended magnetic needle. A soft-iron vane cannot

be used here as it could line up parallel or antiparallel to the field produc-

ing a 180° ambiguity. The magnetic needle will line up only antiparallel

to the field. If lined up parallel it would be in a condition of unstable

equilibrium and a slight displacement would cause it to swing to the

correct position.

For many purposes, especially in synchro systems in which the 3-phase

synchro is easier to construct than the 2-phase variety, 120° components
are used instead of 90° components. As shown in Fig. 10-26 the 120°

components may be transmitted with the same number of wires since if

two of the three components are specified the third is automatically

determined.
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Devices using compass needles are not capable of very great torque
output and are easily disturbed by stray d-c fields. To produce large

torques efficiently, high magnetic-fiux densities are needed. Only iron-

core devices can be used for this purpose and on direct current these will

suffer from the effects of residual magnetism. Potentiometers or vari-

(a) D-c system using sin-cos components

(c) 3 -phase synchro

able resistors do not wear well

when used at high speeds and
those which will handle large cur-

rents require large torques. Cer-
tain types of electromechanical
modulators and demodulators
overcome these objections. They
are devices of variable mutual
inductance operating on alternat-

ing currents. As they are reactive

elements they do not dissipate

power unless torque is applied as

contrasted with varial)le resistom
and d-c—operated electromagnets.
Such devices are known generically
as synchros and are known under
the trade names of Selsyn, Auto-
syn, Teletorque, Magslip, etc.

There are also a-c-operated de-
vices operating on somewhat
different principles known as
Magnesyns, Telegons, Microsyn.s,
etc. (see Vol. 17 and Part 11 of
Vol. 21). The common synchro
generator has a rotor normally
excited with alternating current
and three stator windings arranged
120° apart. The voltage indu(*ed

(d) 2- phase synchro in each stator winding is proper-
Fia. 10-2.—Devi«8^^t^hat transmit 360" tional to the Component of the

rotor voltage resolved along its
axis, and the constant of proportionality is the turns ratio. A synchro
motor is identical to the generator except that an eddy-current djimping
device has been added. If the stator windings of a generator (trans-
^tter) are connected to the stator windings of a motor as shown in
Fig. 10-2c, a resultant field will be set up along a direction parallel to the
direction of the rotor of the generator. If the rotor of the motor (receiver)
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is connected to the same source of alternating current as the generator, a
torque Avill be developed which positions the rotor so that the field it

produces is antiparallel to the resultant field due to the stator windings.
A torque applied to the motor will produce an equal torque at the
generator. Thus a synchro system is a sort of electromechanical flexible

shaft. All the devices previously shown can transmit power in only one
direction. The synchro system is bidirectional. It will be noted that
four wires are required in a synchro system because an a-c carrier is used.

This extra circuit is necessary to transmit the sign of the rotor's direction.

A three-wire system might be designed but there would be a 180° ambi-
guity. In the d-c system the sign of the rotor position is determined on
an absolute basis by the north and south poles of the compass needle.

Synchro systems having two stator windings displaced 90° to one
another producing sine and cosine components of the rotor voltage are

available. These are frecpiently used in computation where cartesian

components of an a-c voltage are desired but they are rarely used in data
transmission, A system using such devices is shown in Fig. 10-2d.

It is possible to modulate and demodulate two frequencies, phases,

time differences, or other quantities with 90° or 120° components and use

them in transmission of continuous rotation but these are usually used in

follow-up systems to be described later.

In a synchro system there is an error in the output proportional to the

torque supplied by the motor. The torque must also be furnished by
whatever drives the generator. In order to minimize the driving torque,

amplifiers may be used between the stator windings of the generator and
the motor. These amplifiers must have very constant gain to minimize

errors. Such amplifiers will not decrease the error due to loading of the

motor. The error can be reduced as much as desired by using the syn-

chros as an element in a follow-up system.

10*3, Follow-up Systems.—Mechanical data can be most accurately

transmitted by having an electromechanical modulator at either end of

the wire link. These modulators have identical characteristics. Their

outputs are subtracted and the difference amplified to control a motor that

drives the input of the second modulator until the difference approaches

zero. The follow-up is a servo system and as such is discussed in Part II

of Vol. 21.

A simple voltage follow-up is shown in Fig. 10-3; a battery voltage is

applied to a potentiometer at the transmitting end. The fraction of the

battery voltage at the potentiometer slider is compared with that at the

slider of the remote p'otentiometer. A d-c amplifier drives a motor that

moves the slider of the remote potentiometer until the voltages approach

equality. The voltages can be made to approach equality within any
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specified limits depending upon the gain in the servo loop. If a poten-

tial is generated at the receiving end equal to that applied to the trans-

mitting potentiometer a single transmission circuit is needed. Usually

an additional circuit is used to transmit the reference potential.

A d-c follow-up for 360° rotation using two 360° potentiometers is

shown in Fig. 10*4a. A synchro follow-up is shown in Fig. 10*4&. The

synchro used at the receiving end is usually a special type known as a

(6) Frequency follow-up

(c) Phase follow-up

Fig. 10-3.—Simple follow-up devices with limited rotation.

control transformer. Since no torque and very little electrical power is

required from it the impedance of all the windings is made very higli

so that it loads the electrical circuit as little as possible. A very large
number of control transformers may be supplied in parallel from a single

generator. As in a simple synchro system three circuits (four wires)
are needed.

As shown in Figs. 10-36 and 10-3c frequency and phase follow-ups
are also possible. As a single frequency will only specify a single com-
ponent, unlimited rotation is not possible with a single frequency-



Sue. 10-41 CHARACTERISTICS OF THE TRANSMISSION CIRCUITS 397

modulated circuit but as frequency is measured on an absolute basis

only one circuit is necessary per quantity transfiiitted. “In the phase

follow-up, phase may be shifted continuously and unambiguously so that

a single phase shift will completely specify a rotation. A reference phase

must be transmitted, however, so that only three wires are needed, as in

the d-c selsyn system.
10*4. Characteristics of the Transmission Circuits.—It is evident

that in the systems described above in which amplitude is transmitted

on an absolute basis the impedance of the wires must be either negli-

gibly small or constant. Temper-
ature effects would give errors. In

the systems in which amplitudes

are compared (as in synchro sys-

tems) relative amplitudes must be

ti'ansmitted by the wire lines. As
long as the conductors are similar,

temperature effects will cancel.

The phase shifts in the lines in a-c

systems must be identical or cor-

rectly compensated since errors

will be introduced in attempting

to compare the magnitudes of a-c

potentials which are not in phase.

In the phase follow-up, variation of

the amplitudes of the two compo-
nents will not lead to errors in cor-

rectly designed equipment, but the

relative phase shifts in the trans-

mission of the components must be

constant. The frequency follow-

up is unique in that neither ampli-

tude changes nor phase-shift

variations (if their period is long

compared to the carrier period)

will effect the accuracy.

In long lines, direct transmission of synchro or other amplitude-

modulated information is usually not feasible due to changes in amplitude

and phase down the lines, parrier systems that are identical with the

c-w methods described in radio data transmission may be used satis-

factorily. The pulse methods to be described would not usually be

operable because of the large bandwidth required. Pulse methods can

be used if properly terminated coaxial cables are employed.

(a) 0-c follow-up

Fia. 10-4.—^Follow-up systems that trans-
mit 360° rotation.
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Table 10-1.—Summary op Wire Telemetering Systems

No. of cir-

cuits for N
quantities

Extent of

rotation

Is error

caused

by com-
mon
level

change?

Arc
errors

caused

l)y diff-

erential

level

chan-
ges?

15o rela-

tive

pliase

shifts

cause
errors?

Voltage transmission. Fig. 10*la N
1

Limited
Voltage or current comparison. .

.

1

j

N + 1 Limited No Yes Yea if

a c i .s

used
Frequency modulation, Fig. 10* Ic N Limited No No No
Phase modulation, Fig. 10*ld. ... iV 4- 1 Limited No No Yt\s

D-c “Selsyn,” Fig. 10-2a 2 for > 360° Unlimited No Y<;s

D-c sin-cos. Fig. 10*2a 2 for > 360° Unlimited No Yes
3-phase synchro. Fig. 10*2c 3 for > 360° Unlimited

1

No Yes Yea
2-phase synchro, Fig. 10-2d 3 for > 360° Unlimited No Yes Yes
Voltage follow-up, Fig. 10-3a. . .

,

iV -h 1 if ref.

voltage

transmitted

Limited No Ye.s Yes if

a c i .s

used
Frequency follow-up, Fig. 10-36 \N Limited No No No
Phase follow-up Pig. 10-3c \[N + 1

l2for > 360°
Unlimited No No Yt^a

Synchro follow-up, Pig. 10-4d . .

.

3 for > 360° Unlimited No Yes Ti'ea

RADIO DATA TRANSMISSION
10‘6. Introduction.—If a quantity is to be transmitted accurately l>y

radio it must be converted to a form in which fading and interference
do not bave a first-order effect. If several quantities are to l)c trans-
mitted (for example, two quantities specifying shaft position) a scpai*ate
noninterfering channel must be provided for each component. Fre-
quency-modulated c-w systems and time-modulated pulse systems ar<^
both suitable. Both systems permit limiting to minimize the effec*ts of
amplitude variations. In c-w systems each component of the elcctriciil
information amplitude, phase, or frequency—modulate an alternating
current known as a subcarrier.” Channel separation is aclnevetl l>y
using a different frequency for each subcarrier. The subcarriers are
mixed and the output of the mixer frequency-modulates a cuirrier wliieh
is then transmitted. If additional interference rejection is desired, the
subcarriers may modulate intermediate carriers that finally modulate
the transmitted carrier. In the receiving equipment the sulxsarriers are
recovered by demodulation of the carrier and. separated by filtering.
They are then demodulated and combined and the original is recovered
by the same means used in wire systems. The techniques involve the
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Table 10-2.—Characteeisucs op Various Data Transmission Systems

Discussed ia Chaps. 10 and 11

System

Pulse remote control

system

Radiosonde (airborne

transmitter, ground
receiver)

Omnidirectional bea-

con (ground trans-

mitter, airborne re-

ceiver)

Time-modulated sine-

cosine relay radar

system

Phase-shifted pulse

relay radar system

(Ground-to-ground
relay) jittered pulse

relay radar system

C-W-FM relay sys-

tem (airborne trans-|

mitter, ship or

ground receiver)

Method of

channel separation

Six or seven differ-

ent audio tones

Time-sequence (de-

termined by alti-

tude)

Time-sequence se-

lection

Time-sequence se-

lection

Time-sequence se-

lection

Time-sequence se-

lection

Frequency separa-

tion of video pulses,

c-w subcarrier and
audio sub-subcar-

rier. Triggers and
video signals of op-

posite polarity

Method of trans-

mitting telemeter-

ing information

On-off relay control

by frequency-selec-

tive relays, tones

transmitted as
time-modulated
pulse

Frequency-modu-
lated audio tone

Pulse width and
phase modulation

Time-modulated
pulses carrying sine

and cosine of an-

tenna direction

Phase-shifted pulse

train, phase shift

directly propor-
tional to antenna
direction

Time-modulated
pulse carrier, mod-
ulation frequency

proportional to an-

tenna speed. An-
gle marks indicate

unique antenna
position but syn-

chronization must
be achieved by
hand
Amplitude of two
audio tones propor-

tional to sine and
cosine of antenna
angle. Third tone

for level setting

Interference

rejection devices

Five-pulse code

None

Very accurate PRF
selector, pulse-
width selector

Triple-pulse coding,

narrow gates

Triple-pulse coding

Triple-pulse coding

Narrow filters for

subcarrier and
tones. Insuffi-
cient protection for

triggers
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use of oscillators, amplitude modulators, frequency modulators, frequency

converters, amplifiers, filters, and amplitude and frequency demodulators
of types conventionally used in the communications art.

In pulse systems each element of the data time-modulates a pulse

by varying either its width or its spacing with respect to another pulse.

Channel separation is accomplished by transmitting the pulses in sequence.

Interference rejection is provided by transmitting each pulse in the form
of a multiple-pulse “code” group that is decoded by a sequence of time
selectors in the receiving equipment. Pulse systems are composed of

PRF oscillators, generators of grouped pulses, time selectors, and time
modulators and demodulators as well as the more conventional compon-
ents. These systems sometimes resemble an artificial radar system in

which artificially time-modulated pulses replace the moving echoes.
Relay radar systems are used to transmit video and antenna position

signals to remotely located display devices. They contain wideband
channels for the transmission of video signals and the sweep triggers
(usually coded). The antenna position may be transmitted as a sequence
of time-modulated pulses during an unused portion of the pulse-recur-
rence interval or it may be sent on a separate r-f carrier or subcarrier in
the form of pulses or c-w components. To be useful the bearing informa-
tion must be accurate to + 6° or better so that the telemetering circuits
must be carefully designed.

In remote-control systems the information is usually of low precision.
It is often confined to switching operations actuated by the presence or
absence of a pulse or audio tone. Medium-precision telemetering systems
are best illustrated by the radiosonde which is accurate only for a short
time after calibration. The Pritish omnidirectional beacon is incduded
as an example of pulse data-transmission system although it is funda-
mentally a navigational aid.

The characteristics of the data-transmission systems to be des(‘.ribed
in detail are summarized in Table 10-2.

10-6. A Pulse Remote-control System.—The transmitted information
consists of five coded pulses at a PRF of 715 pps. The first four pulses
are for designating a particular receiver, and the fifth pulse is timo-
modulated in accordance with one of six audio tones which represent the
transmitted data. At the designated receiver, a beacon replies to the
fourth pulse provided the fifth pulse is also correctly positioned and is
modulated at a frequency corresponding to one of the control tones, thus
reporting back to the transmitting station that control has been estab-
lished. A “neutral” tone is provided to actuate the beacon for checking
the communication circuit. Width modulation of the reply pulse on
receipt of a control tone is also employed to signify that the control is
responding. The pulses are 0.2 ^sec wide and their separation is variable
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in 0.4-;4sec...steps from 0.4 to 2.4 jusec (limited by the attenuation and
temperature stability of the delay lines used in the coding and decoding
processes). Due to instrumentation difi&culties the 0.4-/xsec spacing
cannot be used between the first and second pulses. To prevent overlap
of the codes only the 0.8-, 1.6-, and 2.4-/xsec spacings should be used for

Fia. 10-6.—Block diagram of remote-control coder.

the fifth pulse since it is time modulated. The maximum number of

codes or channels available is therefore 5X6X6X3 = 540. At least

seven readily separable tones are available between 30 cps and 350 cps

which are not harmonics of each other and which avoid harmonics of the

60-cps power frequency. The highest frequency is limited to one-half

the PRF.
The Transmitting System .—A block diagram of the coder is shown in

Ttg;. 10-5, a timing diagram in Fig. 10*6, and the circuit diagram in
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Fig. 10-7. In the explanation that follows, the timing sequence depends
upon a PRF generator and, as an example, the SCIl-584 has been cited

(see Chap. 6) . In addition to synchronization, this unit also permits

range measurement to facilitate location of the receiving station. To
make correct range measurement regardless of the code spacing chosen
it is necessary to hold the fourth pulse at a fixed phase with respect to the

circular-sweep range unit. This requirement makes it necessary to

82-kc/sec
input ___
pulses

715 cps
input
trigger

Selector
gate

Tone-
modulated
pulse

Tracking
tlme-
mod ulotor

Time-
modulated
pulse

-'-1 n rui. n m
Pig. 10'6.—Timing diagram of remote-control coder.

cause the fourth pulse to coincide with a pulse from the 82-kc/sec ostdl-
lator in the range unit in the following manner. The 715-pps trigger
from the range unit actuates a monOstable multivibrator T2, which pro-
duces a 15-Msec pulse. This pulse is applied to a time selector F3, which
selects the following pulse from the oscillator 12 /isec after the one that
initiates the pulse. The selected pulse is stretched by the diode detector
F40, which produces a negative step followed by a slow exponential rise.

IS waveform is taken from the cathode of Vzh and used to generate a
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linear sawtooth waveform in the “bootstrap” sawtooth generator Fs,

Vda. Time modulation is accomplished by the diode amplitude selector

Feb, which is biased by a d-c potential upon which is superposed an audio
control tone. The control tones are generated from conventional Wien
bridge oscillators (see Vol. 19 Chap. 4). The outputs of the oscillators

are applied through control keys. When no key is depressed the “neu-
tral ” tone is automatically applied. The time-modulated sawtooth wave
is amplified by F7 and Fist and fires the blocking oscillator Fisa, which
produces the fifth pulse. The three average positions of the pulse are
determined by changing the d-c bias on Fsb by means of the swdtch Si.

The leading edge of the rectangle produced by Fa triggers the time
modulator Fs, Foa, Fio. This is a monostable cathode-coupled multi-

vibrator and blocking-oscillator combination. The output of Fiob trig-

gers the first-pulse blocking oscillator F14. The negative current pulse

from Fh is passed down the short-circuited delay line DLi. The positive

reflection from the line triggers the second-pulse blocking oscillator F15.

The third and fourth pulses are similarly formed. The cathodes of all

the blocking oscillators are connected and the 0.2-Msec pulses mixed
across a 100-ohm resistor and applied to the high-power pulse generator

of the transmitter.

A positive exponential occurring immediately after the selected pulse

from the 82-kc/sec oscillator is taken from the plate of F^b. This pulse

and the fourth code pulse are applied to the time selector F n. The out-
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put of Fiiis integrated by V126, 1^96 and applied as bias to Vsa. Since Vs
is a time modulator the time of occurrence of the fourth pulse is controlled

by this bias. Conditions are arranged so that the fourth pulse just

touches the leading edge of the sawtooth waveform. Since this edge is

generated by the rear edge of the selected 82-kc/sec oscillator pulse, the
fourth pulse is constrained to coincide with it. No matter what code
spacing is selected the time modulator will adjust itself until the condi-
tion is fulfilled. (For a complete discussion of automatic range-tracking
systems see Chaps. 8 and 9.)

The Receiving System .—A block diagram of the receiving system is

sho'W’n in Fig. 10*8 and circuit diagrams of the decoder and filter circuits

Video amplifier

+ I50V

_ .
1-2 3 4 5 Late 5 Early

Coincidence Coincidence Coincidence Coincidence Coincidence AVC diode

jAVC out

to receiver

Notes
Unless otherwise
specified:

*A[I resistors are

n *Ail condensers 0.01 or less
—ore Muter Ceramic con-

densers.
All condensers over OOUf
ore 200v paper.

All tubes are Type 6K4

4.7k
10%

lOOk
20% iHK9KMHH

,
Audio output

to tone filters

Fia. 10-9.—Decoder for remote control.

in Figs. 10-9 and 10 - 10 . Negative pulses from the receiver (which has a
short-time-constant second detector) are applied to the feedback ampli-

fier Vx, V2 . The limit level of the receiver is such that 15-volt pulses

appear at the plate of V 2 . The amplifier has a gain of four and an output

impedance of about 70 ohms. The negative pulses are applied to the

cathodes of the time selectors, Vz, F4 , Vt, Fe, and Vt. They are also

applied to the delay line DLx. The pulses travel down the line and are

reflected back until they are absorbed by the 1-k terminating resistor.

They appear at the grid of Fg at a time that is a pulse width less than the

total delay time. If the second pulse appears on the cathode of y2 at the

same time that the delayed and inverted first pulse appears on the grid,

V 3 will conduct. The grid is connected to a tap rather than to the end

of the line because if the negative incoming pulse and the positive
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reflected pulse appeared on the grid simultaneously they^ would cancel.

The delay of the line is given by D — PT •+* 21/, where D is the effective

delay, W is the delay between the terminals of the line and the tap, and

L is the delay between the top and the short-circuited end of the line.

The lengths used are given in Table 10-3. All lines are General Electric

Type YE4-B and are arranged to plug into the decoding unit. It was

Table 10*3.

—

Chabacteristics op Decoding IjINEs

Line No. Positions that can be used D, /.;sec L, /isec Wy AtHlHi

1 DLi, DLz only 0.4 0.2 0
2 All positions 0.8 0.3
3 DLi, DLz, DLz 1.2 0.5
4 AH positions 1.6 0.7
5 DL\, DLz, DLz 2.0 0.9
6 Ail positions 2.4 1.1

found that the transmitter in the SCR-584 could not be made to respond
to pulse spacings as close as 0.4 ^csec, so Line 1 was omitted, cutting the
number of codes from 540 to 375.

The output of Ts is applied to DLz and the positive reflection used
as a time-selector pulse for the third input pulse on the cathode of V
The fourth pulse is selected by DLz and Eb in the same manner. The
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selected fourth pulse is amplified by and triggers blocking oscilr

lator Viz, which produces a 3-Msec 100-volt pulse to .trigger the beacon
transmitter.

The output of DX4 appears on the grid of Ft and 0.2 /isec later on
the grid of Fs. The energy in the pulses at the plates of F7 and Fs
produced by the fifth pulse is dependent upon the duration of the overlap

with the delayed selector pulses. The difference between these times is

taken by the difference detector Fg, Fg. The signal applied to the grid

of Fi4 consists principally of the time-modulation envelope of the fifth

pulse (see Vol. 19, Chap. 14) which is the original audio tone. This tone
is amplified by F14 and F15 and applied to the filters.

The circulating current in F? and Fg is proportional to the amplitude
of the fifth pulse. It appears as a potential across the 10-megohm
resistor and the O.OS-juf condenser in the plate circuit of Fg. It is applied

to the diode level-setter (amplitude selector) Fn through cathode

follower Fio and then to the grids of the i-f amplifier of the receiver as

AVC voltage. The 20-k potentiometer is adjusted so that zero bias is

applied to the i-f amplifier for all signals less than 80 per cent of limit level

and the gain is rapidly reduced for signals above that level. Thus cor-

rectly coded signals are -held at 80 per cent of limit level, which insures

reliable operation of the decoder while all other signals are limited at a

level that is not sufiicient to appear in the output in the absence of

correct code spacing. Since all five correctly spaced pulses are required

to operate the AVC, incorrectly spaced pulses will have no effect.

The tone filters are caseode amplifiers with feedback through a twin-T

network to the grid of the bottom tube (see Vol. 18, Chap. 10). The
signal is applied through the grid of the top tube. The filters have a

gain of about four for the frequency to which they are tuned and have the

frequency characteristic of a single-tuned circuit with a Q of 15. The
relays are operated by tubes that are normally cut off ai,nd pass current on
positive half cycles of the filter output (plate detectors). Condensers of

4 juf are used to keep the relays from chattering: In this design only one

tone is to be used at a time. The high-voltage pulse generator in the

beacon transmitter contains a relay that selects either of two widths for

the transmitted pulse. The neutral” tone operates one pulse width.

If any of the control tones are present the pulse width is changed, indi-

cating that the equipment is complying with the order. If no tone is

received the transmitter is inactivated. Increased interference rejection

and more channels are possible through PRF selection. An elementary

type of PRF selection is accomplished by adjusting the time constant

in the grid circuit of Fig until the blocking oscillator will not trigger at a

PRF higher than 715 pps. In addition, the output of the blocking

oscillator is integrated with a time constant of several seconds and the
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output applied to a relay which activates the beacon transmitter and the

control circuits. Thus, correct signals of the correct PRF and code must
be received for a specified length of time before the beacon will reply or

control can be established.

10*7. Radiosonde.—Probably the simplest and most compact of all

radio data transmission devices is the radiosonde. The XJ.S. Army
AN/AMT-1 weighs only 220 g without battery and is designed to be
carried aloft by a weather balloon. It transmits temperature, atmos-
pheric pressure, and humidity to the weather station. The position of

the balloon is determined by radio direction-finding equipment operating
on the transmitted signal. A diagram of the AN/AMT-1 is shown in
Fig. lOTl. It contains a single 3A5 tube. One section acts as an I’-f

oscillator at 72 Mc/sec while the other section acts as a qucntvhing
(squegging) oscillator wh;ch keys the transmitter at an audio-frequen<^y
rate. The au(ho frequdacy is modulated by changing the grid resistor
of^ the quenching oscillator. The change in grid resistance is accom-
plished in the modulatoi', umt. Since three quantities must be measured
in sequence, some form of channel-switching is needed. Advantage is
taken of the fact that as the balloon ascends the atmospheric pressure
decreases continuously at a nearly constant rate. The pressure-sensitive
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aneroid element movea a slider over a commutator that contains a large
number of conducting and insulated segments which are arranged in a
definite pattern. The conducting segments are divided into three sets,

one of which connects fixed resistances to produce a high-reference tone.
The second group connects a larger resistance producing a low-reference
tone. The third set of contacts operates a relay which connects the
humidity-sensitive element. When the slider is over insulated segments,
the temperature element is connected into the circuit. The temperature
element is a resistance thermometer. The humidity element is a strip

of insulating material with two electrodes between which is a coating, a
gelatinous film containing a hygroscopic salt. The conductivity of this

film is proportional to the relative humidity.
The receiving equipment contains a recording frequency meter. The

pattern with which the high- and low-reference tones occur on the chart
indicates the pressure region through which the balloon has passed.
The low-reference tone at 190 cps serves as a standard of calibration

for the instrument and is repeated often enough to permit corrections

to be made if temperature or battery depletion change the characteristics

of the transmitter. As quenching oscillators are not too stable this

reference is essential.

The quenching oscillator is quite conventional and operates at an
intermediate frequency given by

The accuracy is at best several parts in 10^ since the circuit uses a saw-

tooth voltage of about 90 volts, and a tube with a grid base of 6 volts,

which may vary at least ± i volt from tube to tube "with aging and with

battery voltage. The quantity A 10“®) corresponds to the time

during which oscillation takes place. The quantity BR (J? 10“’) is the

variable relaxation period. Since Cs is given as 0.05 jLtf, it is evident that

the portion of the exponential used is 2.2RC.

The x’-f oscillator oscillates during the relaxation period and is keyed

ofi when the quenching oscillator oscillates by the plate-current pulse

applied to the grid return of the oscillator through Cs. Loading of the

antenna or tuning of the r-f oscillator has negligible effect upon the

quenching frequency.

The radiosonde is not a particularly stable device as judged by radar

standards. Its ability to make precision measurements depends upon

vei-y exacting preflight calibration and maintenance, and upon the fact

that it is required to operate for only an hour or two immediately after

calibration. The example furnishes an excellent illustration of how
exti'eme economy and simplicity may be achieved if one is willing and

able to make frequent calibration.
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^

10-8. A British. Omnidirectional Beacon-—Pulse time dijfferences may,
in certain cases, be used, to determine angle. ^ Consider the transmitter
shown in Fig. 10*12, Three antennas are placed at the vertices A., E, C
of a right isosceles triangle. They are energized in sequence from a
transmitter that is pulsed with a 5-kc/sec PBF. The keying sequence is
ABACA, etc. If pulses were transmitted simultaneously from A and B,
assuming the airplane to be a long way off, the difference in the time of
arrival of pulses sent out simultalneously from A and B is (d/c) sin d.

/

Fiq. 10-12.—Transmitter of modified omnidirectional beacon.

From A and C the time difference is {d/c). cos 0, where c is the velocity
of propagation. In practice d is made 500 ft so that the mayirmim time
difference will be about /isec. The pulses are also width-modulated
between the limits of- 1*4 and 1*8 Txsec. with a 50-cps sinusoid synchronous
mth the antenna switching frequency which is used for phase comparison
in the demodulating equipment. It may be replaced by a voice channel
to perrnit the transmission of weather and landing instruction, etc.A block diagram of the receiving equipment is shown in Fig. 10*13.A local PRF, which is swept -over a frequency range of ± ^ per cent by
means of an automatic search device, is set up in .the receiving equip-

1 Third Coramonwealth and Empire Conference on Radio for Civil Aviation, Sum*mer 1945, British Crown Copyright Reserved.
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ment, and 10-jusec pulses synchronized with the oscillator are applied to a

time-selective video amplifier. If a signal enters during this period it is

applied to the early time selector. The output of the early time selector

is used to activate a sawtooth generator and a S-jusec pulse generator.

After i /xsec, the sawtooth voltage rises to a potential that switches off the

early time-selector and switches on the late time-selector. The 5-jusec

pulse is synchronous with the leading edge of the signal and is independent
of its duration. It is used as the basic time reference. The amplitude
of the first i nsec of the signal is used for AVC in the receiver. The
width of the rear portion of the pulse is demodulated and is applied to the
reference sinusoid demodulator and voice channel. The 6-jusec pulse is

compared in time with a sawtooth wave in a time discriminator. The
output of the time discriminator is a voltage that is used to control the
frequency of the oscillator. When a 5-kc/sec PRF is received the oscil-

lator is locked in phase by means of this AFC circuit. When antennas
are switched there is a phase change in the incoming PRF proportional
to d sin 6 OT d cos 6. The area under the control signal applied to the
AFC circuit is proportional to this phase change since phase change is

the integral of frequency change. The control signals in the form of
pulses recurring with a 200-pps frequency in a pattern which repeats at
60 pps are applied to a sine-cosine potentiometer that is turned to the
desired course 6'. The sine output is connected to a clamping detector
operated by a 90° (of 50 pps) square wave timed to include A-B change-
over. The cosine output is similarly selected to include the A^C change-
over. The two detected outputs are added and applied to a zero-center
course meter. No current will flow through the meter when $= 6'

since then

d sin ^ cos 6' + d cos 6 sin 0' = 0.

The 5-kc/sec oscillator serves as a phase memory to permit the
comparison of the phases of the signals from the three antennas since
they are not radiating simultaneously.

The positive video signals from the receiver are applied to the control
grid of Vi (see Fig. 10-14). The 10-/isec gate is applied to the suppressor,
the top of the gate being restored to ground level by D\q. During the
quiescent condition and fo]> the initial portion of the signal, takes all
the plate current from V

i

since its grid is held at -flOO volts while that
of Fa is held at -+-80 volts by fixed bias.

Negative feedback is applied from the plate of to the grid of Vi
to stabilize the gain. The AVC voltage for the screens of the receiver
i-f stages IS produced from the output of Fg, which is rectified by Di and
amplified by The grid-plate time-constant of Fe smooths the AVC
information. The output of Fa is also applied to the cathode of Da,
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which produces a- negative exponential gate of sufficient duration to cut

off 7*4 for longer than 5 /xsec. The sudden interruption of plate current

in 74 by the leading edge of the signal causes shock excitation of the

resonant transformer. The diode Dz absorbs the negative half cycle of

the oscillation so that a single positive half cycle of S-Msec duration is

produced. The cessation of plate current also causes a 47~/z/xf condenser

to charge through the 22-k plate load producing a positive-going expo-

nential rise. This sawtooth wave raises the grid of Ts until it takes all

the plate current of 7i, and 72 is cut off. As the negative feedback loop

is now broken, the full video signal is applied to 7i, which then limits.

The switch-over of current from 72 to 73 occurs after the first \ fjLsec of

pulse. Plate current in 78 charges a 470-juAtf condenser through 1)4 .

The final potential reached is determined by the duration of the pulse.

The diode D 5 holds the initial potential on the condenser at -+-225 volts

so that 95 volts of signal must be present before any action takes place,

and small signals will not operate the width-demodulation channel.

The amplitude-modulated sawtooth wave containing the width-modula-
tion envelope is filtered and applied to the voice channel which has a pass
band starting above 50 cps and ending below 5 kc/sec but which passes
the frequencies necessary for intelligible speech.

The modulated sawtooth wave is also applied to the 50-cps twin-T
filter 7 14, which has a Q of three and which rejects the voice frequencies
and the 5-kc/sec PRF. The sine-wave output of the filter passes to the
phase inverter 7io6; the outputs are grid-limited by 7i5a and 7i6a. The
coupling time constants and impedances are so chosen that 90° square
waves appear in the plate circuits of the tubes. The square waves are

applied to cathode followers 7i6b and 7i6b, which drive the grid trans-
formers of the phase-sensitive detectors. The detectors 7i7 and 7i8
operate so that each will pass current only during a quarter cycle of the
reference 50-cps waveform, which is centered about the instant of transi-

tion between the relevant antennas.
The 5-/xsec pulse that is initiated by the leading- edge of the signal is

applied to the grid of 7loa turning on space current. A sawtooth wave is

applied to the grid of 79a and a fixed potential to the grid of 79*. The
proportion of the space current taken by each half of 79 is determined at
any instant by the relative potential of the two grids. As the sawtooth
voltage on the grid of 79a increases, less current will flow in 79b and more
in 79a. The difference between these currents is taken by the pulse
transformer connected between the two plates. This difference takes
the form of a positive pulse when'current is. greater in 79b, followed by a
negative pulse when current is greater in Tga- The difference in the
areas of the two pulses is measured by the difference detector Dg, -C> 9 .

(See Vol. 19, Chap. 14.) The normal operating bias of jDs is —4 volts.
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A bias of —8 volts is applied to the plate of Dg. A Miller integrating

circuit is also used with K s to provide smoothing of the output and a long

memory. The output of F s changes the bias on the grid of the reactance

modulator Vi, which controls the frequency of the oscillator by providing

a variable reactive load across the tuned circuit. Negative feedback is

applied from plate to grid of Fy through a high-pass network. The net-

work advances the phase on the grid by 90° at the oscillator frequency.

Since the plate current is 180° out of phase with the grid potential, a

leading component of current is produced in the plate circuit which acts

as a capacitance. The a-c voltage applied to the grid of Ft is limited in

amplitude by £>6, which is biased by the control potential. The grid

voltage and plate current are therefore in the form of square waves which

produce an accurately linear change in the capacitance shunting the

tuned circuit. The 2.2-k resistance in the cathode of F i provides current

degeneration which further improves the linearity of the capacitance

change.^

The oscillator is of the conventional transformer-feedback type with

a 10-k resistor in the cathode circuit. Pulses of cathode current are

taken across this resistor for synchronization. The amplitude of the

pulses is maintained constant by £>?, which is biased at +60 volts and

which limits the grid rise to +60 volts. The pulses drive the limiter-

amplifier Fcfr into grid current charging the 270-ixiJ,i coupling condenser.

At the end of the pulse from the oscillator, F 66 is cut off for the time taken

for the condenser to recharge to cutoff bias through a 560-k resistor

taken to +200 volts, A lO-Msec positive pulse is produced in the plate

circuit. Part of this forms the gate applied to the suppressor of F i. The

gate is converted into a sawtooth wave by an i2C-network. This saw-

tooth wave is applied to the grid of Foa.

If the phase of the 5-/isec pulse is in advance of the time it takes the

sawtooth wave to go from +120 to +200 volts (the potential on the

grid of Ffli), the positive pulse produced in the transformer secondary will

be larger than the negative one. The grid potential of F s will rise so that

the plate potential will drop, reducing the current in Ft and removing

capacity from the tuned circuit. This will raise the frequency of the

oscillator which advances the phase of the sawtooth wave. The effect

of this tracking loop is to keep the 6-)usec pulse in the center of the rise

of the sawtooth wave. The loop is stabilized by the feedback compon-

ents of Fs.® The constants of the loop are such that it will track out a

fluctuation in 2 milliseconds.

In the absence of signals the 5-kc/&ec oscillator is caused to search

* Williams and Kilburn, “ Automatic Strobes and Recurrence Frequency Selector

Part It,” I. E. E. Convention Paper, March 1946.

“ See Chap. 8 and F. C. Williams et al., loc. ciL
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in frequency by a relaxation-oscillator circuit. The grid potential of Fg

rises due to current flowing through a 6.6-megohm resistor returned to

•fl5 volts. The plate runs down linearly to bottom by virtue of the

Miller feedback. At bottom, screen current increases, closing the relay

in the screen circuit. The suppressor is switched by the relay to -150

volts, cutting ofi plate current, and the plate rises toward 250 volts. A
10-megohm resistor in the grid circuit is also switched to -150 volts

so that when the plate rise is complete the grid potential falls until the

relay opens and the cycle recommences. The search circuit sweeps the

oscillator frequency from 4975 to 5025 cps in about 10 sec.

The control pulse from the plate of Fg is filtered and applied to the

feedback amplifier Fu, F12, Fis, which is transformer-coupled to the sine-

cosine potentiometer. A 60-volt pulse is produced across the potentiom-

eter when a 3-volt input (the maximum value that can be produced by

the antenna switching operation) is applied to the input of the amplifier.

The sine and cosine outputs of the potentiometer are applied to the triode

bidirectional switches F17 and Fig. The difference between the outputs

of these switches is applied to the zero-center course meter. A large

capacitance is shunted across the meter to reduce fluttering of the needle

caused by the pulses.

Performance ,—Operational tests have demonstrated a mean error of

V in the bearing of the plane relative to the ground beacon. This error

is equivalent to a time-difference error of 0.01 jusec.



CHAPTER 11

RELAY RADAR SYSTEMS

By E. F. MacNichol Jr., W. J. Jacobi, and F. P. Coffin

TIME-MODULATED SINE-COSINE SYSTEM

By E. F. MacNichol Jr. and W. J. Jacobi

11*1. Principle of Operation.—^TMs system was designed to relay the

PPI picture from an airborne radar to a fixed station by

:

1. The production of an azimuth rotation in the remote PPI syn-

chronous with the antenna rotation in the radar system and

2. The transmission of the radar transmitter pulse and receiver video

to the remote PPI.

The method of accomplishing (1), is fundamentally a “position”

method; that is, the angular position, not the velocity, is reproduced

t . H:—

A

Z—

m

T 3333 jM sec.
fc+Alsm b-k+Acos$

L 1

Basic Sine Cosine Basic Sine

pulse pulse pulse pulse pulse

Fig. ll’l.—Time intervals of time-modulated sine-cosine system.

In order to do this, the antenna angle at the sending end (from a fixed

zero reference) must be continuously and unambiguously specified.

Both the sine and cosine functions of the angle are used for this purpose

because either function alone would not give an unambiguous specifica-

tion. The process of reproducing the angle involves converting angular

data to electrical data, transmitting the electrical data to the receiver,

and converting the electrical data back to angular data at the receiver.

The limiting error of the over-all angular data transmission is approxi-

mately ±3® for a maximum angular speed of 6 rpm.

The electrical information transmitted is in the form of a system of

pulses. Three pulses are used—the basic pulse, the sine pulse, and the

cosine pulse. If d is the angle to be transmitted, the interval between

the basic pulse and the sine pulse is made equal to iC -b A sin 5 where

K and A are constants md K > A and the interval between the sine

pulse and the cosine pulse is made equal to K -{ A cos 6. These pulses

and time intervals are shown in Fig. lid. The basic pulse has a con-

417
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stant repetition rate of 300 pps, and the sine and cosine pulses move as

shown in Fig. 1 1 *2.

At the sending end, an Arma resolver produces alternating voltages

whose peak values are proportional to the sine and cosine, respectively,

of 6. (A negative value of the function is indicated by a reversal in

phase of the voltage.) These voltages are rectified by a phase-sensitive

detector, giving output voltages, A sin 6 and A cos 6, added to constant

voltages to give K A- A sin d and K A cos 9. These voltages are

impressed on linear electrical time modulators. In more detail, the

basic pulse generator triggers the sine time modulator (sawtooth)
;
the

sine pulse is produced after a time

interval proportional to K A
sin 6] the sine pulse then starts a

second delay from which the

cosine pulse is evolved. The
three pulses are mixed before

modulating the radio link trans-

mitter. The device that performs

all these functions is known as the

synchronizer.’^

At the receiving end, the pro-

cess is essentially reversed in what
is known as the “ decoder.” Here
the object is to produce sine- and

cosine-modulated carrier voltages which are applied to the stators of an
Arma resolver (two-phase synchro). The field thus produced is tracked

by rotating the shaft by means of a servomechanism.
The synchronizing pulses received from the relay receiver are sep-

arated by a sequence of time selectors, and linear delays are produced
corresponding to those in the synchronizer. The sine pulse is auto-

matically tracked by a system of step gates whose position is controlled

by a pickoff voltage impressed upon the sine time modulator. The
position of the gates is compared with the position of the sine pulse, and
the error voltage is used to control an alternating-voltage modulator
whose output is the desired sine-modulated carrier, {A' sin co'i) sin 6.

A bidirectional switch detector, operating from this carrier together
with the constant voltage K produces the pick-off voltage impressed
upon the linear delay. Thus the tracking loop is completed. The
alternating-voltage carrier adjusts itself until the step gates coincide
with the sine pulse, and, since the sine pulse executes a sinusoidal motion^
the carrier is modulated in a sinusoidal manner. The cosine pulse is

tracked in the same fashion as the sine pulse, using similar circuits, to
produce a cosinusoidally-modulated carrier. The two carriers are then
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impi'essed on the 90® stator windings of the Arina resolver and the shaft
is rotated by a servomechanism until the rotor pickup voltage is zero.
For the pickup voltage to remain zero, the rotor must remain at right
angles to the field; since the field follows the transmitted antenna azimuth,
the resolver shaft will also follow it. This shaft motion then fulfills

requirement (1).

It should be noted that the absolute magnitude of the excursions made
by the sine and cosine pulses, and the magnitude of the maximum sine

30 M sec

Basic
pulse

Sine Cosine
pulse pulse

Transmitter
pulse

J L
Basic
pulse

Sine
pulse

3333 M sec

Fig. IX *3.—Signal transmitted over radio link.

2- Phase synchro Arma resolver

and cosine carriers in the decoder are not critical; rather, it is the ratio

of the sine pulse displacement to the cosine pulse displacement, and
tlie ratio of the sine-modulated voltage to the cosine-modulated voltage

that are the important factors. These factors are reasonably easy to

control and make possible a stable system.

A few-words should be said about the radar transmitter pulse and
the radar receiver video pulse, which are transmitted during the time

interval between the cosine pulse and the next basic pulse (see Fig. IIT).

The video is time selected so that it will appear only during this interval;
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Fig. 11,*5.—Hlook dia-
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Fio. 11"6.—Synchro'
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otherwise it would mix with the synchronizer pulses (basic pulse, sine

pulse, and cosine pulse) and cause displacements of these pulses. The
time interval allowed for video corresponds to the maximum range of the
radar. Figure 11*3 shows the complete signal transmitted over the radio
link.

Provision is made in this system for alternating two types of video
pulses (radar and beacon). The radar and beacon pulses are time-
selected and applied to their respective indicators. The time-selection
process is actuated by the presence or absence of the radar transmitter
pulse which is absent when beacon signals are being received.

11*2. The Synchronizer.—^The first step in angular data transmission
is the conversion of angular data to electrical data. In this system the
angular information to be transmitted is the position of the radar antenna
with respect to true north. An Arma resolver (two-phase to two-phase
synchro) mechanically geared to the antenna, acts as a differential while a
second synchro (single-phase to two-phase) geared to the fluxgate compass
follow-up acts as a generator. The synchros are connected electrically

as shown in Fig. 11-4. The 400-cps filter gives the necessary sinusoidal
waveform. This voltage is impressed on the single-phase stator of the
Diehl Generator. The two-phase rotor of the generator is connected
to the two-phase stator of the Arma resolver. The output alternating
potentials A and B of the stator windings of the resolver consistof the sine

and cosine components of the difference between the antenna direction and
the compass direction. Expressed mathematically, if A sin tat is the input
potential to the Diehl Generator, 6^ the angle through which the generator
shaft is turned, 0^ the angle through which the resolver shaft is turned,
and both synchros have a 1-to-l ratio throughout, then.

Output of A — (A sin cat) sin 9

Output of B = (A sin cat) cos 9

where 9 ~ 9z — 9i.

The next step in transmitting 6 consists of phase-detecting the sine
and cosine voltages from the Arma resolver and adding a constant
voltage to each. This is done in the sine and cosine bidirectional switch
detectors (Fig. 11*6) which produce voltages A sin 9 and A cos 6. The
constant voltage K. is added to each so that the resultant outputs are
K. A sin 9 and K A cos 9. These are the voltages that are to be
converted to time intervals.

The pulse-forming circuits are the next consideration. Starting at
the upper left-hand corner of the block diagram, Fig. 11-5, and the circuit
diagram. Fig. 11*6, the basic pulse repetition generator produces a pulse
every3333 A^sec . The pulse starts a variable delay, (time modulator)

,
which

triggers the sine pulse generator (blocking oscillator) after a time interval
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proportional to the voltage K A sin 6. The sine pulse in turn starts

a second variable delay, which triggers the cosine pulse generator at an
interval from the sine pulse proportional to the voltage K A cos 6.

A 30-/isec fixed delay started from the cosine pulse produces a trigger

for the radar modulator. A small portion of the modulator pulse is

sent back to trigger the transmitter-pulse blocking oscillator in the
synchronizer. The basic pulse, sine pulse, cosine pulse, and transmitter

pulse are mixed in the mixer, coded to prevent confusion with interfering

pulses on the radio link, and amplified through two channels to give the
synchronizing pulse output and the mixed video and synchronizing pulse

Cycle no.

1. Basie puiss

2.Sin* pip

S.CosIn* pip

4. Modulotor trigger
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TronsmI»t*r
pulse coincides
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Radar v!d60

Fia. 11-7."

Nota> This drawing is not to scale

-Synchronizer waveforms*

output. These outputs are respectively used to plate-modulate, and grid-

modulate, the radio link transmitter. The two types of modulation are

used because the video signal has a high duty ratio and must be sent with

low peak power, while the synchronizing pulses have a low duty ratio and

may be transmitted with very large peak power.

The video portion of the relay signal is the next consideration. The
2500-jLisec (200-mile) video gate is triggered from the cosine pulse, but

since it has a slow leading edge, it does not reach its maximum value

until after the transmitter pulse. This gate (see Fig. 11-7) prevents

receiver video pulses from appearing in the relay signal except for

200 miles following the transmitter pulse. This is the interval where

useful radar echos will appear. The output signals of the gated video
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amplifiers are mixed with synchronizing pulses in only the grid-modulat-

ing channel so that the total peak r-f power of the video will be less than
that of the synchronizing pulse.

The layout of the detailed circuit diagram follows that of the block

diagram and will not be described in detail since it contains no unusual
features.

11-3. Receiving Equipment.—^The receiving equipment for the data-

transmission system is known as the “decoder/’ although it performs
many more functions than simply unscrambling the three-pip “code”
used for the synchronizing pulses. The decoder utilizes the signal from
the relay receiver, consisting of synchronizing pulses and video signals,

to produce a rotation synchronous with that at the transmitter and to

distribute the video signals to the indicators in the desired manner.
The decoder may conveniently be divided into six parts:

1. The synchronizing-pulse separator and three-pip decoder.

2. The sequencing circuits and linear delays.

3. The time-discrimination circuits.

4. The sine and cosine modulators and bidirectional switch circuits.

5. The Arma resolver and servoamplifier.

6. The video switching and distribution circuits.

The synchronizing-pulse separator separates the synchronizing pulses

from noise and video pulses. The decoder produces single pulses from
three-pip-coded synchronizing pulses; these are known as “decoded
synchronizing pulses.”

The decoded synchronizing pulses operate a sequence of gates and
gated tubes, (time salectors) which separate the pulses and initiate linear

sweeps starting with the basic pulse and the sine pulse. These sweeps are
similar to those in the synchronizer time modulators at the transmitting
end and are used to demodulate the sine and cosine pulses.

To obtain these voltages, some sort of tracking “loop” must be used.
It consists of “step gate” tracking circuits, which follow the positions
of the sine and cosine pulses and, in the process, produce sine and cosine
voltages that are delivered from modulators and drivers to the Arma
resolver.

The video switching and distribution circuits provide a low-impedance
source of video signals for various indicators and are used to “switch”
different types of video signals to the appropriate indicators whenever
this type of operation is desired. These circuits will not be discussed
in detail. Figures 11*8 and 11-9 are block diagrams of the decoder
which may be helpful in following the operation of the circuits.

11*4. S3mclironizing-pulse Decoding Circuits.—Refer to Fig. 11-10.
The positive relay receiver output enters the decoder at a level of 1.5 volts
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for video and 3 volts for sjnacliromzing pulses through, a short time con-

stant consisting of Ci and 22 1. Inverter Vxa inverts the signals and pro-

vides some limiting because grid current is drawn on strong input signals.

The negative output of Via is passed through another short time con-

stant (Cs and R^) to the grid of amplifier Vz- Positive overshoots

resulting from differentiation by the short time constants are suppressed

by the grid current drop through R^. Negative signals are limited by the

cutoff voltage of the tube; h\ provides some high-frequency peaking to

Fig. 11 -9.—Sine modulator and servoamplifier circuits.

improve the shape of the synchronizing pulses. The positive limited

output of Fa is impressed upon the grid of the cathode follower Fia, which
drives the decoding delay line.

In the above process, the relay signals have been “differentiated” twice.

The purpose of this is to allow only short pulses to be passed; long pulses

of interference or video signals are differentiated to form a positive and a
negative spike, one of which is later eliminated. The synchronizing
pulses are not appreciably affected by this operation. All signals are
limited well below their peak value so that variations in signal strength
will not affect the decoder operation.

Assuming that a three-pulse-coded synchronizing pulse is present at
the output of Vib, it remains to explain the action of the decoding delay
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lines. Note that the decoder coincidence tube Vz, is biased so that positive
signals of sufficient amplitude must be impressed simultaneously upon its

control and screen grids for the tube to operate. The first pulse of the
code is designated A, the second (3 /tsec later) B, and the third (8 ^lsec

after C. (Refer to Fig. 11*11.) At point a, the screen of Vz, each
pulse appears with no delay. At point h, across Hxz and 22 14, each pulse
appears delayed 5 jusec; this occurs because the winding-to-shield capaci-
tance of the 3-/isec delay line transmits the pulses that leave the 5-Aisec

line. The original pulses appear across the terminating resistor Rxz
delayed 8 ^isec. The voltage at point c with respect to ground therefore
consists of the sum of the voltage at h and that across 72 12. Thus there is

a triple-coincidence arrangement wherein the pulse potentials at a, 6, and
between h to c must coincide for Fa to conduct. Eight microseconds
after the first pulse A (during the last pulse of the code) a single pulse will

be produced at the plate of V 3. The negative grid bias is adjusted by 72 x6

to provide the proper threshold to discriminate against noncoinciding
pulses and against noise. The decoded synchronizing pulses appear at

the secondary of the pulse transformer Ti. Resistor 723 prevents shock-
excited oscillations due to the distributed inductance and capacitance
of the transformer.

11*6 . Sequencing Circuits and Linear Delays.—Refer to Fig. 11-10.

The sequencing circuits may be thought of as an endless chain of time
selectors that, when operating, separates the various synchronizing pulses

from each other. The input to the sequence circuits is the decoded
synchronizing pulse output from Tij the output waveform of the sequenc-

ing circuits consists of the sine pulse, the cosine pulse, and wide gates,

which are used to turn on the sine and cosine linear delays.

The chain begins with the basic 'pulse gated tube V This tube is

biased so that the decoded synchronizing pulses applied to the No. 1

grid will not be effective unless the voltage applied to the No. 3 grid is

sufficiently positive. For a moment, let us assume that this is the case

and that a positive basic pulse occurs. The plate of y‘4 will drop sharply,

triggering the monostable multivibrator Vz which produces the sine

sequence gate. The positive gate produced at the plate of Vzh is fed

to the cathode follower Vza-

This gate, the “sine gate,’’ embraces the period of time in which the

sine pulse can be expected. It is applied from the cathode follower to the

screen grid of the sine pulse gated tube Vq (time selector) which also has

positive decoded synchronizing pulses applied to its No. 1 grid. A special

narrow gate is also applied to the No. 3 grid, but this can be disregarded

for the moment, the assumption being made that the No. 3 grid has a fixed

positive voltage. The cathode of Fg is biased positively so that the screen

voltage must be considerably positive for a synchronizing pulse to be
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Fig. 11-10.—De
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coder circuit.



432 RELAY RADAR SYSTEMS [Si3C. 11-5

amplified. Since the screen voltage becomes positive shortly after the

basic pulse, the sine and cosine pulses and the transmitter pulse cause

conduction of the tube and produce negative pulses at the plate. The sine

gate lasts 600 /xsec but only the first pulse received is effective.

The first of these pulses, the sine pulse, triggers the cosine sequence gate

Fio, which is exactly similar to its sine counterpart and operates in con-
junction with the cosine gated tube to select the cosine and transmitter

pulses. Since the first of these is the cosine pulse, it triggers the video

Cathode Coincidence
follower tube

A B C

_n_rL__n_
I

"" 3 {i sec
Iw 8 ft sec—H

Pig. 11*11.—Decoding delay line.

blanking gate Vxz, which then lasts for approximately 2500 Atsec. This
gate is a monostable multivibrator similar to the sine and cosine gates,
except that a Testoving cathode follower V is used between the plate of the

section and the grid of the “b” section. This is necessary because of
the large duty ratio of the gate (see Chap. 5, Vol. 19 of this series). A
negative gate is thus obtained from the cathode of V which starts slightly
after the cosine pulse and lasts until approximately 100 Msec before the
next basic pulse can be expected. This is equivalent to a positive gate
starting 100 /xsec before the basic pulse and lasting until the cosine pulse.
The gate, therefore, embraces the time interval wherein the basic sine,
cosine, and transmitter pulses occur. This positive gate is applied to the
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No. 3 grid of the hasic pulse gated tube V4, which was originally assumed to

be positive at the time of the basic pulse. Thus the chain has been com-
pleted. It is impossible for the chain to operate continuously in any other

manner than that just described because of the fixed limits to the motion
of the sine and cosine pulses, the fixed length of the sequence gates, and
the fixed repetition rate of the basic pulse.

A random interfering pulse could upset the operation for several cycles,

but this action is minimized because of the action of the narrow gates,

which were neglected in the pre-

ceding explanation. These nar-

row gates are short (60 jusec)

positive gates applied to the No.

3 grids of the sine and cosine

gated tubes V9 and Fn. A pulse

entering the No. 1 grids of the

gated tubes will not be effective

unless it falls within the sine or

cosine narrow gates. The method
of generating these gates is ex-

plained in a later section.

The sine and cosine gates de-

scribed in the preceding discussion

are also used, in their negative

form, to initiate sine and cosine

linear delays. These circuits are

of the bootstrap type discussed in

Chap. 5 and in Chap. 6, Vol. 19 of

this series. The gates, pulses,

and linear delays described in this

section are shown in the timing diagram, Fig. 11T2.

11*6. Step-gate Tracking Circuits.—^The step-gate tracking circuits

are used to obtain sine- and cosine-modulated carrier voltages for the

Arma resolver. Since they are exactly similar in the sine and cosine

channels, only the sine circuits need be described. The production of the

narrow gates previously mentioned will also be explained.

The diode pickoff Fi46 of the sine linear delay is controlled by the

sine linear delay voltage v\. The selected portion of the sawtooth is ampli-

fied by FiBa and Fisb, the sine narrow-gate generator. The latter tube

drives a pulse-forming delay line DLe. A positive pulse of length deter-

mined by the delay-line constants is produced at the input to the line.

This pulse constitutes the sine narrow gate, which is applied to the No. 3

grid of the sine pulse gated tube F{>, as previously explained. The diode

limiter limits the negative excursion of the sine and cosine narrow

Sine
B.O.
pulse

Cosine
sequence
gate

Video
I

blanking
gate

Fia. 11-12.-

r~
-Timing diagram

equipment.
of receiving
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Basic
pulse

3300 M sec
Sine Basic

pulse

gates before they are applied to their respective gated tubes. The
narrow-gate insertion circuit F7 is a device for “turning off’’ the narrow

gates whenever too few cosine pulses are obtained, that is, when the nar-

row gates have become misplaced in time, so that the sequence gating can

resume operation- The circuit ofV7 is simply a cathode-follower detector,

which raises the potential of the No. 3 grids of Fg and Fn which per-

mits operation of the gated tubes in the absence of the narrow gates

whenever the frequency of cosine pulses from the cosine blocking oscillator

Viz falls below 300 pps. Since the generation of cosine pulses is depend-

ent upon the basic pulse, sine pulse, and cosine pulse falling within the

intervals determined by their selector gates, a control sensitive to improper
alignment is achieved.

Since the pulse-forming delay line is terminated in a resistance less

than its characteristic impedance, a pulse is produced at its end that has a

leading edge halfway between the leading and trailing edges of the narrow-

gate pulse, that is, at the time of the sine pulse. This pulse is “stretched

”

by the step-gate generator Fieo,

which is a cathode-follower detec-

tor. The stretched pulse is am-
plified and shaped by the step

amplifiers Vub and Fi7a to form a

“step” gate having a steep edge.

The inverter Vna, produces a simi-

lar gate of opposite polarity.

Refer at this point to the timing
diagram. Fig. 11T3, for the sine

step gates. These gates are char-
acterized by steep linear edges and

fiat tops and end shortly after the closing of the sine sequence gate. As
previously described the sine pulse, after passing through the sine-gated
tube, mitiates the cosine selector gate. The rise of the cosine gate triggers
the sine blocking oscillator F226-

Tubes Fi8, Fi9 and F20 form a time discriminator which determines
whether the sine blocking oscillator pulse occurs before or after the transi-
tion of the step-gate waveform. The memory cathode follower F2ia is a
bootstrap-double integrator^ accepting the output of the time discrimi-
nator, and its output voltage is the sine d-c voltage. It will be remem-
bered that the sine voltage Vi is controlled by the sine d-c output so that
the tracking loop is closed and step-gate transition is held in coincidence
with the sine blocking oscillator pulse.

In the normal case of constant velocity rotation, the memory feature of
the double integrator enables the receiving Arma resolver to continue

^ See Chap. 8 and Vol. 19, Chap. 14.

Fig. 11-13.—Timing diagram of sine-pulse
step gates.
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rotating for a considerable time without appreciable error if relay signals

are lost temporarily. It is particularly helpful when the relay signals

are fluctuating or when bad interference is present. The time constant

iBio and Cio is chosen small enough to permit sector scan of the radar, this

topic will be discussed in a later section. The cosine time demodulator
operates in a similar fashion.

11-7 . Modulators and Bidirectional Switch Detectors.—So far, a volt-

age has been produced (the sine d-c voltage) which is somehow indicative

of the position of the sine pulse with respect to the basic pulse, that is,

of the sine of the angle being transmitted. Also, another voltage (vi) has

been assumed, but its production has not been explained.

The end result of the sine tracking loop is the production of a 60-cps

alternating voltage modulated in amplitude and reversible in phase by
the position of the sine pulse. It is desired that this voltage be zero at the

midpoint of the sine pulse excursion (185.4 /isec), that it be a maximum
at the maximum delay of the pulse (321.4 ^sec), and that it be a maximum
in the opposite direction at the minimum delay (49.4 /isec). In other

words, an alternating voltage is desired which varies in synchronism with

the sine carrier voltage from the “A ” coil of the transmitting Arma resolver.

The alternating voltage is varied by the sine d-c voltage in the sine

modulator

j

shown in Fig. 11-14. This consists of tubes Viand V2 . The
60-cps input to the modulator is obtained from the transformer Ti,

which supplies approximately 100 volts rms. The output signal is taken

between the points labeled a and c. The grids of both sections ol V2

are held at a fixed voltage determined by a divider consisting of Rii and

The grids of V2 are varied, through an attenuator, by the sine d-c

voltage. The actual control voltage of the modulator is the difference

between these two voltages; the magnitude and direction of the alter-

nating voltage output are determined by the magnitude and polarity of

this difference voltage.

The operation of the modulator is shown in Fig. 11-15. It can be seen

that the circuit is a full-wave balanced modulator that depends for its

action upon the variation of r^ with Eg. It has a large amount of

cathode degeneration that allows the operating level of the circuit to vary

considerably.

The output current of the modulator is passed through a symmetrical

twin-T filter in order to eliminate the second harmonic produced as a

result of nonlinear operation of the tubes in the modulator. The sine

amplifier V 3 is a push-pull voltage amplifier, which drives the sine

driver tuhCj V4. This push-pull cathode follower has the output trans-

former Tz in its cathode circuit. The transformer has two secondaries:

one (points 6 and 7) is a low-impedance source for one stator of the receiv-

ing Arma resolver. The other winding (points 4 and 5) is a stepup
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modulator circuit.
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Signal
input

winding used to complete the tracking loop; it supplies the sine hidireo-

tional switch detector Vs.

This circuit is identical with those used in the synchronizer. It

charges the condenser (7i to the peak value of the sine-wave output of the
transformer secondary, the polar-
ity of this charge depending upon
the phase of the voltage. One
side of <7i is connected to an ad-
justable voltage set by this
provides the “zero'' or base-line
setting of the sinusoidal (sine 8)

voltage variation. Thus, we have
(the voltage), Fi =

-f- ^1' sin 0
which results from the recti fi<;ation
of the modulator output. The
cathode follower Fo provides a
low-impedance source of this volt-
age, which is returned to the sinti

linear delay circuit to complete
the tracking loop.

It should be noted that the
accuracy of modulation of the
sine a-c voltage is independent of
everything e.xcept the sine zero
voltcLge, which is set in by to
match the zero value of the sine

a-c voltage with the center of the sine pulse excursion.
The cosine rnodulator, bidirectional switch, etc., are exactly the sainci

as the sine circuits, the cosine zero voltage being set in by The slotje of
the co^ne li^r delay, however, is varied by R^ (Fig. II-IO) to equalize thf^

sine and cosine loops. It will bo ro<-.aIU«l

unimportant, butthe equahty of the two is critical.

modnlfted^
Resolver and Servoamplifler.—The sine- and cosine-modulated 60-cps voltages are impressed upon the two stator windings of

the
resolver. The output of the rotor coil is connected tothe mput of the servo amplifier.

gea^edTo^ thr™!T two-phase motor isgeared to it through a step-down gearing. The motor is driven bv the

^te..
drag-cup generator is connected to the shaft of the

proporidoillT thr°^“T f
voltage having an amplitude directlyproportional to the speed of rotation and a phase dependent upon the

Fig.

|Tnnr|

60cps
11-15.—Simplified diagram

modulator.
of sine
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direction of rotation. The phase of this voltage is adjusted so that it

is the same as that of the error voltage. The tachometer voltage is

impressed upon one grid of (a double triode), and the error voltage is

impressed upon the other grid. This stage is a differential amplifier,

which drives another stage of voltage amplification employing Vs- This

stage in turn drives the push-pull power output stage {V9 and Fio)* The
motor excitation is taken from the secondary of the output transformer.

For equilibrium conditions to result, the motor must turn at such a

velocity that the tachometer voltage will equal the error voltage in magni-
tude and direction. When the transmitted azimuth is constant, the

error voltage is zero and the velocity is zero. The system actually

oscillates, or “hunts,'^ slightly to overcome static friction difficulties.

When the antenna azimuth is varying at a constant rate, an error voltage

is produced sufficient to equal the tachometer voltage produced by the

speed of the motor rotation. The gain of the servomechanism is large

enough so that the maximum error voltage required will represent a lag

less than 3®. Advantages of this type of servomechanism, also known as

a “velocity servomechanism,” are stated in Vol. 21 Part II.

11*9. Performance—In relay systems in which the transmitter or the

receiver is mobile a large amount of fading may occur. The receiver con-

tains circuits for decoding the three-pulse code and applying the output on

to an AGO circuit so that nearly constant signal strength is maintained.

For discussion of the relay link see Vol. 1, Chap. 17, of this series.

The effects of fading are minimized by the double integration in the

sine and cosine tracking circuits and by the tachometer feedback in the

servo system. The narrow gates that protect the sine and cosine pulse

circuits permit false triggering in a very much restricted time interval.

The video blanking gate protects the basic pulse in a similar fashion. The

triple coding of all synchronizing pulses and of the receiver AGO circuits^

causes rejection of all single-pulse interference though this interference

may overload the receiver and cause the loss of the desired signals.

Occasionally several unsynchronized radars will cause interference by

accidentally forming the correct code group and this can not be avoided.

The effects of interference are to cause rough operation or “spoking” of

the PPI. Thermal noise will pass the decoder if the signals are too weak

to operate the AGO, though smooth operation has been obtained with

synchronizing pulses only twice the RMS amplitude of thermal noise.

1 The triple code by itself does not give sufficient protection to the AGO in the

presence of many strong interfering signals. The AGO time constant must be nearly

1 sec. to prevent degeneration of signals of long duration. Interfering pulses even

though they actuate the code only once each second will hold the AGO below the

desired level. It has been found that considerable improvement is obtained if the

AGO is derived from the cosine pulse only since this pulse is protected by the sequenced

gate and its narrow gate in addition to its triple coding.
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Long-time-constant smoothing of the servo system markedly reduces
“spoking” of the PPI but errors are produced that distort the picture.

A long time-constant also prevents following sector scan of the
antenna. A time-constant was chosen that permits -I-® lag. Every effort

was made in the design of the system so that reliable triggering of the
PPI sweeps and rotation of the picture would be maintained beyond the
point at which the PPI picture is so cluttered with noise and interference
that it becomes unusable. The result is a highly complex and unneces-
sarily cumbersome system. If strong signals and freedom of interference
were assured the system could be greatly simplified.

11-10. Later Developments in Receiving Equipment.

—

A. significant,
but incompletely tested, improvement is the d-c resolver. This unit,

I

developed to replace the Arma resolver, operates directly from currents
proportional to the^ sine and cosine d-c voltages. A considerable over-all
saving in tubes, weight, and power is effected.

As in the Arma resolver, the d-c resolver has two stator coils at right
^gles to each other, which are supplied by cathode followers whosemput sisals are the sine and cosine d-c voltages. A resultant d-c fieldavmg t e angle d "with respect to some fixed reference is produced in the
reso ver. The fields produced by the separate coils vary in proportion to
the currents.

^

The vector sum of the two fields is the resultant field,which rotates in synchromsm with the stabilized antenna azimuth at the
S6iicliiig Gild, of ttiG datSi-traiiisinissiori systoni.

The rotor of the d-c resolver is constructed as follows. Two coils arewound over strmght PermaUoy laminations and placed side by side to form

oomn^^^t
secondly coxl is wound over the primary coils and thecomplete rotor is mounted on the shaft so that the axes of the coils are
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perpendicular to the axes of the shaft (see Fig. 11*16) to produce opposing
fluxes and an alternating voltage of frequency / is impressed across them.
The magnetic characteristics of the core are such that the operation is

over the nonlinear portion of the B-H curve. Harmonics are therefore
induced in the secondary pickup coil, the fundamental frequency being
largely suppressed by the “bucking action of the two primary coils.

Figure 11T7 shows the circuits that rotate the d-c resolver shaft until

the secondary rotor voltage is a null. A tuned circuit consisting of the
transformer T\ and Cx suppresses all frequencies of the secondary output
except the second harmonic. Tube Via and Vtb comprise a standard

push-pull audio amplifier. Tubes V2a aud Vzb comprise a phase-sensitive

detector,^ which charges the condensers Cz and Cs to the peak value of the

second harmonic voltage. This detector is really a switch that is turned

off and on by a synchronized second harmonic voltage from the same

oscillator that supplies the resolver primaries. The switching voltage has

the same frequency and phase as the rotor voltage as amplified by Fi«

and Fi&. The voltage Bx is applied to the grids of Vza and F®. These

tubes have the split-field windings of a Holtzer-Cabot Type 0808 model B3
motor in their plate circuits (see Vol. 21, Part II). The direction of rota-

tion depends upon the polarity of the difference current.

1 See Vol. 19, Chap. 14.
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The servo design has not been completely tested and the necessary
stabilization circuits are omitted.

PHASE-MODULATED PULSE SYSTEM

By E. F. MacIN'ichol Jr. ani> E. P. Coffin, Jr.

11*11. Introduction.—One method of transmitting angular informa-
tion between two remote stations involves the use of two sine waves hav-
ing the same frequency but differing in phase. ^ One of the sine waves is

used as a reference with respect to which the phase of the other is meas-
ured. If the phase of the second sine wave is adjusted in such a manner
that the electrical phase angle measured in degrees is made equal to the
angle to be transmitted, we have a definite representation of the angle by
the use of two sine waves. These two sine waves having been formed at
the transmitting station are now transmitted to the receiving station over
separate channels by means of a radio or wire link where the phase angle
of the phase-shifted sine wave with respect to the reference sine wave is

detected and displayed as angular information in an appropriate manner.
This method of transmission of angular information forms the basis of the
capacity phase-shifter system as will be seen later.

11-12. Pulse Representation of Phase-modulated Sinusoids.—It is

not necessary to transmit the actual sine waves themselves; instead groups

Pulses

Fig. 11*18.—Simple representation of sine waves by inoau.s of pulsoH.

of pulses can be transmitted from which the sine waves can be recon-
structed at the receiving station. The reason for doing this will becom<3

apparent later. This representation of sine waves by means of pulses cum
be accomplished in several ways but perhaps the simplest is shown in Fig.

Here very short pulses of about 1 ^isec duration ai'e transmitted at the
times to, h, tij corresponding to every other zero point of the sine wave.
Since there are two zero points in each complete cycle of the sine w'ave, it
is necessary to distinguish between them. The pulses are arbitrarily
transmitted at only those zero points at which the slope of the sine wave is
positive. Hence, we have a unique representation of the sine wave by

^ See Chap. 10.
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meSiiis of these pulses which are separated by equal time intervals. The
transmission of pulses that are short compared to their spacing insures
that the relative phases of the waveforms are preserved. On the other
hand, if sine waves are transmitted any distortion in waveforms during
transmission will produce an apparent change in phase.

At the receiving station the original sine wave must be reconstructed
from the received group of pulses. One way of doing this is to let one of
the pulses trigger off a pulsed oscillator—a device that produces a sine-
wave oscillation whose phase with respect to the triggering pulse is always
constant (see Vol. 19, Chap. 4 of this series). The frequency of this
pulsed oscillator is made equal to the frequency of the original sine wave.
Since the phase of the output of the pulsed oscillator is always constant
with respect to the triggering pulse, it will also be constant with respect to
the original sine wave. Hence, by phase shifting the output of the pulsed
oscillator by means of a linear network until the zero points with positive
slope of the resultant sine wave coincide with the received pulses, we can
produce a sine wave that will be exactly in phase with the original one.
Since it is inconvenient to adjust the frequency of the pulsed oscillator to
exactly that of the original sine wave, it will be necessary to stop it every
few cycles and let the next pulse restart it in order to maintain an accurate
phase lock with the original sine wave.^ The problem of transmitting two
separate sine waves over two separate channels has been reduced to that of

transmitting two separate groups of pulses over two separate channels.

The next section shows these two groups of pulses can be transmitted over
a single channel without any confusion.

11-13. Discussion of Phase-shifter System.

—

A. timing diagram of the
system is shown in Fig. 11 T9, and a block diagram in Fig. 11-20.

A ‘‘basic’’ pulse is generated by a blocking oscillator whose repetition

period is T. This pulse triggers oif a 16 kc/sec pulsed oscillator. The
output sinusoid of this pulsed oscillator is then shifted in phase by means
of a phase-shifting condenser^ by an amount equal to the angle to be
transmitted so that any transients have had time to die out, pulses are

formed at every other zero point of the phase-shifted sine wave as described

above for four complete oscillations. There is now a group of four equi-

distant pulses. After several more cycles, the pulsed oscillator is turned

^ If a stable PRF were available at the transmitter the phase-shifted oscillations

could %)e produced at a multiple of this frequency. The comparison with the basic

liulse is performed in a manner similar to that used in the British Omnidirectional

Beacon (Chap. 10) and in. the direct-reading Loran indicator (Chap. 4). Having an
accurate PRF at the receiver would permit the use of very narrow’ gates to protect

the basic pulse, indicator trigger, and AGC from interference.

® Sec Chaps. 4, 5, 6, and Vol. 19, Chap. 4.
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off and is then retriggered by the next basic pulse and the whole process

repeats. These pulses plus the original basic'' pulse are then trans-

Eoitted over a single channel to the receiving station where they are con-

verted into angular information by the following method.

When the basic pulse is received it triggers a pulsed oscillator that is

identical with the one in the transmitter. The output waveform is shifted

in phase as in the transmitter by means of a phase-shifting condenser.

The phase-shifted sine wave is then compared with the group of four
pulses as they are received and caused to track them in a manner analo-
gous to the process of automatic time demodulation (see Chap. 8).

Details of the Transmitting Equipment .—A circuit diagram of the
synchronizer is shown in Fig. 11*21. The system trigger is simulated

Fig. 11-20.—Block diagram of phase-shifted pxilse system.

by the blocking oscillator Via- The overshoot of the triggex* is applied
to the output pulse blocking oscillator V i2a through the amplifier V 12&- A
l-/xsec pulse is formed which is applied to the coding netwox’k through the
cathode follower V106. The network is similar to that used in the sine-
cosine system and forms a triple code with 3-jUsec and 5-)Lisec spacing.
The cathode follower F 13 applies the code group to the transmitter
through a terminated cable. A negative gate is produced by the gate
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multivibrator F2 . A negative gate is produced which allows the pulsed
oscillator Vz to operate for approximately 8 cycles. The pulsed wave
train is applied directly to one plate of a phase-shifting condenser that
rotates with the antenna. The wave train is also applied to the phase
splitter Vi thereby advancing the phase 120® and then to Ts, which
advances the phase another 120°. The output wave form of the phase
splitters are applied to the other inputs of the phase-shifting condenser so

(c)

Fig. 11 "22. Phase-shifted pulse system performance.

t^t a rotating eleotreratatio field is set up. The phase-shifted output of
the condenser is amplified by Fe and negative half-cycles selected by
are amplified by Vn, and differentiated by the transformer. The negative
gate from Vz is also applied to Fga, which initiates a positive sawtoothwave orm. The differentiated pulse derived from the phase-shifted wavetram IS applied to the control grid of Vn. Four pulses are selected by the
ga,te from Fg wMch is supplied to the suppressor grid of Fn, The gate ismitiated by adding the pulses from the transformer to the sawtooth wave
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from Vsa and passing the sum through the amplitude selector, V35. The
gate is initiated by the third phase-shifted pulse, which, when added to
tlie sawtooth, appears in the output of the amplitude selector. The gate
selects the fourth, fifth, sixth, and seventh pulses, which are accurately
spaced because the transients have disappeared from the pulsed, wave train
by the time they are produced. The selected pulses are applied to Vxza
and coded in a manner identical to the basic pulse. Figure 11 •22a shows
the appearance of the group of pulses after they have passed through the
relay link.

Details of deceiving Equipment .—^The output of the receiver is taken
from a 70-ohm terminated cable at 3 volts peak as shown in Fig. 11*23.
It is amplified by Fia and the video signal is applied to the indicator
through Y zQ. The synchronizing pulses are amplified by V2 and differ-

entiated by the inductance in the plate circuit. They are further ampli-
fied and limited by V 3 and applied to the decoding line. The first two
pulses are added on the grid of F4 and the third pulse drives the screen
positive. If the code is correct a pulse appears in the plate circuit and is

inverted by the transformer. It is amplified by V3 which triggers the
multivibrator To. Tubes Vc, F7 , Fs, and V9 form a pulsed oscillator

phase-shifter circuit which is identical to that in the synchronizer. The
output waveform of the phase shifter is amplified by Vio and Vn and
applied to the grids of the phase discriminator (phase-sensitive detector)

V 12 - The pulses that are present in the output of the decoding circuit

when the pulsed oscillator is running are selected by V14 and fire the block-
ing oscillator Fisa- The output of the blocking oscillator is applied to

the plates of the phase detector. If the received pulses overlap positive

half-cycles of the phase-shifted wave train, the memory circuit of the

<letector will charge positively. If they overlap negative half-cycles they
will charge negatively. The output of the detector is applied as an error

signal to the servomechanism, which drives the phase shifter so that the

received pulses are always coincident with the zero point of the sine wave.
An unusual type of servomechanism is used. With the selector switch

in Position 1 it operates in a conventional manner. The error signal is

modulated at 60 cps by a Brown Converter. The modulated carrier is

filtered by V kj which is a form of Wien bridge oscillator with gain too low
to sustain oscillation. The positive feedback loop of the Wien bridge

occurs from the plate of V isa through a series BC-combination to the grid

of F10&. A shunt BC-combination is in parallel with this grid. The
loop is completed back to Vna through the common cathode resistor.

(This selective circuit should be replaced by a twin T feedback selective

amplifier. See Vol. 18, Chap. 10.) The filtered output is amplified

by Fi 7 , Fi 8 ,
and F19 and applied to one phase of a Diehl 2-phase motor.

Stabilization is supplied by the “phase advance” circuit Vibl which passes
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high-frequency components of the d-c error signal without attenuation and
provides large attenuation for the low-frequencies.

-

When the selector s^vitch is in Position 2 a circuit with the following
properties is activated. The servomechanism when presented with
information will “learn ” the rate at which it must follow that information
in a time which is adjustable. If the signal disappears it will “ remember’^
this rate for an adjustable time which can be made very long. In effect
this circuit provides smoothing of rotation, which is readily adjustable
to fit different operating conditions. The results are achieved qualita-
tively as follows. Tube V2 ia provides a capacitance in the grid circuit
which is ampliffed by the gain of the tube. This capacitance, which is
much larger than could be conveniently obtained with a real capacitor
having small leakage, constitutes the “memory.” Tube F22 provides
“phase advance” for stabilization and tachometer feedback is used so
that the rate at which the motor turns is proportional to the potential at
the cathode of V22 . As the pulses move an error signal is produced across
the “memory” circuit. The motor turns at a speed that keeps this small
misalignment constant. If the signal fades, charge is stored in the mem-
ory circuit causing the motor to continue to turn at the same speed until
the signal reappears or until leakage discharges the memory circuit. This
is a form of double-integrator system and has basic properties similar to
those of Chap. 8.

Competitive tests have indicated that the phase-shifter system
operated as well as the sine-cosine system in the presence of noise and
interference in spite of the fact that the phase-shifter system was not
protected by a PRF selector or narrow gates although these could be
added with little difficulty. Also, the number of components is smaller
and the construction is simpler than with the sine-cosine system.

It is not necessary for the frequencies of the pulsed oscillators in the
transmitting and receiving system to be exactly equal since they are
restarted every PRF cycle. Differences as great as 10 per cent appear to
have no effect; thus the tuned circuits for these oscillators may be factory
preset. The phase-shifting bridges are aligned by means of a dummy
condenser, having no rotor plate, which is built into the system. This
alignment is the only one that is necessary and corresponds to the zero
and slope adjustments of the time modulators in the sine-cosine system.

Typical performance is shown by the photographs of the PPI of the
receiving system in Fig. 11-226. Angle marks of 10° spacing have been
transmitted over the link in place of video signals. Comparison of the
marks with the illuminated protractor indicates the cyclic error, which
has a peak amplitude of +4°. Figure 11 *220 shows the performance of
the system in the presence of strong unsynchronized pulse interference.
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SIMPLIFIED RELAY RADAR SYSTEM FOR CONSTANT-SPEED ROTATION

By E. F. MAcNiCHOii, Jr.^

11*14. Introduction.—^The system to be described is suitable for point-

to-point operation wliere fading is not encountered and where the antenna
of the radar rotates at nearly constant speed so that it is unnecessary to

transmit the antenna position at one-speed. As shown in Fig. 1 1 -24 the

radar transmitter pulse initiates a series of synchronizing pulses in the

codes. This code group is delayed 10 ^sec with respect to the transmitter

pulse and occupies an interval of 22 /xsec. The use of this interval by the

synchronizing pulses results in the suppression of the first 30 Msec of video
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Fig. 11-24.—Information ptilses.

signals from the radar. In practice this interval is filled solidly with
“ground clutter/’ thus the loss is not serious. The first three pulses in
the group, spaced 2 and 4 /xsec apart, form a code to protect the indicator
trigger and the information pulses. The fourth pulse is jittered its own
width by an alternating-current signal derived from an alternator rotating
in synchronism with the antenna.

The frequency produced by the alternator is 60 cps when the antenna
is turning at 4 rpm. The alternator frequency is therefore propoi’tional
to the antenna speed. A switching pulse is produced 16 /tsec after the
occurrence of the third pulse in the code. This pulse, which appears every
third cycle of the PR.F, operates an electronic switch that inserts video
signal from another radar into the relay link. Thus the link can be used
to transmit video signals from two separate radar sets. The video signals,
synchronizing pulses, and range and angle marks are combined in the

^ Based on material contributed by L. Bess.
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video mixer and transmitted. The received signals are decoded, sup-

plying a trigger for the indicators after the third pulse. The jittered

pulse is time-demodulated and the resulting a-c signal is filtered, ampli-

fied, and used to drive a synchronous motor, which rotates at the same
speed as the alternator driven by the antenna. The motor drives a
synchro system through a gear reduction. The synchro system rotates

at the same speed as the antenna. Alignment between the radar picture

and the relayed picture is accomplished manually with reference to the

angle marks that are transmitted along with the video picture. Once
alignment has been achieved it is maintained by the system.

Details of the System. Coder .—Refer to Fig. 11-25. The
positive radar system trigger is applied through iSi and inverted by V$b

to trigger the delay multivibrator Vx. The 10-Aisec rectangle produced

by Vx is differentiated by Tx and the pulse formed by the trailing edge

triggers the blocking oscillator Via which produces a 0.75-jLtsec pulse.

This pulse is delayed by Lx and retriggers Via through Vih after 2 jusec.

Blocking bias is built up across C4 after these two pulses so that Via will

hot retrigger after the second pulse. The output from the cathode of

Vib is delayed by Li and triggers Vm which produces another 0.75-Aisec

pulse. The negative sawtooth voltage in the bias circuit of V3a operates

the switch tube Vzb initiating a positive sawtooth voltage in the plate

circuit. The amplitude selector y4a triggers blocking oscillator ^41. after

a delay determined by the cathode bias of y4a and the slope of the saw-

tooth waveform. The bias voltage is modulated by the output of the

alternator which is geared to the antenna. This alternator is a size-1

synchro with d-c excitation on the rotor. Its output potential is ampli-

fied by Vza- Thus the pulse from Vjxb is delayed 8 /xsec and time-modu-

lated ±0.5 jusec. The pulse from Vza synchronizes the 3 to 1 frequency

divider Vn through the cathode follower Fra* The output of the divider

is transmitted to the switching circuits in -the video-mixing unit through

Vgo- The negative pulse in the plate circuit of Vsa travels down La and is

reflected back as a positive pulse after 16 fiseo when it retriggers Vajj

through y86. The current pulses from the cathodes of Via, Vza, and Vaj,

are mixed and applied to the grid circuit of V e, which is a blocking oscil-

lator that produces accurately rectangular pulses of 20 volts amphtude

and 1 jusec duration with rise and fall times of 0.1 ^sec across the 75-ohm

terminated output cable'. This circuit is designed to have very rapid

recovery so that it can be triggered by all the pulses in the group. The

line Lz is used to determine the duration of the output pulses that are

transmitted to the video mixing unit.

The Video Mixing C/mY.—Refer to Fig. 11-26. The two video inputs

are applied to the “ a ” section of the mixing tubes V 2 and V3. Tubes V xa

and V xb are d-c restorers. The respective angle marks are applied to the
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“6’’ sections. The cathodes of Ys and Vzare connected to the cathodes

of the time selector tubes Via and V^a respectively. These tubes have

a common plate circuit. The bistable multivibrator Vs (scale of 2)

switches the grids of Via and Vsa so that video current from, one input cir-

cuit or the other, but not both, will reach the plate circuit. The multi-

vibrator is triggered on the grid of the section by the trigger pulse

from the coder, and on the- cathode by the switching pulse. When the

switching pulse is present the video signal from input 2 is transmitted;

when it is absent the video signal from input 1 is transmitted since the ''a”

section is held off by trigger 1 applied to the cathode. The common out-

put current of Via and Vza is applied to the grid of V 4b- A time-selective

switching circuit is formed by Vih and V^b which have a common plate

circuit. The synchronizing pulses are applied to the grid of V66 while the

cathodes of Vib and Yeb are switched by the monostable multivibrator Fg.

A gate, which lasts about 35 jitsec, is formed after the input trigger and per-

mits synchronizing pulses to reach the output circuit. At all other times

the selected video signal is applied to the transmitter. Range marks are

mixed with the video through Vzh- The naixed output is applied to the

transmitter through the amplifier Fea and cathode follower F?.

The Decoder.—Refer to Fig. 1 1 -27. Positive 2-volt signals from the

relay receiver are passed through a time-constant and applied to

the grid of Fi<, which is initially conducting sinceV ii6 is cutofi. T he short

time-constant removes long interfering pulses that would otherwise

operate the decoder. The pulses are amplified to 8 volts and applied to

the grid of the limiter Vz which cuts ofi at —4 volts, yielding an output of

-1-70 volts. The pulses are applied to the grid of Fsa which di'ives Li.

Part of each pulse is delayed by jLi and part appears directly in the output

across a 430-ohm resistor. When the correct code group is transmitted

the delayed first pulse adds to the undelayed second pulse to overcome the

bias on the grid of Fs. The output pulse of Fs is delayed by Lg and
appears on the cathodes of Va. If the grids of the two sections of V

a

are

at the same potential, equal and opposite fluxes are set up in the trans-

former and no output appears- If VAa is cut ofi by the third pulse in the

code group appearing in the plate circuit of Fao, an unbalanced cuirent

will be produced in the transformer; and a voltage, induced on the grid

of FBo, will initiate regeneration. This tube acts as a blocking oscillator

and produces a trigger for the indicators. The grid-bias waveform cuts

off the switch tube V 6& and starts a sawtooth waveform. The amplitude
selector Fea fires the blocking oscillator Feb after an 8~)usec delay. The
cathode pulse is delayed by Lz, amplified by Fro, and fed back to terminate
the pulse. Two l-fxaec rectangular gates separated by 1 ju.sec are pro-

duced by Feb and Fto- These gates are applied to the grids of the time

selectors Vsb and Vza respectively. The ‘‘^jittered" pulse containing the



Sec. 11 -16 ] DETAILS OF THE SYSTEM 465

-I05v

I

0.01

250k



+300V

456

i
—

^

-lOSv

Video

ouf

Fig.

11-28.

—

Video

separator

of

simplified

relay

radar.



Sec. 11-15] DETAILS OF THE SYSTEM 457
angular information is applied to the cathodes of Fs from the plate of
Vza. It occurs during the interval occupied by the gates. The output
pulses from the plate circuits of V, are appUed to the difference detector
F, which reproduces the original waveform of the transmitting alternatorThus, the original alternating current has been converted to a time^modulated pulse, transmitted, and time-demodulated. The output of F.m transnntted to the angle information generator through the cathode

In order to prevent video pulses that accidentally have the correct
code spacing from actuating the decoder a suppression circuit is used.
The decoded pulse from V 6a is applied to V 12a. The negative pulse in the
plate circuit travels down is inverted by the short circuit, and appears
as a positive pulse on the grid of y 10& 16 jusec later. It is delayed another
2 fisec and triggers yn, a monostable multivibrator, producing a 3000-Msec
gate, which cuts off yia during the video period. Tube Vih is a pedestal-
removing tube that does not appear to be altogether necessary.

The video switching pulse is selected by yi26- The decoded trigger
pulse appears on the grid of the tube after a IG-^isec delay. If the switch-
ing pulse appears on the cathode it must occur at this time. The output
waveform of V121* is transmitted to the video separator unit.
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The Video S&parator.—Refer to Fig. 11*28. Negative video signals are

applied to the cathodes of Vza and Via of the video separator from V

in the decoder. The switching waveforms on the grids are derived from

the bistable multivibrator V i which operates in a manner identical to that

in the video mixer. Tube Fi<* is turned off by the indicator trigger and
turned on by the switching pulse when it appears. Tubes Vsa and V are

pedestal-removing tubes, which draw the same quiescent currents as V2a

and Via’ The output signals of channel 1 is amplified by V 26 and applied

to the output line by Fb. Video 2 is handled similarly by Vih and V e.

The Angle Information Generator.—Refer to Fig. 11*29. The demodu-
lated a-c from the decoder is applied to a bandpass filter having a pass

band of 30 to 90 cps. This filter permits a variation in antenna speed of

2 to 6 rpm. The output is amplified by a conventional audio amplifier

Fi, Fa, Fa, F4 and applied to a synchronous clock motor which rotates the

synchro that drives the indicators.

Tests of the system have shown that it will operate satisfactorily in the

presence of a reasonable amount of pulse interference without appreciable

drift of the pattern for a period of several hours. It is simpler to align,

operate, and maintain than the systems previously described since the
wave shape of the output pulse is not critical and slight maladjustment of

the time modulator and demodulator has negligible effect due to the fact

that data are transmitted at 900-speed (-i® per turn).

C-W RELAY RADAR SYSTEM

By E. F. MacNichol, Jr,

This relay radar system uses sinusoidally modulated audio-frequency
tones for angle data transmission. (It is designated as AN/ART-18
and AN/ARR-17.) In this system three audio sub-subcarriers are used
to specify the angular position of the antenna. These frequency-modulate
a 2-Mc/sec subcarrier, which is additively mixed with the radar video and
synchronization pulses to deviate a carrier of approximately 100 mc/sec.
In the receiving system the video pulses and subcarriers are separated into
the appropriate channels by filters and demodulated to give d-c voltages
proportional to the sine and cosine of the antenna position. These could
be used to provide a shaft rotation as in the pulsed sine-cosine system but
as the equipment is now designed the voltages are used to modulate linear
time base components for a fixed coil ME PPI (see Vol. 22).

11-16. General Description of Transmitter Functions.—A block dia-
gram of the transmitting equipment is shown in Fig. 11*30. A synchro
having a single-phase rotor and two-phase stator is geared to the antenna
at 1-speed. The stator windings are excited by an 885-cps oscillator
and a 2250-cps oscillator respectively. The rotor output, therefore,
contains a component at 885 cps of amplitude E\ sin 6 and another of
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El cos e at 2250 cps, wherfe 6 is the angle of the synchro rotor. When
sin B or cos^ becomes negative theAC reverses phase (see Vol. 19, Chap. 12
of this series). Since the reversal of phase cannot be demodulated in
the receiving equipment unless a reference phase is transmitted, a fixed
amount Ez (larger than Ei) of each of the unmodulated tones is added
to the synchro output. The output of the voltage divider (adding
network) of each frequency is always in phase with its oscillator and is
always greater than zero. A fixed output signal is also obtained from a
third oscillator at 5090 cps and mixed with the output of the voltage
divider. This tone serves as a reference level for Ez so that it can be
subtracted fi’om the demodulated output in the receiving equipment.

Fio. 11-30.—TrauHinitting oqtiipmont of A R'L’-I S roltiy radar.

The mixed tones are used in a reactance tube to deviate the 2-Mc/sec
subcarrier oscillator.

The PPI sweep trigger is derived from the radar transmitter pulse.
It is limited and mixed with the video pulse from the radar receiver but
is opposite in polarity. The video signal is also blanked when the
trigger pulse is transmitted. The pulse information and the modulated
subcarrier are mixed and applied to a reactance modulator to frequency-
modulate an r-f oscillator which operates at about 12 Mc/sec. The
frequency is doubled three times to give an output of 100 Mc/sec deviated
±4 Mc/sec.

The bandwidth of all stages is sufficiently great to pass l-jusec pulses.
The identities of the video and trigger pulses are preserved since they
deviate the transmitter frequency in opposite directions.

11-17. General Description of Receiving Equipment.—A block dia-
gram of the receiving equipment is shown in Fig. 11-31. The receiver
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is a conventional superheterodyne with a pass band of 8 Mc/sec and
follows the general principles discussed in Vol. 23 of this series. The out-

put of the receiver consists of the modulated 2-Mc/sec subcarrier and
video and trigger pulses. These are sorted out and applied to the

indicator tube in the separator unit. The subcarrier is filtered out and
amplified in the subcarrier amplifier, limited, and demodulated. The
three audio tones are separated by means of bandpass filters. The 885-

and 2250-cps modulated tones are demodulated and applied to cathode

followers. The 5090-cps tone is filtered and demodulated. The demodu-
lated d-c output of the 5090-cps tone is subtracted from each of the

demodulated sine and cosine outputs to remove the level due to the

fixed a-c component. The subtracted output potentials are now d-c

voltages E sin 6 and E cos 9 which are symmetrical with respect to

ground. These voltages are applied to the charging resistors of the

horizontal and vertical sweep generators. The output voltages of these

sweep generators are amplified and used to drive the fixed deflecting

coils of the PPI. To a first approximation the slopes of the sweeps are

proportional to the voltages applied to the charging resistors. The
electron beam of the CRT is deflected in the direction of the resultant

field produced in the two deflecting coils. The two components of the

field are proportional to the amplitudes of the sawtooth waveforms,

which are always in the ratio of sin 6 and cos 6. Thus the spot will

sweep radially outward in the direction 6.

The receiver output is also amplified in the video amplifier which

has insufficient bandwidth to pass very much of the 2-Mc/sec subcarrier.

A biased amplifier $i.nd blocking oscillator separates the synchronizing

pulse from the video pulse of opposite polarity. The synchronizing pulse

operates a wide gate (rectangle generator) that operates the pulsed

range-mark oscillator. The pulsed sinusoid generated by this oocillator

is limited and differentiated to produce range marks, which are then

mixed with the video pulses. These pulses are amplified further and

applied to the grid of the indicator. No attempt is made to remove

the synchronizing pulse from the video channel since it appears before the

sweep has started. The rectangle from the gate multivibrator is limited

and used to intensify the CRT during the sweep. It is also used to cut

off the clamp tubes producing the sweep components.

11-18. Details of the System- The Mixer Unit .
—^Refer to Fig. 11-32.

The tone oscillators are of the conventional EC phase-shift variety using

3-section high-pass networks (see Vol. 19, Chap. 4 of this series). They
are mounted in an oven whose temperature is thermostatically con-

trolled. The resistor network that adds the fixed a-c level from each

stator input is also in the oven since it is extremely important that the

ratio of synchro output potential to the fixed component of the audio
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carrier^ be constant. The frequencies of th.e oscillators are factory
adjusted and their stability is such that no controls are provided. Cath-
ode followers are provided to furnish current for the synchro windings
and amplitude adjustments are provided for each. A gain control is also
provided for the 5090~cps output which is mixed with the modulated
tones.

The reactance modulator is of the capacity-feedback type in which
a grid voltage is produced in the reactance tube which leads the plate
voltage by 90®. The magnitude of this voltage depends upon the g^, of
the tube, which is controlled by grid bias. The effect of the out-of-phase
component is to make the reactance tube appear as a variable capacitance.
(See any standard text on FM.)^

Positive excursions of the modulating signal increase the and the
effective capacitance, decreasing the oscillator frequency. The oscil-
lator is of the electron-coupled variety in which the grid-cathode-screen
circuit acts as a Hartley oscillator. The plate tuned-circuit is heavily
loaded by the output attenuator so that its pass band is very broad.

Positive video pulses are supplied to the amplifier Fg, which has a
gain less than unity. Bias developed across C30 ^41 prevents the trigger
cathode-follower Foa from conducting. Negative video signals devel-
oped in the plate of Fsa are again inverted by Fsz, and applied to the video
and trigger cathode follower Fio. The output waveform of this stage
is mixed with the 2-Mc/sec subcarrier and sent to the transmitter.
The negative trigger from the radar is limited by cutting off Foo. This
pulse raises the cathode of Fab cutting off Fga. This action produces a
positive pulse on the plate of Fg* and a negative pulse is sent to the
transmitter. The cathode of Fga is raised sufficiently by the trigger
pulse to prevent the transmission of video signals.

The Transmitter .—Refer to Fig. 11-33. Positive video pulses, nega-
tive triggers, and the 2-Mc/sec subcarrier are applied to an additional
video amplifier and phase inverter. Signals are applied 180® out of
phase to the grids of the reactance tubes. One tube appears as an
inductance in parallel with the oscillator tuned-circuit while the other
appears as a capacitance. The effects are equal and opposite so that by
increasing the g„^ of one tube while decreasing that of the other a linear
deviation is obtained over a wide range. The oscillator is of the push-
pull electron-coupled type. The plates of both tubes are connected in
parallel so that odd harmonics cancel. The second harmonic is selected
by the double-tuned coupling transformer. The two doublers are

^ This system bears a striking similarity to the pulse sine-cosine system. The
amplitude of the 885-cps tone is A 4- A sin 0\ that of the 2250 cps tone inK + A cos 0;
and that of the 5090 cps tone is K.

® A. Hund, Frequency Modulation^ McGraw-Hill, New York, 1942.
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conventional Class C amplifiers with double-tuned transformers select-

ing the second harmonic present in their plate currents. The power

amplifier uses pentodes in a push-pull circuit. Since the shielding in
the 4E27 tubes is excellent, no neutralization is used. A peak detector
and discriminator are provided for monitoring the transmitter output.
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All tuned circuits are overcoupled and Q values made low to permit

the required 8-Mc/sec pass band.
The Receiver.—Refer to Fig. 11*34. The preamplifier, converter, and

local oscillator use 6AK5^s. The antenna and converter tuned circuits

are factory preset. A trimmer condenser is provided to control the LO
frequency. The LO voltage is mixed with the signal and injected into

the grid circuit of the converter. The i-f stages are 6AK5^s. Eight are

used and are arranged in staggered pairs at 55 and 65 Mc/sec with a

gain of 10 each, giving an effective band width of 8 Me. AGO is applied

to the grids of the third and fourth stages.

Two limiters are used. Limiting takes place by rectification in the

grid circuit of each tube (see Vol. 19, Chap. 9 of this series). The bias

developed decreases the average plate current in each tube. The bias

developed by the first limiter is also used as the AGC control voltage.

The time constant in the AGC circuit is kept to a minimum so that high-

level pulsed interference will suppress the desired c-w carrier for as short

a time as possible (much less than the PRF of any pulsed system likely

to be encountered).

The discriminator, which follows the second limiter, is of the con-

ventional type (see Vol. 23). Four 6AK5's are used as an output
cathode follower to present a 76-ohm output impedance to the cable

leading to the separator unit.

The Separator Unit.—Refer to Fig. 11*35. The composite signal from
the receiver consists of positive video signal, negative triggers, and the
2-Mc/sec frequency-modulated subcarrier. The subcarrier is selected

and amplified by two 6AK5 stages and grid-limited by two additional

stages. Bias developed in the first limiter grid circuit is applied to the
grids of the preceding amplifier as AGC. A discriminator centered at
2 Mc/sec demodulates the subcarrier. After amplification the mixed
audio tones are separated by double-tuned transformers, passed through
individual gain controls, and amplified further by 6V6 Class A power
amplifiers.

The 885- and 2250-cps tones are demodulated by full -wave peak
rectifiers, which are arranged to provide phase inversion to drive the
grids of the output cathode followers in opposite directions. The
5090-cps tone is demodulated in a peak half-wave voltage doubler whose
output potentials are proportional to the average level of the carrier

and are used to subtract a d-c value from the output signal of the 885
and 2250 cps demodulators. Thus d-c voltages are obtained which are
proportional to sin 6 and cos 6 and vary symmetrically with respect to
ground. These voltages are applied to each of the four sweep networks
and their magnitudes determine the rates of rise of the sweep sawtooth
waveforms when the clamp tubes are gated off. The sweep networks
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are arranged in pairs, two for the horizontal sweep and two for the
vertical sweep. The networks in each pair are supplied with control
voltages of opposite phase so that a positive and a negative sawtooth
waveform are produced by each pair. They are amplified by the 6L6 GA
power amplifiers and applied to the center-tapped deflecting coils.

Centering is accomplished by adjusting the voltage to which one of each
pair of clamp tubes is returned.^

The video and trigger pulses are amplified and inverted by V i,

yielding positive triggers and negative video pulses. The trigger pulse
is applied to the grid of the synchronizing signal pick-olf tube V^. This
8'mplitude selector is caused to conduct only by positive pulses larger
than a value set by the bias divider in the grid circuit. The negative
pulse produced in the plate circuit by the trigger is coupled to the plate
of the blocking oscillator T46 . Coupling through the transformer
causes y‘46 to conduct and initiate regeneration. The blocking-oscillator
pulse triggers the gate multivibrator, which is of the conventional divider-
coupled type with one stable state. (See Vol. 19, Chaps 5 and 6 of
this series for descriptions of the action of the multivibrator and blocking
oscillator.) The rectangle initiated by the trigger is slightly longer
than the sweep length desired. A gang switch switches the condensers
in the multivibrator and the sawtooth generator and the tuned circuits
in the range-mark generator so that the gate length, sweep speed, and
range-mark spacing are appropriate for the range chosen. The cathode
follower Tieft drives the cable to the indicator where the negative gate
pulse is applied to the cathode of the CRT. The negative gate is also
used to cut off V i4a, producing a train of damped oscillations in the
tuned circuit (see Chap. 4 and Vol. 19, Chap. 4 of this series). The
positive excursions of the wave train are limited by grid current in Vi 4b.

The negative half-cycles are steepened and inverted by Vi46. Additional
squaring is accomplished by Vua so that the output of this tube is prac-
tically a square wave. On the longest range energy is fed back to L4

from the plate of V ig« to maintain the amplitude of the oscillations of the
tuned circuit. Since on the shorter ranges the Q of the coils is sufficient,

the damping is not objectionable. Tube Vub normally draws grid cur-
rent through jRsb. It is rapidly cut off by the square wave applied to its

grids, exciting a critically damped oscillation in Ls. The peak of this
oscillation is selected and further amplified by Vma. The negative output
of this tube is mixed with the video in the grid circuit of the second video
amplifier V2 . The method of producing range marks used in this instru-
ment appears to be extremely wasteful of tubes and current. Five
triode sections are used when three or at most four would suffice. All
of the tube sections but one draw a large average plate current.

'* For discussion of the two-way clamp see Vol. 19, Chap. 3 of this series.
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Tube V2 ampMes and inverts the mixed Tideo pulses and range

marks, wMeli are applied to the grid of the CRT through the cathode

follower Yz-

Remarks and Comments on the System.—The equipment is

well designed and extremely simple to operate, having a minimum of

controls. It is not complicated electronically and is light in Aveight and

not bulky. The system performs satisfactorily over land and water

and at all times will provide a usable radar picture up to a range of at

least 100 miles if the receiving antenna location is 50 ft or higher above

the water line and if optical line of sight transmission is maintained.

It was determined that the minimum signal strength that would still

provide a usable picture is in the order of 20 juv.

‘^Any interference within about 6 me of the i-f frequency of the

receiver will cause considerable distortion and complete failure of the

received presentation.

(This is not an inherent limitation of the system since proper shielding

of the i-f circuits would remove such interference.)

‘‘Interference will also be experienced on the operating channels when
other (c-w) equipment or ground search radars which operate on the

same or adjacent frequencies are operating in the same vicinity as the

receiving location.

“Considerable ripple and. distortion of the received picture will

result if the radar system pulse repetition frequency or harmonies of

the pulse repetition frequency are within plus or minus 50 cycles of any
of the three audio frequencies.^’ ^ The accuracy is as good as that of

the AlSr/APS-2 Radar that supplied the signals for the system (better

than ±5®).

i^This section is abstracted froin “Fiml Eeport on AN/iKIt-17 and AN/ART-1 H
Equipments, Eadar Repeat-back Radio Link,'’ Naw Dept. Bu. Aero., July 14, 194,5.



CHAPTER 12

DELAY AND CANCELLATION OF RECURRENT WAVE TRAINS

By H. B. Huntington, W. Selove, and T>. Gale

12-1. Introduction. The Function .—The purpose of these chapters is

to discuss a technique whereby a voltage Y which varies with time t can
be delayed by an interval D and then subtracted from itself. Expressed
analytically, the function is V{t + D) ^ V{t). If 7(i) is periodic in t

of period D, the cancellation is complete; but if the voltage wave train
repeats itself only approximately from one interval of duration D to the
next, this technique will indicate the existence of such variations as
might otherwise pass unnoticed. In this way small changes in the
repetitive voltage, whether in amplitude or in phase, can be separated
and amplified to give information concerning their relative size and dis-

tribution in time.

In many technical fields the e.xecution of the function described above
will be an asset. Quite certainly, considerable use can and will be found
for a technique that accomplishes it. It is not feasible, however, to
discuss here its general applications and future possible development.
Although these techniques were developed for a special purpose, this in

no way invalidates their general usefulness. The possibility of cancel-

lation of pulse trains has been mentioned in Chap. 2 as a method for

speed determination. In fact, practical application of this technique
has been made in the precise measurement of the velocity of propagation
for supersonic waves in mercury.

The Instrument ,—One technique to accomplish delay and cancella-

tion involves the use of storage tubes, a subject that is treated in full in
Vol. 19, Chap. 21 of this series. Briefly the action may be described by
saying that the storage tubes retain the voltage F(i) as a pattern of
charge laid on the surface of an insulator by a scanning electron beam.
The stored information is made available at a later time by a second
scanning of the beam. Within this general framework several very
different pro<!edurcs show promise. The device offers considerable

intrinsic flexibility in that it can be adapted immediately to any value
of the delay D. T he project is as a v/hole, however, in the developmental
stage.

Another technique that employs a supersonic delay device^ to delay
^Tho u.se of a suporsoiiic delay device has already been presented in Chap. 4.

471
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tlie wave train for tlie interval Dis discassedkere. Tke action of super-

sonic delay lines is treated in yol. 19, CLap. 23- Its relation to the other
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Fio. 12-3.-—Dolay-lino container and associated chassis.

Fig, 12-4.—Triggering circuit and junction box.
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matching the handwidths of the delayed and undelayed channels, and
the subtraction is performed. The video section amplifies the uncanceled
residue. The repetition rate refers to the repetitive wave trains. It is,

of course, important to take measures to insure that the repetition interval
equals the delay time.

The requirement and limitations of such a system (Fig. 12*1) can be
discussed only briefly here and "will form the basis for more detailed
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treatmejit in later chapters. In particular, the value of the delay can
be as long as several milliseconds, though the delay device for such times,
as 3 msec or more may become unwieldy. These delays are essentially
fixed or only variable over one per cent or so, according to present
mechanical design.

The concept of degree of cancellation is an important one for the
understanding of subsequent chapters. The quantity is used as a figure
of merit for the delay and cancellation unit as a whole. It is obtained
by feeding an exactly repetitive wave train (usually a series of single
square pulses) into the delay and cancellation unit. The ratio of the
amplitude of the cancelled residue to the amplitudes of the wave trains
before cancellation gives the degree of cancellation. One per cent or
40 db down represents very good performance and is often arbitrarily
chosen as a design goal.

Two important stability considerations are involved in maintaining
the delay time equal to the repetition interval, and in keeping the ampli-
tudes in the two channels the same size. The former problem is par-
ticulai-ly troublesome since the sonic velocity is a function of temperature.
It will be shown later (in Chap. 10) that the two time intervals must
agree to about t Sit Msec to achieve cancellation of 1 per cent of a pulse
with rise time of about one Aisec.

Because of the amplifier stability requirements, electronically regu-
lated supplies are generally used for plate and screen voltages throughout.
The easiest way to insure that the same degree of cancellation holds
throughout the dynamic range of the input signal is to require that both
the delayed and undelayed channels be kept accurately linear over the
same range. Under these conditions the net imcancelled residues will be
proportional to period-to-period changes in nearly repetitive wave trains.

For some applications this feature is an advantage.
An example of a device for the delay and cancellation of recurrent

waveforms is shown with its components in Figs. 12*2 to 12*5.

THE BELAY LINE

By II. B. IIUNTtNOTON

Design of Delay Line fob Cancellation
12-2. Introduction.—Chapter 23, Vol. 19 of this series on supersonic

delay lines explains the fundamental pnnciple of the device and to what
uses it has been put. Many of the theoretical and semiempirical con-
sidei-ations which enter into its design have been developed in a recent

journal article. In the Components^ Handbook, Chap. 7, Vol. 17 of

1 “Ultrasonic Delay Lines I,” H. B. Huntington, A. G. Emslie, and V, W.
Hughes; “Ultrasonic Delay Lines II,*’ A. G. Emslie, H. B. Huntington, H. Shapiro,
and A. E. Benficld. Part I in the J. of the Franklin Inst, January 1948; Part II to

be published.
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this series, the important formulas have been collected in abbreviated
form and an attempt has been made to show how these relations should
be applied to actual delay-line design.

In general, the delay-line engineer has to meet certain specifications

of an electrical nature. Usually there will be the delay time, the band-
width, and the pulse width of the signals. To meet these specifications

he has the choice of the following parameters: the transmitting medium,
the carrier frequency,^ the dimensions of the piezoelectric crystal, the
line geometry, and the mechanical tolerances. Some of these parameters
are already limited by the considerations treated in Vol. 17. There the
emphasis was mainly on building lines that would give, for constant
bandwidth and given driving conditions, the maximum output. The
same considerations also apply here but the associated cancellation intro-

duces additional complications. The new requirements fall mainly into
three categories : echo elimination, bandpass shaping, and equalization of

delay time with repetition interval. Each of these requirements is dis-

cussed in turn in the next three sections.

12«3. Echo Elimination.—One very important requirement for a
delay device that is employed as part of a cancellation unit is that it

gives for every input signal only one output signal at the time of expected
delay and no other appreciable signal at any other time. This means
that any accessory signals such as can easily arise in a supersonic device
from multiple echoes must be kept below a certain relative level—for

example, the 40 db down that has been mentioned before as an arbitrary
design goal. In particular, consideration must always be given to the
possibility that some of the energy in the supersonic pulse may be
reflected once from the receiver crystal, once from the transmitter crystal,

and return to give an unwanted signal at the receiver crystal. This will

be henceforth referred to as the “echo of triple delay,” since it appears
at the receiver at a delayed time three times as long as the wanted delay.

Actually there may be a series of such echoes appearing at times that are

odd multiples of the design delay. There are two fundamentally differ-

ent approaches to the problem of reducing these echoes.

The first approach is to reduce the reflection at the crystal surface by
absorbing energy into the crystal backing. To do this the acoustic
impedance of the medium^ in contact with the back side of the crystal

must match the acoustic impedance of the transmitting medium closely

enough so that the reflection coefficient is 0.1 or less. The impedances

1 It kas already been pointed out in Vol. 19, Chap. 23 of this series that, from the
very nature of the delay line, a carrier frequency is necessary for the faithful preserva-
tion of the wave train.

2 The acoustic impedance of the crystal does not enter if the crystal thickness is an
odd number of half wavelengths, which is the condition for resonance.
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can be matched exactly by backing the crystal with the same fluid as

that used for the transmitting medium, or, in the case of a mercury-
filled delay line, the crystals can be soldered to lead or tin, both of which
match mercury rather satisfactorily. The constructional and mechan-
ical problems associated w'ith the absorbing backing are treated in Vol. 17,

Sec. 7*2 of this series. It should be pointed out that it is not sufficient

to transmit the energy into the crystal backing, but the beam must either

be absorbed or dispersed in the backing material to prevent its emergence

intact at a later time. Because of its greater absorption lead is preferable

to tin. From the formulas given in Vol. 17, Sec. 7-2 one notes that the

loss arising from mismatch at the crystals is increased from 3 to 6 db
when an air-backed crystal (which should be totally reflecting) is replaced

by one with a perfectly absorbing backing. A crystal that is supported

by a dry metal electrode is in effect air-backed since it is in contact

with the metal at only a few points and only a very thin layer of air is

needed to afford a complete mismatch.

The second approach to the problem of eliminating the multiple

echoes is to rely on the attenuation in transit to reduce the reflected

energy to the required level. In this connection it is possible to use

reflecting dry electrodes. By its nature this approach is better suited

to the lines of longer delay, 1000 /zsec or more. A loss of about 20 db
per transit is needed if the “echo of triple delay” is to be reduced suffi-

ciently. This loss might be contributed from several sources. Actual

attenuation in the transmitting medium is made up of two parts, the

free-space attenuation and the tubular attenuation. From the formulas

given in Vol. 17, Sec. 7’1 of this series one notes that the free-space

attenuation varies directly as the sciuare of the frequency and the tubular

attenuation directly as the square root of the frequency and inversely as

the inner diameter of the tul>e that contains the transmitting medium.’^

A third source of attenxiation will arise for “folded lines” at the reflectors.

These reflectors are usually set at right angles to one another and at 45®

to the path of the beam. They serve to bend the beam back on itself

through a parallel pipe. 15ven though the material of the solid reflectors

is so chosen that the critical angle for transmission into the solid is less

than 45®, some loss usually appears at these surfaces (see Vol. 17, Sec. 7-3).

Lastly, successive multiple echoes may be reduced by a small degree of

misalignment, which has only a minor effect on the direct supersonic

signal.

The elimination of multiple echoes by loss in transit then depends

on the following combination of design parameters: transmitting medium,

carrier frequency, tube diameter, line geometry, and mechanical toler-

^ The formula for the tubular attenuation holds only when there is good sonic con-

tact between the transmitting medium and the tube wall.
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aaces. Of these the choice of transmitting medium is likely to be

limited by the demand for bain.d'width, as discussed in Sec. 12-4. More-
over, many media are ruled out because of excessive attenuation. A
paragraph on each of the other parameters is here included to indicate

to what extent one is restricted in the respective choices.

Though the carrier frequency also enters into bandwidth considera-

tions, it is important to choose a value that will give about the required

attenuation in transit. In connection with the choice of carrier* fre-

quency, it should he mentioned that, where the cancellation takes place

after rectification of the modulated carrier, the carrier frequency must
be high enough to insure a suffiLcient number of cycles per pulse to

reproduce the envelope with adequate accuracy irrespective of carrier

phase. Experiments by W. Selove have shown that this number is

approximately seven for the degree of cancellation of 40 db with a pulse

whose rise time is -g- the pulse, length. As an example, one would not use

a 10-Mc/sec carrier to cancel ^-)usec pulses.

In the choice of the tube diameter, space and weight can be reduced
by using a smaller bore. There is also another reason, which will become
apparent in the next section on bandwidth, why tubular attenuation is

preferable to free-space attenuation. On the other hand,^ optimum-loss
bandwidth results when the capacitance of the active crystal area
equals the stray capacitance. (This holds if the load resistors at trans-
mitter and receiver are small compared with the impedance of the trans-

ducers, which is generally the case.) Too small a tube bore means too
small an active area and, for conditions well removed from the optimum,
this causes serious impedance mismatch. Another reason for avoiding
too small a tube diameter is that it may introduce velocity dispersion
among the frequency components of the pulse with resulting pulse dis-

tortion. Such an effect has been observed for delay lines using a 5-Mc/sec
beam through 24 ft of mercury inside tubes about a half-inch in diameter.
In a delay line using a 10-Mc/see beam through 16 ft of mercury inside
tubes -f in. in diameter, no appreciable deterioration of the pulse was
observed. The case of propagation down a tube with the boundary
conditions of vanishing pressure at the wall has been analyzed^ and it

has been shown that the distortion should depend essentially on a
parameter

where A/ is the pulse bandwidth, /o the carrier frequency, \ the wave-
length, d the length of path, and A the area of the tube cross section.

^ H. B. Huntington, et al, cit.; also Vol. 17, Sec. 6-4, of this series.
* Information obtained from H. J. McSkimin of the Bell Telephone Laboratories,

Murray Hill, N. Y.
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In the matter of line geometry the space requirements play an
important role in determining into how many sections the path of the
beam is to be bent. Once the number of reflectors has been decided, one
can expect in general a loss of about one to three decibel per reflection
from a fine ground surface in computing the attenuation to be expected
in transit. Practically no loss has been observed on reflection from
polished surfaces or moderately rough surfaces (see Vol. 17, Sec. 7*3).

To reduce multiple echoes by misalignment involves either extremely
precise machining or provision for adjustment after assembly. Neither
is to be recommended. JMoreovex', we have already mentioned that pulse
shape often suffers in tubes that are misaligned.

12-4. Bandpass Shaping.—To accomplish a high degree of cancella-
tion it is desirable to match closely the pass bands of the delayed and
undelayed channels. Consequently, one wishes to reduce to a minimum
any distortion in amplitude response introduced by the delay line. It
is desirable, therefore, to make the pass band of the delay line as flat as
possible in the region of the pass band of the channels.

The response of the <;rystal, exclusive of the circuit that resonates out
the crystal capacity, has been treated in some detail and the case of the
crystal in contact with the same medium on both sides is covered by a
particularly simple formula.^ The Q for this case is given by

O ~ X impedance of piezoelectric mateiial
4 accoustic. impedance of transmitting medium

where one is using the ?ith harmonic of the fundamental frequency of
the crystal. In general, to obtain a low Q one must employ a trans-
mitting medium of high acoustic impedance, h'or this reason most of
our work has l)een with mercury (though water is perfectly satisfactory

for systems of small over-all bandwidth). If mercury is used, the
demands of bandwidth allow considerable latitude in the choice of carrier

frequency.

As can be seen from the formula quoted above for Q, the bandwidth
for a fixed fre(|uency vai'ics inversely as the harmonic n that is employed.
Also it reciuires n times the voltage to produce the same output when the
nth harmonic replaces the fundamental. Harmonic operation is recom-
mended only at those frequencies for whicli a crystal vibrating in the
fundamental would be too thin for convenient manufacture and handling.

The frequency response of the quartz transmitting into mercury is

relatively flat in tlie region of resonance. Theory indicates that, for

air-backed quartz, the response should be even slightly flatter than for

quartz with mercury on both sides. Considerable use has already been

^ H. B. Huntington, ct al., “"Ultrasonic Delay Lines I” Sec. B.
® H. B. Huntington, ct al., op. cit.
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made of this flatness to employ crystals whose undamped resonance

frequency lay just outside the pass band of the cancellation unit. For
example it was possible to use a 26-Mc/sec crystal with a 30-Mc/sec
carrier without suffering any appreciable band-pass distortion over a

6-Mc/sec bandwidth. There was an advantage in using such crystals

since it had been found that occasionally even heavily damped crystals

exhibited peaks or dips in their pass band at the exact frequency of their

free resonance. (It is surmised that these effects are perhaps the results

of small bubbles or dust particles between the quartz and mercury.)
The appearance of either peaks or dips in the pass band of the cancellation

unit would cause a marked deterioration in performance.

The delay line, however, does introduce one unavoidable source of

bandpass distortion in the frequency dependence of its attenuation. On
this score the tubular attenuation, which varies as the square root of the

frequency, is easier to compensate than the free space attenuation, which
varies as the square of the frequency. The electronic techniques by
which this compensation is accomplished are discussed in Sec. 12T9.

12*6. Equalization of Delay Time with Repetition Interval.—^The

purpose of this section is to treat the mechanical complications introduced
into delay-line design by some of the methods for equalization of delay
time with repetition interval. The complications are of two sorts : those
that make it possible to vary line delay over a small range, and those that
provide additional delay channels to regulate the period of the trigger

that initiates the repetitive wave trains.

At present there are two techniques (Vol. 17, Sec. 7-3 of this series)

in use for making variable mercury delay lines that can be used in the
field. In one the position of a crystal or reflector is controlled by a
mechanical drive. Part of the coupling shaft is actually immersed in the
mercury and a packing cell prevents leakage of the fluid. For mercury an
effective packing gland is made of linear threads dipped in ceresine wax
and tightly compressed around the shaft. The second technique involves
a bellows construction that allows the driving mechanism to be completely
outside that space occupied by the transmitting medium. Stainless steel

bellows are available for use with mercury, but should, perhaps, be
internally lacquered to prevent mercury contamination.

The simplest provision for an additional delay channel to regulate the
trigger is to supply a nearly duplicate delay line that is placed in the
same thermal environment as the signal delay line. This trigger line
actually must be shorter by about a microsecond to allow time for ampli-
fication and triggering. An advantage of this arrangement is that it

involves no additional design. The disadvantages are the increased space
and weight demands and the problem of maintaining the transmitting
medium in the two lines at the same temperature.
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A modification of this scheme has been to use half-length lines for

trigger generation and then to count down in frequency by a factor of 2.

Another variation of this scheme is to employ a quarter-length line and
use the same crystal for transmission and reception. When this was
tried, however, the multiple reflections arriving with random phase at

nearly the same time as successive triggers gave considerable difficulty.

This was cause for some surprise as it had been estimated that the

multiple echoes would be 8 to 10 db below their actual value. The
estimate had been based on a small reflection coefficient from a steel

mirror placed normal to the path of the beam. Apparently the surface-

ground steel was not sufficiently smooth to give good acoustic contact

over the surface; consequently the simple theory is inapplicable. The
half- and quarter-length lines w'ere designed to be part of the same
mechanical unit as the signal delay line and were fed from the same mer-

cury reservoir. This feature increased the compactness of the device

and facilitated the equalization of temperature between signal and trigger

lines.

It is not necessary, however, to use two separate delay lines, and a

third crystal (Vol. 17, Sec. 7*2 of this series) for control of repetition rate

can be inserted. Here a reflecting block, placed a little in front of the

receiving crystal and at 45° to the path of the beam, reflects a fraction

of the energy through 90° to a third crystal set in a recess in the tube wall.

The position of the reflector block may be varied, if so required, to adjust

slightly the trigger delay to insure synchronization. This scheme

involves practically no additional space or weight requirements but does

complicate the construction of the end assembly. Since the paths for

signal and trigger are almost identical temperature, considerations no

longer enter. Some provision must be made to prevent large signals from

triggering the repetition-rate generator. This can be done in a variety

of ways. One possible solution would be to use separate carrier frequen-

cies from a broadband transmitter for signal and trigger on opposite sides

of the resonant crystal frequency. The receiving circuit at the third

crystal is then maintained narrow enough to exclude signal pulses.

Examplics op Delay Design

12*6. Mercury Lines.—The mechanical and electrical properties of

several mercury delay lines have already been treated with considerable

detail in Vol. 17, Chap. 7 of this series. The discussion here will be

limited to those aspects that have been treated generally in the first part

of this chapter.

The delay device introduced in Sec. 12*1 (see Fig. 12-2) operates at a

carrier frequency of 15-Mc/sec and gives a delay of 1000 /4sec. The
signal path traverses four sections of tubing (ID of | in.) which are inter-
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connected by corner reflectors. Tlie attenaation in transit 'was designed
to be about 20 db but actually exceeds this value, probably because of

extra loss at th.e six 45°
. reflecting su.rfa.ces- As a result, lio trouble is

experienced 'with unwanted echoes. Quartz crystals witb a resonance
frequency of 17.5 Me/sec were chosen to eliminate the possibility of a
peak or dip in the pass band of the delay device. Equalization of delay
time with repetition interval "was accomplished by incorporating an extra
half-length line of two sections to control the tine between triggers.

Collars were added under the end assemhlies to bring the delay up to
nearly one half the delay of the signal line. The final adjustment is

made with a variable electronic delay (see Secs. 12*29 to 12-30).

Another delay device used for cancellation purposes is shown in
Fig. 12*6. 'This device gives a delay of ower 3SOO jusec witb a carrier

frequency of 10 IVLc/sec. The greater distance of transit makes a lo\ver

carrier frequency necessary to avoid excessive attenuation. As can be
seen from Fig. 12-6, the line is eonposed of two parallel sections intercon-
nected by a comer reflector. The end assembly on the tube at the right
contains a mechanism for varying the position of the crystal

; hence the
delay time can be adjusted over a small range. For controlling the
repetition interval a duplicate delay line isused placed in the same casket
as the signal line, in the same thermal environment a.s nearly as possible.
The lengths are then adj usted to giv© synchronization.

12*7. Water Delay Line in System Fse.—^The Bi-itish have made use
of a water delay line for cancellation of pulse trains (see Fig. 32*7).
The path in water is over 9 ft long, corresponding to a delay of nearly
1700 /isec. A lO-Mc/sec carrier is used. The beam is folded once l)y a
brass comer reflector, whose plane can he rotated to give accurate align-
ment. Accurate machining of the reflector takes care of the adjustment
in the other degree of freedom. The beam is confined to pipes that have
a line-stretcher feature to allow variation of the delay tine. The pipes
themselves are immersed in a water ta.nk which ismaintained at a temper-
ature of 72.5°C. At this temperature the sonic velocity of water has its



Fio. 12-7.—Water delay lino: (a) lino aHsoinblod; (6) lino, cover reniiovod; (c) lino-stretcher

construction and rofioctor block; (d) crystal mount, disassomblod.
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maximiim value so that difficulties with conduction currents and refrac-

tion effects are greatly reduced. Moreover, the attenuation in water is

much lower at higher temperatures than at room conditions. The end
assemblies containing the crystal mounts are attached to the wall of the
tank.

The attenuation in the water is considerable so that the multiple
reflected echoes are completely lost. On the other hand, much better
coupling is possible to water than in mercury, which makes \jp for the
increased loss in the transmitting medium. Bandwidth is necessarily
much narrower and this limits the discrimination of the system to longer
pulses. Within this fundamental limitation the cancellation problem is

somewhat simpler. Tor one thing the pass band is narrow enough so
that the variation of attenuation with frequency will have little effect.

The line-stretcher adjustment of the guiding tubes allows the operator
to set the delay time to agree with the repetition interval. Once syn-
chronization is achieved it should be maintained. At least the constant-
temperature delay line can be expected to hold the delay fixed.

12 *8. Possibility of Using Delays in SoHds.—^Although liquids have
been employed on all actual system application so far, there has been a
research program in progress to investigate the possibilities of delays in
solids. 1 The use of liquids involves certain mechanical problems, such as
leakage, breakage, and air bubbles. With mercury considerable trouble
has been experienced with mechanical impurities and metal amalgam.s
which formed slowly. The effects of aging and mechanical shocks and
of variations in pressure have been discussed in Vol. 17, Sec. 7 •(>. Because
of these difficulties with liquids it has been thought that a delay in a solid
medium would be well worth developing for a cancellation system. The
primary intrinsic difficulty with delays in solids arises from the fact that
sonic velocities are three to five times that encountered in liquids. This
means not only that the delay path must be longer by such a factor, but
also that the final beam spread will be increased by the square of this
factor. This comes about because the angular spread of the beam is
proportional to the wavelength, or the velocity. A secondary intrinsic
difficulty arises from the fact that in the solid three sonic modes can be
propagated as compared to the single compressional mode in the liquid.
As a result the transfer of energy from one mode to the others is a compli-
cating possibility that may occur whenever the beam is incident on a
surface across which there is a discontinuity in sonic properties. In
addition to these intrinsic difficulties there are several problems in tech-
nique and preparation of materials. The method of applying the crystals
to the solid in such a way as to secure good acoustic contact is a case in

^ For complete details on this program at Radiation Laboratory see D. L Aron-
berg, “Supersonic Solid Delay Lines,” RL Report No. 932.
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point. Moreover, supersonic beams of high frequencies are easily scat-

tered in solids (1) by precipitated impurities, (2) by residual stresses, and
(3) by the polycrystals of the substance itself. In addition specimens of

numerous glasses having none of these defects showed considerable

intrinsic attenuation.

Such difficulties as those discussed above are not important in the
building of short supersonic solid delays (less than 25 jusec), which have
already been successfully developed and used (see Vol. 17, Sec. 7-7).

Recently the use of a solid delay has been shown to be practical for

cancellation application and will be treated here in some detail.

— Compressional mode
Tronsvorse mode

Fio. 12’8.—Two-dimonsional wound path in fused quartz block.

By far the most suitable material so far investigated for this purpose
is fused silica, or fused quartz as it is commonly called. Its intrinsic

attenuation is very low, as might be expected from the high Q of crystal

quartz. It can be procured commercially very pure and relatively strain-

free. Usually there are, however, some striae or small bubbles appearing
throughout which have undoubtedly some scattering effect. The Gen-
eral Electric Company is equipped to make disks 10 in. in diameter and
a few inches thick. When one of these disks is polished and viewed
between crossed polaroids, there is some evidence of birefringence, but on
the whole these pieces are remarkably homogeneous and isotropic. The
attenuation in transit is low enough so that it is difficult to measure
accurately. For solids there is reason to believe that attenuation in a

region far from any resonance should be linear with frequency.
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The present technique is to fix the crystals to the quartz with a thin

layer of melted parafiSn. If considerable care is exercised to exclude all

dirt and bubbles and if all excess wax is pressed out from under the

crystal, a faithful reproduction of microsecond pulses can be achieved at

15 Me/sec. This means the transducer has adequate bandwidth, nearly

as large as that obtained by the use of mercury. For a quartz crystal

loaded down by fused quartz on one side, one would expect a Q of about
one. Actually, a bandwidth of Si Mc/sec at a carrier frequency of

15 Mc/sec has been measured.

At least two schemes have been conceived to prevent the supersonic

beam from being broken up into various modes on reflection. One of

these is called the ‘'two-dimensional path.” The design calls for cutting

the disks into nearly square rectangles with facets at two of the corners

cut at 45° to the sides, (see Fig. 12-8). Two or three such designs have
already been tried out and one has proved very successful. The second
scheme calls for a three-dimensional path for the beam in the quartz and
requires considerable explanation for adequate presentation. The design

calls for facets on the comers cut at compound angles and requires special

equipment. There are excellent prospects that future results with the

"three-dimensional path” will be at least as good as those already

obtained with the "two-dimensional path.”

For every homogeneous solid there is an internal angle of incidence

for the compressional beam at which complete transfer from the com-
pressional to transverse mode takes place on reflection. Fortunately,
for fused quartz this angle falls at nearly 45°. Direct use of this fact is

made in the design of the “two-dimensional paths.” Following the path
traced in Fig. 12-8 (where the compressional mode is represented by a full

line and traverse propagation is shown by dotted lines) we see that the
beam starts initially from the 45° facet in the compressional mode as
excited by an X-cut crystal, crosses the block, and on striking the quartz-
air interface is reflected in the transverse mode. Because of the different

velocities in the two modes, the angle of reflection differs from the angle of

incidence. On the next reflection the beam strikes outside the critical

angle for exciting the compressional mode and the beam is totally

reflected. At the third reflection a situation appears that is identical
with the first reflection except for reversal in time. Consequently, the
beam is transformed from transverse to compressional vibration. This
cycle repeats every three reflections and eventually the beam in the
compressional mode strikes the receiving crystal at normal incidence.
There is then a family of such paths distinguished by the value of n
where Zn gives the number of reflections. The ratio of block length to
block width determines which path is used. Figure 12-8 shows the case
for n = 5, and this is the case that has given the most successful results.
The delay with such a block is over 400 jtxsec.
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la evaluating the possible use of quartz for transmitting medium in a

delay and cancellation system, one can say that the bandwidth is ade-

quate, but that accessory signals give considerable trouble in the present

state of development. In the most favorable case they are of the order

of magnitude of 30 db down.

CIRCUIT CONSIDERATIONS IN DRIVING LINE

By W. Selove

12-9. Required Nature of Signal.—The signals to be compared must
be applied to the delay line and to the undelayed channel in such a form

Fio. 12-9.—lloaijoiiH© of quartz-rnorcury lino to video signals

that they arc transmitted through the channels wath the desired fidelity

and permit the desired accuracy of cancellation.

Carrier Frequency .—Acoustic delay lines that use quartz crystals have

a bandwidth proportional to the resonant frequency of the crystals.

Video signals, which have a spectrum centci*ed at zero frequency, cannot

be transmitted through suc*h a line without severe distortion. This

distortion, which is similar to that

produced by a quasi differenti-

ator circuit, is shown in Big.

12-9. By the use of crystals

having a resonant frequency

approximately eciual to the re-

ciprocal of the pulse length, pulses

can be transmitted into mercury
with satisfactory sh ape.

Transmission witli such comparatively low-frequency crystals has not

been thoroughly investigated for practical delay-line tube diameters, and

it is difficult to predict whether satisfactory operation can be achieved in

this manner for moderately long delays (of more than about 1000 /isec).

If the primary purpose of the cancellation unit is to indicate the existence

of signal changes (from repetition period to repetition period), then video

transmission in which some distortion-compensating device is used may
be satisfactory, as shown in Fig. 12T0. The apparatus required if video
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signals are to be transmitted directly is considerably simpler than the

apparatus for the commonly used carrier-frequency signals.

Signals may be delayed without distortion in an electromechanical
delay line by transmitting them as carrier-frequency signals and by
using a sufl&ciently high carrier frequency to obtain the necessary band-
width. (Other factors affecting the choice of carrier* frequency are
discussed in Sec. 12-2.) This is the method which has been used
exclusively.

Carrier Level .—Figure 12-11 represents an amplitude-modulated signal

commonly used for mercury delay-
Moximum excursion .

line transmission. Ihis section

considers the requirements on the
magnitude of the unmodulated
carrier level jE/o. Specifically, it

must be determined whether jE?©

can be so small that the modula-
tion envelope has zero amplitude
for some signals or in the absence
of signals. This question is of

I « All voltages interest because a complex ari’ay

F.a. i2.ii.-Moduiated-oarterd'Ln«a.
equipment may be required t<.

ensure that the modulation en-
velope never has zero amplitude. The problem of “adding" a carrier
level to signals is treated in See. 12-10.

The factor which determines whether the modulation envelope may
ever have zero amplitude is the method of cancellation used in the cancel-
lation amplifier. The possible methods are two: “carrier-frequency
cancellation" or cancellation of the individual carrier-frequency cycles
in the signals, and “envelope cancellation of the detected modulation
envelope of the signals. (These methods are defined in Sec. 12-18.) If
carrier-frequency cancellation is used, it is of no conse(j[uence whether
the modulation envelope ever has zero amplitude

;
hut in envelope cancel-

lation, accurate cancellation requires identical envelope repi*odxiction
in the delayed-channel and undelayed-channel detectors. Identiiuil
response can be guaranteed only if the minimum voltage applied to
the detector is suflficiently large to avoid the nonlinear response which any
detector exhibits for sufficiently small signals. Tor envelope cancellation,
therefore, the carrier level should be somewhat higher than the maximum
negative modulation.

Another factor affecting the choice of carrier level, although generally
less important than the preceding one, is the interaction of the c*,arric‘r

level with the pulse distortion caused by the variation of delay-line
attenuation with frequency. This variation may be great enough in
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some cases to distort the pass band of the delayed channel in the manner
shown in Fig. 12*12. A pass band such as that of Fig. 12* 12c is said to

have “ semisingle-sideband ” transmission. The amount of distortion

produced by a semisingle-sideband system depends on the effective per-

centage modulation; the lower the ratio of Emm to Eq (see Fig. 12-11), the

lower the distortion.^ This reason for a high carrier level is not -very

important, however, since compensation for the delay-line distortion of

the pass band is usually introduced for other reasons (see Sec. 12-19).

It should also be noted that in many cases the delay-line bandpass

Response

Fig. 12-12.—Distortion of pass band of delayed channel, (o) Typical pass band of

delayed channel oxcluaivo of delay lino. (6) Possible transmission characteristic of delay
line, (c) Combined pass band of (o) and (}>).

distortion is so small that the possibility of semisingle-sideband distortion

can be neglected.

12*10. Method of Obtaining Required Type of Signal. Video Signals.

If the signals to be compared are video signals, they must be converted

to a carrier frequency. The next several sections of this chapter describe

the design considerations for an appropriate converter.

Carrier-frequency Signals .
—^The signals to be compared may be

carrier-frequency pulses. It may be possible to apply such signals

directly to the delay line as follows:

1. In carrier-frequency cancellation, if the carrier-frequency cycles

of unchanging signals have the same phase (i.e., with respect to the

timing signal or trigger) in successive repetition periods.

2. In envelope cancellation, if the carrier level is not zero. (If the

carrier fretpiency of the pulses is not suitable for delay-line trans-

mission, a frequency converter may be used, subject to the prin-

ciples discussed in Sec. 12*12.)

If envelope cancellation is to be used and the carrier level is zero, the

signals cannot be applied directly to the line. There are two techniques

which may be used to obtain the required signal: the carrier-frequency

signals may be detected and the resulting video signals used with a

modulated carrier generator, or a carrier may be added. Suitable

methods of adding a carrier will now be considered.

1 See H. E. Kallmann aixd R. E. Spencer, Proc. I.R.E., 12, 657-561 (1940).
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A carrier from a source independent of the source of signals cannot

be added to the signals because such addition will convert nonchanging
signals, which should cancel, into changing signals, which will not cancel.

This conversion occurs because, even though the amplitude of a pulse

may not change in successive repetition periods, a fluctuating signal will

result if the phase angle between this pulse and the carrier changes in

Pulse

Pulse out of phase
with carrier

(a)

(c)

Ml n
MI Pulse in phase

with carrier

(6) U

n
LI Phase angle between

pulse and carrier

U-,4

n varying 1
1

1 1

(d) ti
Fig. 12*13.

—

Fluctuation resulting from, addition of noncoherent pulse and carrier.

successive repetition periods, as shown in Fig. 12*13. Figure 12*14 shows
the general form of coherent-phase technique—either the c-w generator,

which supplies the carrier level, can be made to control the phase of the

pulse-signal source or the pulse can be made to control the phase of the

c-w generator.^ The “device” of Fig. 12*14 is the device whose varying
characteristics in successive repetition periods are to be investigated by

Fig. 12-14.—Coherent-phase technique. Arrow A, coherence of CW by pulse. Arrow
B, coherence of pulse by CW.

the cancellation circuit. Because this device generally transmits signals

with some delay, the c-w generator must have a certain degree of stability

in order that its phase will be coherent even with delayed signals (if they
are nonchanging, of course). Correspondingly, addition of the outputs
of the phase-coherent, stable c-w generator and the “device” can provide
a sensitive means of determining whether the time delay in the latter

varies in successive repetition periods.

1 A typical circuit of a “coherent oscillator” and other pertinent information can
found in Chap. 22, Vol. 23.
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Carrier Generator and Modulator Unit

The following four sections are concerned specifically with a unit that
converts video signals to modulated-carrier signals suitable for a system
using envelope cancellation. Much of the material included, however, is

applicable to systems using carrier-frequency cancellation or having
information supplied in the form of carrier-frequency signals.

The modulated-carrier-generator unit of the system shown in Fig. 12-4

is referred to frequently for examples of the principles discussed. A
circuit diagram of this unit is given in Fig. 12T6.

12-11. Oscillator.—The oscillator of a modulated-carrier-generator
for envelope cancellation is a simple device. The frequency stability

required is only that which will keep signals in the pass band of the
following circuits. The amplitude must be stable enough to prevent
spurious fluctuations. Satisfactory stability can generally be obtained
by the use of a regulated plate- and screen-voltage supply, as is commonly
necessary on all tubes affecting signals before cancellation.

Oscillator circuits are discussed in detail elsewhere in this series.^

Any of the usual circuits is satisfactory. The modulation technique
recommended in the next section requires only small oscillator output,

although it may be convenient to have push-pull output.

If the stage following the oscillator is the modulator, attention must be
given to the problem of preventing the modulating signals from undesir-

ably affecting the oscillator.

12-12. Modulation.—Modulation of the carrier must be accomplished
in such a way that the modulation envelope (a) is constant for a signal

whose amplitude docs not change from one repetition to the next, (t)

reproduces changes in a modulating signal with the desired linearity of

incremental response (usually linearity of better than 10 per cent is

unnecessary), and (c) reproduces signals with the desired rise time.

Requirement (c) dcitermines the minimum permissible bandwidth of the

modulating circuits, and (a) necessitates freedom from any “transient”

effects.

Modulation Tramients .—An undesirable transient effect can occur

if the modulating signal contains frequency components in the carrier-

frequency region which appear in the modulator output. If such carrier-

frequency components are present, a transient signal that has a definite

phase with respect to the modulating signal at approximately the carriei-

frequency will exist. The frequency specjtrum of the transient will

depend on the frequency spectrum of the modulating signal and on the

pass band of the circuits through which the transient passes. If the

modulating signal is approximately a step function and if the circuits

1 Vol. 19, Ohap. 4.
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referred to have a pass band centered at the carrier frequency, then the

frequency of the transient will be approximately the carrier frequency.

In successive repetition periods, the phase of the carrier will not neces-

sarily be the same at the beginning of the modulating signal. The sum
of the transient and the modulated carrier, therefore, will vary in suc-

(a) Modulated carrier

Transient

(c) Enveiope of
total signal
when transient in

phase with carrier

(of) Spurious
fluctuations
when phose
difference
between transient
and carrier varies

12-1(>.—Kffoot of mochzlation tranHicnl,.

cessive repetition periods even if the modulating signal does not change.

The spurious fluctuations which result are illustrated in Fig. 12-16.

Transient effects of modulation can be reduced or eliminated by the

use of a ‘^balanced modulator,” in which the output does not contain

signal-frequency components (sec Vol. 19, Chap. 11 ). Figure 12-15 shows
an example of a signal-balanced

modulator in which the single-

ended signal is applied to the

parallel-connected grids of V

i

and
Fa- The push-pull carrier is

applied to the suppressor grids

and a push-pull output is taken
between the plates. The modu-
lating voltage is applied to grid

1 instead of grid 3. The 100-ohm rheostat in the grid return of F 4 is an

adjustment for obtaining balance for transient cancellation. It was

/e, i?. R-.

pAA/\—

1

n~a/v\—

1

^

-J
—

ir
u_
L «

J

^

Fig. 12-17.—Siinplo iiC-filter for pulae-
smoothinK. RiCi = RiCa = R^CsiRs > SJSa;

R2> BRu
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found possible with this circuit to reduce transient output to about 0.1

per cent of the desired output signal.

Another procedure for reducing transient effects is to employ a pulse-

smoothing network. Figure 12*17 shows a simple form of /-filter

which may be used for pulse-smoothing if an impedance-level chung<^ is

permissible in the filter.

Pulse-smoothing not only reduces modulation-transient effe<5ts, but

also eases the bandpass-matching requirements on the eaiu^ellation

amplifier. The degree of smoothing used is determined by a {’:oin]>roinis('!

between these advantages and the loss of pulse definition in time nssulting

from smoothing.

If the phase of the carrier were always the same at tlio beginning

of an unchanging modulating signal, transients would not cause spurious

(a) (6)

Fia. 12*18.—Pulsed oscillator.

amplitude fluctuations. Such a phase relation can be obtained l>y set ting

the phase of the carrier with each trigger, that is, by a jiulsed os<ulliitt>r

(see Vol. 19, Chap. 4). The oscillator must have suitable! fretjueney
stability so that the carrier phase will he coherent even witli modulating
signals that occur some time after the trigger. An untried inetliod is

outlined below.

In the pulsed oscillator illustrated in Fig. 12T8, the cathode iinp€*d-

ance of Fi during conduction is so low that F2 is prevented from osei Hat-
ing; each trigger turns Fi off and the resulting transient sets the ])huse
of the tank-circuit oscillation.

Modulation transients are objectionable only if the spurious fluctua-
tion in the output has greater amplitude than the smallest fluctuation of
interest. Thus, the permissible percentage fluctuation dtic to transient.^
is inversely proportional to the ratio of the largest modulating signal
to the smallest signal of interest—the “dynamic range” of signals. The
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relative effect of transients can therefore be reduced by compression

of the dynamic range of signals. Range compression is discussed further

in Secs. 12-15 and 12-16.

Modulation methods are discussed elsewhere in considerable detail.^

12*13 . Amplification.—Weak signals must be delivered by the delay

line at sufficiently high level to prevent their discernibility from being

impaired by noise produced in the cancellation amplifier. The maximum
voltage required to drive the delay line depends on the line attenuation

and the dynamic range of signals transmitted. ‘ If an oscillator-modulator

combination cannot deliver sufficient output, carrier-frequency am-

plification must be used.

Amplification may be used between the oscillator and modulator (if

they are separate) or following the modulator. The advantages of the

former method are that the amplifiers need not be wideband and that

isolation is provided between the oscillator and modulator. The pos-

sible disadvantages of the method are that if the modulation is per-

formed at “high level” it may be slightly nonlinear owing to cutoff or

grid current in the modulator, and amplification of the modulating signal

may be required. The possible nonlinearity is generally small, and

linearity is necessary for obtaining balanced operation. The unit shown

in Fig. 12-15 exemplifies the use of low-level modulation in a signal-

balanced modulator followed by wideband amplification.

12*14 . Output Circuit.—It will often be necessary that the output

circuit have the greatest possible gain-bandwidth product (where “gain”

is used to mean “traUvsfer impedance”) in order to obtain sufficiently

high delay-line o\itput signal. < The controllable factors which affect the

gain-bandwidth product are total shunt capacitance of the output circuit

and the complexity of the circuit.

In order to decrease the shunt capacitance of the circuit and to avoid

the necessity of a long connecting cable, the output tube should be located

physically near the delay-line input terminal. It is assumed here that if

high-efficiency coupling ivS desired, any connecting cable used will act

effectively as a pure shunt capacitance because it is short compared

with a carrier-frequency wavelength and is not terminated in its charac-

teristic impedance. Operation with characteristic-impedance termina-

tion of the cable is not generally used if high-efficiency coupling is desired

because sucli operation, although it has the advantage that an arbitrarily

long cable can be used, cannot generally provide so high efficiency as

other coupling methods. “

The required coupling efficiency determines the complexity of the

coupling circuit, which will ordinarily be cither a single-tuned or double-

^ See Vol. 19, Chap. 11 of this sori<^s.

* A treatment of cable-termination in«‘l liodH in to be found in Vol. 23, Chap. 7.
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tuned circuit. Tke former is simpler to construct and adjust, and is

more tolerant of variations in circuit capacitance that may occur when the

delay line or output tube is changed, but double-tuned circuits can

provide greater gain-bandwidth product. Slight mistuning of this circuit

is relatively unimportant because it affects both the undelayed signal and
the delayed signal equally.

The signals supplied to the undelayed and delayed channels should l)e

identical. This identity can be guaranteed by obtaining the signal foi*

the undelayed channel from a frequency-insensitive voltage divider at the

input crystal of the delay line. The load resistance for the output
circuit can be used conveniently as such a divider and the signal trtins-

mitted to the undelayed channel through a terminated low-impedance
line.

The circuit shown in Fig. 12-15 uses a double-tuned output cdrcuit,

loaded on the secondary side only. The voltage divider used to feed
the undelayed channel is located in the modulated-carrier-generutor
chassis rather than at the delay-line crystal. This procedure is satis-

factory in this circuit because the cable from the voltage divider to the
crystal is very short compared with a wavelength at carrier frequency and
therefore acts essentially as a pure shunt capacitance. The output tube
and circuit in this unit provide a maximum output of about 10 volts
rms, with an output-circuit bandwidth of about 6 Mc/sec for a delay-line
crystal capacitance of about 30 /x/xf and a cable capacitance of about
5 JUJLlf.

DY]srAM:ic-RAKrGE Compression
12*15. Defimtion and Advantages of Compression.—It has been s

in Sec. 12*12 that the difi&culty of some design problems depends directly
on the dynamic range of signals, that is, on the ratio of the largest signal
to the smallest signal of interest. This section and the follow^ing One
are concerned with methods for reducing the dynamic range of signals
without appreciably affecting fluctuations from repetition period to
repetition period.

The advantages to be gained by the use of compression are as follows

:

1. The cancellation quality need not be so high. Cancellation must
be so good that uncanceled residues from nonchanging signals are
smaller than the smallest desired fluctuations of interest. If the
ratio of the largest to the smallest signal is reduced, less accuiute
cancellation is required.

2. The maximum voltage required to drive the delay line is smaller.
For a given maximum available voltage, therefore, the percentage
modulation can be reduced, or for a given maximum available
voltage, longer delays (with more attenuation) can be used.
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3. The cancellation amplifier need not have so good a noise figure

since if the maximum modulation voltage is kept fixed and the

dynamic range of signals reduced, the weak-signal level delivered

by the delay line will be increased.

4. Modulation transients are less important.

5. The bidirectional video amplifier in the cancellation amplifier need
not have so much gain since, for a given maximum modulation
voltage at the cancellation amplifier detectors, the level of weak
signals is increased by a decrease in the dynamic range of the

modulation. (This amplifier is often not easy to design, but a

reduction in the gain required and in the dynamic range of signals

to be handled can considerably simplify the design.)

12*16. Methods.—Several methods of dynamic-range compression
were suggested. The most promising of the methods, sawtooth com-

Output

A

Input

ia)

Fio. 12-10.—Sawtooth characteristics for dynamic-range compreBsion.

pression, which operated suc?cessfully in preliminary tests, is described

briefly in the following paragraph.

The principle of the sawtooth compressor involves the use of an
amplitude response characteristic,

such as is shown in Fig. 12-19,

which has an essentially constant-

magnitude slope but which is not

mono tonic. The efficiency of

such a characteristic depends on
the sharpness of the “ peaks,

where fluctuations in the input

signal may be compressed. Ex-
perimentally, relatively sharp

peaks have been obtained by the

use of back-biased circuits. Fig-

ure 12*20 is a simplified schematic

diagram of a circuit that has the

response shown in Fig. 12T9a.

The rms noise should he small (20 to 30 db down) relative to the ampli-

tude of the sawtooth waveform. Otherwise the probability of detecting a
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change in signal amplitude is poor because a shift from one sawtooth

wave to another may give an amplitude change that is less than noise.

CANCELLATION AMPLIFIERS

By W. Selove

12-17. Introduction.—Subtraction of successive waveforms and,

cancellation of their nonchanging parts take place in the cancellation

amplifier. This unit usually consists of four principal sections: a carrier-

frequency amplifier in the delayed channel and one in the undelayed

channel, a subtraction circuit, and a video section for handling the signals

remaining after cancellation (see Fig. 12-1).

For perfect cancellation, the delayed and undelayed channels must
have identical over-all frequency response and linearity characteristics.

Special attention must sometimes be given to securing high-efficiency

coupling between the delay line and the cancellation amplifier.

Special requirements are usually imposed on the video section by the

nature of the signals to be handled. Noncanceling signals may be bidirec-

tional (see Vol. 19, Chap. 11), and the maximum uncanceled signal may
be very much larger than the smallest uncanceled signal of interest. In

some cases, efficient utilization of noncanceling signals requires their

full-wave rectification.

The cancellation amplifier may also include special features and
circuits to provide automatic adjustment of cancellation and gain

controls.

12*18. Cancellation Methods.—^There are two methods of cancella-

tion that may be used (see Sec. 12-9). Even though the cancellation

amplifier is very much simpler for the carrier-frequency method, envelope

cancellation is the only method that has been used. The reason is to be

found in the stability requirements on the repetition rate. For envelope

cancellation, the repetition period must be “jitter free” to a fraction of a
pulse length (see Sec. 12-28); for carrier-frequency cancellation, it must
be jitter-free to a fraction of a carrier-cycle period, which requires a
considerably higher degree of stability. At the pulse lengths used, it

has been readily possible to obtain the necessary stability for envelope

cancellation but not for carrier-frequency cancellation. For future

applications, however, carrier-frequency cancellation may be feasible;

it is, therefore, appropriate to consider here how the cancellation-ampli-

fier requirements are affected by the cancellation method, even though
the circuits treated in detail in the following sections are those suitable

primarily for envelope cancellation.

Precision envelope cancellation requires that the envelope be linearly

reproduced at the outputs of the delayed and undelayed channels. Since
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the output circuits consist of detectors, a moderately high output signal

level is necessary to ensure linear envelope reproduction. TE’o obtain a

suitably high signal level, considerable gain in the delayed-channel

amplifier will usually be required because signals are usually delivered

by the delay line at comparatively low level. For carrier-frequency

cancellation, however, no gain whatsoever is necessary before cancella-

tion, and passive elements may be used for subtraction. In envelope

cancellation, noncanceling signals are bidirectional. In carrier-frequency

cancellation, although noncanceling signals can appear with either

“positive” or “negative” phase, the detected signals will constitute

unidirectional video signals. The difficulties of handling bidirectional

video signals are discussed at greater length in Secs. 12-26 to 12-27.

Carrier-frequesncy Channels and Cancellation Circuit

12* 19. Pass Band. General Theory .—For perfect cancellation, the

delayed and undelayed channels must affect a signal identically .
^ It

will generally become easier to approach this condition as the effect of

the channels on the signal is reduced, which is accomplished by increasing

the bandwidths of the channels.

The effective shape of the delayed or undelayed signal is determined

by the over-all system bandwidth. The delayed and undelayed channels

of the delay-and-cancellation unit (see Fig. 12-4) will affect this shape

little, and a small unbalance in the channels will therefore not be serious

if the channel bandwidths are large compared to the over -all system

bandwidth. A factor of 2 will probably be a satisfactory compromise
with the number of tubes required.

Bandpass Compensation.—In order that the delayed and undelayed

channels may have essentially identical frequency response, compensation

must often be provided (1) for the frequency response of the delay line,

and (2) for the difference in the number of tuned stages of amplification

required in the two channels.

The transmission attenuation of a liquid delay line increases with

frequency; for a round tube of length I and diameter d, the attenuation

(db) is given by

« =

where hx and fca are constants for a given medium, I is the length, and /
is frequency (see Sec. 12*2). In many cases, the variation of delay-line

attenuation over the delayed-channel pass band is so great as to distort

this pass band severely. For example, for the lOOO-jusec mercury line

^ For general information applicable to the design of the carrier-frequency channels,

the reader is referred to Vol. 23.



500 CANCELLATION OF RECURRENT WAVE TRAINS [Sec. 12-19

illustrated in Fig. 12-2 the attenuation for frequencies near 15 Mc/sec

varies at about 2 db per Mc/sec. Figure 12-21 shows how such rapid

variation will distort a pass band from one of 4.0-Mc/sec width centered

at 15 Mc/sec, to one of 3.0-Mc/sec width centered at 14 Mc/sec.

Two undesirable effects would result from operation without compen-

sation for the delay-line characteristic. First, at a given carrier fre-

quency, signals would not be transmitted through the delayed and

Delay line
undelayed channels with identical

response
|

shape; and second, slight changes in

a \ I
carrier frequency would affect the

I
relative amplitude response of the

two channels and hence cancellation.

This effect is often so serious that

I ^
compensation must be used.

I
Frequency Compensation for the delay-line

characteristic can be achieved by the

use of a suitable network in either

channel (or networks in both chan-

nels)—that is, a network having the

same attenuation-vs.-frequency char-

acteristics as the line may be inserted

in the undelayed channel, or a net-

work wdth a reciprocal characteristic

j

Frequency delayed channel.

Fig. 12-21.—Effect of delay line on The latter method is preferable be-
deiayed channel pass band. cause it results in bandw'idths in both

channels greater than would be obtained if a distorting network were

used in the undelayed channel.

A compensating circuit consisting of a single-tuned circuit tuned to a

frequency higher than the carrier frequency may be used. Such a circuit,

with a suitable bandwidth and center frequency, can provide good com-
pensation for characteristics such as those described in the previous

paragraph. The procedure for determining the proper values of the

parameters is described elsewhere. An example of the use of this type
of compensation circuit is the interstage coupling between Vs and Va
of Fig. 12-22.

As was stated, compensation must be provided for the difference in

the number of tuned stages of amplification required in the two channels.

For envelope cancellation, the voltage gain required in the delayed-
channel amplifier is often as high as 100, 1000, or more. To obtain the
necessary gain with the desirable bandwidth often requires a number of

stages of amplification. The over-all pass band of these several stages
caimot be exactly matched by a pass band equally “wide”, produced by
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the smaller number of stages needed to supply the necessary gain in the

undelayed channel amplifier. The matching is poorest if the bandwidth
of the undelayed channel is reduced by a single “narrowing” circuit to a

value approximately equal to the bandwidth of the delayed channel; yet

such a simple method of compensation is often satisfactory if highly

accurate cancellation is not required, if the numbers of tubes in the

channels do not differ by more than one or two, and especially if the

channel bandwidths are large compared to the over-all system bandwidth.

A more intricate method of compensation is to employ additional

tuned circuits in the undelayed channel which Avill help give a more
exact duplicate of the over-all frequency response of the delayed channel.

The extra circuits required in the undelayed channel may be connected

by attenuation units as in Figs, 12*22 and 12*23.

If identical numbers of stages are used in both channels, the unde-

layed-channel amplifier will have far more available gain-bandwidth

product than is necessary. The attenuation units ensure that this

amplifier does not have so much gain as to make the noise in its input

circuit contribute appreciably to the over-all noise. In the circuit of

Fig. 12*22, these measures consist of the reduction of gain in the inter-

stage circuits of Ft-s and Fg-g, by the use of what might be called

“narrow-band resistors,” resistors paralleled by fixed-tuned circuits, with

constants chosen to give proper bandwidth.

12*20. Linearity.—For accurate envelope cancellation the modula-

tion envelope of signals must be linearly reproduced at the detectors.

Figure 12*24 (cf. Fig. 12*11) illustrates how, for linear repi-oduction, the

minimum amplitude of the modulation envelope must not be so small as

to fall in the nonlinear response region of the detectors, and how the

maximum amplitude of the envelope must not be so large as to cause

nonlinear operation of any of the amplifiers. Measures that may be

taken to obtain a linear-response region large enough to accommodate

the modulation envelope are (1) reduction of the percentage modulation

represented by signals and (2) increase of the maximum distortionless

output voltage of the carrier-channel output amplifiers. ^ The maximum
distortionless output voltage for an output tube may be increased by an

increase in the load impedance of the output circuit but at the expense

of the bandwidth.
In practice, the signals in the final stages of the carrier-frequency

channels may be so large as to make operation not strictly linear. Rough
compensation for slight nonlinearity may be obtained by operating the

last two stages in one channel under conditions identical with those of the

last two stages in the other channel.

^Dynamic-range compression, discussed in Sees. 12-15 and 12*16, is useful for

reduction of percentage modulation.
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12*21. Gain. Gain Control.—Gain control is generally required in

both channels to accommodate the largest expected variations in tube

transconductances and, in the delayed channel, to accommodate variations

in delay-line attenuation. This control should be located early in the

Pig. 12-23.—Isolation, of single-tuned circuits by attenuation, pad.

amplifiers so that signals do not become large enough, before reaching
the gain-controlled stage or stages, to operate tubes nonlinearly.

Tor the undelayed channel, a simple and satisfactory method of gain
control consists of a low-impedance, noninductive potentiometer (prefer-

ably carbon), which can serve as
both a gain control and an input
cable termination. This type of

control is illustrated in Tig. .12*22.

For several reasons (see Vol. 23),
grid-bias gain control is usually used
in the delayed channel, usually on
the first two stages. When the de-
layed-channel amplifier is designed,
the required gain should be chosen
so that the gain-controlled stages
will not be normally operated at such
reduced gain as to affect adversely
the signal-to-noise ratio of signals
passing through this channel. Possi-
ble impairment of this signal-to-
noise ratio can occur in two ways.

nme I First, the gain of the gain-controlled

produced in the following stage pro-
duces an output comparable to that of weak signals. Second, if tube
noise in the first^stage is comparable to the level there of weak signals,
the signal-to-noi^e ratio will be impaired if this stage is operated at too
low gain, because grid-gain control decreases the gain of a tube faster
than it decreases its noise. It is for this second reason that it may be
desirable to apply gain-control bias to more than one stage.

In practice the gain control of each channel is adjusted to give approxi-
mately the correct value of detected-carrier voltage, and then either
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control is used to adjust the final balance for best cancellation. For very
accurate cancellation it may be necessary to set the gain to within 1 per
cent of the correct value; therefore the gain control used for cancellation

adjustment must be smoothly and finely adjustable.

Gain Stabilization .—Since no advantage was taken of negative-feed-

back for gain stabilization, stabilization of the relative ^ains of the two
channels depends upon the use of identical numbers of tubes in the two
channels. This method is used in the circuit of Fig. 12-22, ^ and has

+

proved fairly satisfactory. The gains of the two channels have remained
equal for several hours within 2 or 3 per cent over temperature ranges of

30° C.

A stabilization method that can be used alternatively or in addition

to the use of identical numbers of tubes is automatic gain control (AGO)

.

Automatic-gain-control voltage can be applied either on the basis of the
cancellation-circuit output produced by an unchanging test- signal or, in

envelope cancellation, on the basis of the output of the detectors cor-

responding to the carrier amplitude. The first of these methods is gen-

erally comxdicated and will not be discussed here.

^ It will be seen that there is actually one more tube in the delayed channel than in

the undclayed channel. In the circuit used, however, F-ihas a voltage gain of unity,

essentially independent of its trausconductance; hence stabilifsation against changes in

itstransconductancc is unnecessary, and for stabilization purposes Fa is not counted as

a tube.
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It is clear that any AGO circuit used for carrier-amplitude stabiliza-

tion should have a response time that is long compared to the pulse length

used; otherwise, individual modulation signals will be somewhat demodu-

lated. Even if the AGO circuit has a time constant very long compared

to the repetition period, undesirable effects can occur if the AGO tends

to keep the average output level of each channel constant. If the earlier

is modulated with unidirectional signals obtained, for example, from a

radar system, the average voltage level at each detector is likely to vary

as the direction of the radar beam is varied ;
an AGC that tends to keep

the average output level of each channel constant would in this case vary

the absolute value of comparison-amplifier gain as the beam is moved.

Such a gain variation wdll not occur if the AGC system tends merely

to keep the output levels of the two channels balanced against each other,

without regard to their absolute values. Figure 12*25 is a simplified

schematic diagram of a proposed AGC circuit which should give level

balance stabilization to this type of output. If is high compared to

the cathode impedance of V^a or V^h, will operate as a differential

amplifier (see Vol. 19, Chap. 9), responding only to a difference in the

rectified outputs of Fi and Ts* The Ri and R{ provide a means for

adjusting the channel outputs to the proper value and for initial balance.

This AGC circuit operates only as a stabilizer and not as absolute control

for cancellation.

12*22. Detection.—The detector in each channel must reproduce the
modulation envelope as faithfully as possible. In order that the detector
output may depend as little as possible on the phase of the carrier cycles
within the envelope, full-wave detection is used rather than half-\N'ave.

Detector design is discussed in detail in Chap. 7, Vol. 23 of this series,

but a few points will be mentioned here, with the detector circuit in
Fig. 12-22 as an example. Germanium crystals are superior to electronic
tube rectifiers because of the lower shunt capacitance and lower forward
resistance of the crystals. It is advantageous to use a high load-resist-
ance detector to obtain high-efiEciency detection and good linearity.
The low capacitance of a crystal rectifier not only permits the use of a
high load-resistance detector but also makes it possible to obtain a high
gain-bandwidth product in the carrier-frequency output circuit, thus
reducing the danger of nonlinear operation in the carrier—frequency
output amplifier.

The push-pull carrier-frequency output necessary for full-wave detec-
tion can be obtained with either a transformer or phase splitter. The
former method has the advantage that the balance of the two halves of
each detector is not dependent on any amplifiers; the latter method
has^ the advantages that magnetic coupling is not required and that
^ high degiee of symmetry can be obtained for high carrier frequencies
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(30 Mc/sec and higher) more easily than with a transformer. The circuit

of Fig. 12*22 uses phase splitters for carrier-frequency output amplifiers.

The 1.5-iUMf condenser used in each of the 6J6 phase splitters is a neutrali25-

ing condenser.

12*23. Cancellation Circuit.—^The signals from the delayed and
undelayed channels should be canceled—i.e., subtracted from each other
—at the earliest possible point in the cancellation amplifier because,
generally, all stages before cancellation must be linear whereas those
following cancellation need not be.

For envelope cancellation, the

earliest possible point is the out-

put of the detectors. The circuit

of Fig. 12*22 uses a simple can-

cellation circuit or difference de-

tector (see Vol. 19, Chap. 14)

which is closely symmetrical for

the two channels. A simplified

circuit is shown in Fig. 12*26.

Rectifiers Di and provide d-c

returns for each other. The out-

put of the circuit consists of a
positive rectified component produced across by the delayed channel^

plus a negative rectified component produced across R\ by the unde-
layed channel.

12*24. Coupling to Delay Line.-r-In order to obtain delay-line output
sufficiently high so that cancellation-amplifier noise is unimportant, the
circuit coupling the delay line to the delaycd-channel amplifier must have
as high a gain-bandwidth product as possible (cf. Sec. 12*14).

As in the case of the circuit at the input end of the delay line, a maxi-
mum gain-bandwidth product can be obtained with least complexity by
locating the first stage of the delayed channel physically close to the
delay-line output terminal and thus eliminating a connecting cable or at
least minimizing its length. Any connecting cable, if operated unter-

minated, should be short compared to a wavelength (i.e., at carrier

frequency) not only to minimize shunt capacity but to avoid the intro-

duction of a transfer-impedance characteristic that may not be easy to
duplicate in the undelayed channel.

Unlike the situation at the input end of the line, however, not too
high a price in fineness of adjustment can be paid for a high gain-band-
width product because the frequency response of the. delayed channel
must be kept as nearly as possible like that of the undelayed channel.

Thus, a double-tuned circuit loaded only on one side should not be used
if satisfactory operation can possibly be obtained with less critical

Output

Fia. 12*26.—Simplified caiicollation cirotiit.
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circuits. This restriction holds even though a circuit loaded on the tube

side not only has a higher gain-bandwidth product than a double-tuned

circuit loaded on both sides but also presents lower impedance to the tube,

thus decreasing noise.

In connection with obtaining delay-line output large compared to the

cancellation-amplifier noise, it is appropriate to mention the possibility

of reducing this noise to a minimum by the use of a 'Tow noise’^ input

circuit in the delayed channel. In Fig. 12*22 Vi and Vz comprise such a

circuit, the operation of which is discussed in detail in Vol. 23 Chap. 5

of this series.

If the entire cancellation amplifier cannot be placed physically close

to the delay-line output, the advantages of having the first stage of the

delayed channel so located can be realized by using a preamplifier

mounted at the line. Such a preamplifier would in general be connected

to the rest of the cancellation amplifier by a low-impedance cable and
would have a voltage gain of 2 or 3.

The use of a terminated high-impedance (about 1000-ohm) connect-

ing cable having a suitable amount of time delay (perhaps 0.2 /4sec)

offers the attractive possibility that a particularly simple method of

repetition-rate control can be used (see Sec. 12*30). A possible objection

to the use of such a cable, however, is that at the usual carrier frequencies

of 10 Mc/sec to 30 Mc/sec it might have an objectionable amount of

attenuation.

Video Section

12*26. Requirements of Video Section.—In a typical envelope cancel-

lation amplifier, noncanceling signals may produce video outputs at the

cancellation point of plus or minus 1 to 100 mv. It is convenient to have
a maximum output of one volt or so to a low-impedance line and this is

obtained by a video gain of approximately 1000.

As in any video amplifier in which the largest signal occurring is much
larger than the smallest signal of interest, care must be taken to prevent
large signals from “blocking’' the amplifier—that is, from producing a
response that would reduce the likelihood that a small signal closely

following a large one will be discernible. Methods of designing nonblock-
ing video amplifiers are discussed in detail elsewhere,^ but some material
will be presented. Here, the video signals have a large dynamic range.
Moreover bidirectional video is somewhat more difficult to handle than
the more common unidirectional video.

12*26. Amplifier for Bidirectional Video.—Let us review briefly the
cause of the difficulty in the design of a nonblocking video amplifier for

signals of large dynamic range and consider the applicability to bidirec-

1 Vol. 18, Secs. 5*8 and 10-4.
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tional signals of the common methods of alleviating the difficulty. (See

Fig. 12-27.)

In the final stages of a* high-gain video amplifier, it may be possible

for a large signal to cause grid current to flow in some stage or stages.

Grid-current flow may so bias the coupling condenser, if one is used, as

to cause operation at reduced gain or zero gain after the appearance of a

large signal, until the condenses discharges. The effect is illustrated in

Fig. 12*27(i. The use of d-c restoration, illustrated in Fig. 12-27e, is not

applicable to bidirection signals because negative signals cannot be dis-

tinguished froijg. overshoots caused by the flow of grid current.

Another 'attack on the blocking problem with condenser-coupled

stages is to prevent the flow of grid current by having such operating

conditions that no stage can deliver a positive output signal greater than
the grid bias on the next stage. For this method to be successful, it is

necessary that the “next” stage have reasonably high gain even with
suitably high quiescent bias.

Grid-current flow is not harmful if direct coupling is used. The use
of direct coupling to prevent blocking is, of course, as effective for bidi-

rectional as for unidirectional signals. In the circuit of Fig. 12-22, direct

coupling is used between Via and Via. To prevent the application of

excessive voltage to the grid of Fis if Fia is removed temporarily, Vn
serves as a voltage regulator.

One more blocking-prevention method will be mentioned here—^the

use of a cathode-coui)led amplifier, as exemplified by 1^14 in Fig. 12-22.

From this figure, it can be seen that application of a positive signal to
the grid of V results in a negative signal being applied to the grid of

Fi46 . For increasingly positive signals, the grid of (a) is drii--en past
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cutoff, and the cathode voltage then “follows" the grid of (Jb) so closely

that a very large positive signal is required to make the grid of (6)

positive with respect to the cathode. It may be noted, that a phase

splitter was used in this particular unit as much to provide push-pull out-

put for thefollowing video rectifier as for its nonoverloading characteristic.

A few words about the coupling time constants in the bidirectional

video amplifier are appropriate here. Long time constants are unneces-

sary, because noncanceling signals will not generally produce long

unidirectional outputs. Very short time constants are to be avoided

because they may cause overshoots of an undesirable ^nature; in par-

ticular, time constants of approximately 5 to 10 pulse lengths can cause

multiple overshoots if several cascaded stages have such time constants.

Multiple overshoots are particularly undesirable if video rectification

is used (see Sec. 12-27). The use of a short time constant, of approxi-

mately a pulse length, at the input to the bidirectional video amplifier

has the advantage that intermediately long time constants can be used

afterwards without trouble from multiple overshoots.^ If moderately

long time constants (of about 50 pulse lengths) are used up to the last

interstage circuit and a short time constant is used at the last interstage

circuit, the grid-current flow in the last stage can be made unimportant

by the use of a grid resistor (JR in Fig. 12-27a), whose value is small

compared to the conducting value of the tube grid-cathode resistance.

12*27. Video Rectification.—It is often desired to observe the output

of these devices on an oscillo-

scope. If the honcanceling out-

put signals are to be presented on
a deflection-modulation oscillo-
scope, the bidirectional form in

which these signals are delivered

by the cancellation circuit is

satisfactory. But if an intensity-

modulated oscilloscope is to be

Fig. 12-28.

—

Elements of video rectifier. Used, signals bf One polarity will

be much more visible than those

of the other; in this case, it will probably be desirable to rectify the

bidirectional video signal for unidirectional presentation.

If rectification is to be used, overshoots must be carefully avoided in

the bidirectional video amplifier because an overshoot will produce a
rectified output identical with that of a signal. Particularly to be avoided
are moderately long time-constant overshoots or multiple overshoots.

The push-pull output necessary for fuU-wave rectification can be
obtained with a transformer or a vacuum-tube phase inverter. The

» See Chap. 10, Vol. 18.
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latter was used in the circuit of Fig. 12-22 because it has excellent non-
overloading properties as well as push-pull output.

The elements of a condenser-coupled video rectifier are shown in Fig.

12.28. The following factors determine the circuit constants and oper-

ating conditions:

1. The applied signal voltage must be large enough to provide the

desired linearity of response to the smallest signals of interest.

2. Resistance Rz must be small enough to make the time constant

RzC^ satisfactorily short; the decay time of a signal applied with
zero fall-time to the rectifier depends on this time constant.

3. To prevent much rectified voltage from appearing across Gx,

should be sufficiently smaller than Rz. Any such voltage acts as

back bias on the rectifier and thus prevents weak signals from being

transmitted through the rectifier.

4. In order not to charge up appreciably during a signal, Cx must be
sufficiently large. Any such charging produces blocking of the

rectifier—that is, reduces its sensitivity to an immediately follow-

ing signal.

5. It is necessary that be as large as is consistent with the required

plate voltage on Y i.

REPETITION-RATE CONTROL

By D. Gale

In order to obtain cancellation of wave forms by delay methods, very

critical requirements must be met by the recuirrence rate of signals. In

this chapter these requirements and the various methods of fulfilling them
are discussed.

12-28. Repetition-rate Requirements.—The block diagram in

Fig. 12-29 presents a general picture of a delay and cancellation device

(see Fig. 12-1).

A signal will, in general, experience a time delay when passing through

any of the blofdcs of the diagram. Thus Do is the delay of the line driver,

Dx that of the delayed-channel amplifier, Dz that of the undelayed chan-

nel, and D that of the line.

The repetition rate is fr, and T, equal to l//r, is the repetition interval

or time interval btitween signals. Consider a signal at the input ter-

minal at time L After passing through the delayed channel it will arrive

at the subtracter at the time

"h Do -f- D Di.

The next signal, a.rriviiig at the input terminal t seconds later and passing

through the undelayed channel, will arrive at the subtracter at the time

tn ~ i -h T *4" Do ~t“ D2 .
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The condition for cancellation is that h = t2 ,
or

Z) -j— D\ — T 1^2-

Hence, for cancellation T = Dx D — and

. _ 1

Dx-\-D - i>/ ( 1 )

which is. the basic equation for the repetition rate.

The effect of a difference in the value of T from its theoretical value
will be designated by AT. Consider two identical voltage pulses whose
waveform is given by the equation V = f{t). The pulses arrive at the

^0

Subtracfor
Fig. 12-29.—Delay and cancellation device.

subtracter at times t and t AT; hence the residue after subtraction is
given by

R = residue = f(t + AT) — f(t).

Tor values of AT which are small compared with the rise time of the
pulse the approximation

R=f{t)AT
(2)

IS vahd, where

fit) =. m)JdL
TMs is the general equation for the waveform of the residue after can-
cellation due to an error AT in time coincidence. The amplitude of the
residue will hef{t)r^ AT and will therefore depend on AT and the maxi-mum slope of the leading edge of the pulse. The ratio of the residue
amplitude to the pulse amplitude is given by

. _ f.... LT
9

jJmax (3 )
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What has been said so far applies to the residue immediately after the

subtractor. (The subtracter is usually followed by a video amplifier.

It is assumed that the ratio of residue to pulse at the output terminal of

this amplifier will usually not be the same as the ratio at the subtracter.)

Eq. (3) may be simplified by assuming that the pulse rises linearly in a

time tr‘, fit) = /mwe/^r, or /L«//ma* “ lAr. Hencc Eq. (3) becomes

p = AT/tr, or the ratio of residue to pulse amplitude is equal to the ratio

of error time to rise time. From this we see that U should be made as

large as possible for easy cancellation. The maximum value of U will,

of course, depend on the width of the pulse into the delay line. If this

width is W, tr cannot exceed W. Assume that the receiver bandwidth is

so set that

W
<r = -Y (4)

and also that p is to be 1 per cent; that is, the residue is to be down 40 db
from the pulse (see Chap. 12). Table 12-1 gives the maximum allowable

AT as a function of W under the assumption of Eq. (4).

Table 12-1.—Maximum Allowable Erkob as a Function op Pulsbwidth

PvilHCwidth

TV'’, psco

Error

A'I\ AtSOC

Repetition-frequency stability

for 1000-cps rep. rate

1
2 iha

1
1 aio 2 X 10®

0.6
1

4 X ib®

In cases where the area, rather than the amplitude, of the residue is

important the following equation applies.

2AT j^fiO dt. (5)

To determine the upper limit r refer to diagram Fig. 12*30.

If the output of the cancellation unit is rectified as shown in Fig. 12*30c,

the point t will correspond to the value of t for which /(i) is a maximum, so

Eq. (5) becomes

Kesidue Area = 2AT[/,»»* —
*
/(O)] (6)

= 2AT/«««,

since /(O) = 0,
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The striking thing about Eq. (6) is that the residue area is independent

of pulse shape, ^ depending only on the maximum amplitude of the pulse,

and in particular it is independent of rise time or amplifier bandwidth.

This is mentioned here to illustrate that the 40-db figure for residue

amplitude is just an arbitrary value for cancellation. The 40-db criterion

of cancellation has meaning only

if the rise time is understood to be
a definite fraction of pulse length.

There are two ways in which
the repetition-interval error can
exceed the maximum allowable

value for AT', by slow drifts in Jr,

Di, D 2 ,
Di or D (see Fig. 12*29) or

by jitter, that is, by change of

delay time from one repetition

cycle to the next in fr or the D’s.

Because of the slow drifts as well

as because of the tolerances on the

sonic-line delay time, it is neces-

sary in all the methods to be dis-

cussed, except that explained in

Sec. 12*31, to have a time cancel-

lation control that will be a man-
ual adjustment on the repetition

frequency or on one of the de-
lays. This control generally

forms an essential part of any
cancellation system.

Repetition-rate control systems fall into two categories: stable oscil-

lators and line-synchronized oscillators. The former are oscillators

designed with a special view to minimizing the effects of slow drift and
jitter. The line-synchronized oscillator is one in which the sonic delay
line itself, or a similar line, is used to set the repetition interval.

12*29. Manual Control of PRF.—If a crystal-controlled oscillator and
frequency divider (see Chap. 4) is used, then mechanical adjustment of
the length of the sonic line is necessary, and, in fact, has been used in
several practical systems.

An XC-oscillator is shown here. The range over which the frequency
control must operate will depend on the maximum expected drift in all

delays and on oscillator frequency. By far the larger of these effects will

^ The foregoing analysis is valid only if the original (uncanceled) pulse has a con-
tinuous and finite first derivative and only a single maxinaum; These conditions are
generally satisfied.
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be the change in the sonic-line delay with temperature. The velocity

of sonic waves in mercury varies by 1 part in 3300 for a change in tem-
perature of 1°C, so if a maximum temperature variation of 50° is antici-

pated the total delay time may vary by 1.5 per cent and if an allowance

for other drifts is made the oscillator frequency would have to be variable

over a range of 2 per cent. The block diagram (Fig. 12-31) illustrates the

operation of the circuit, and a detailed circuit diagram is given in Fig.

12-32. The output of a 32-kc/sec LC-oscillator is applied to a stable

amplitude comparator whose output synchronizes a blocking-oscillator

chain which divides by 48 to 300 cps. Time selection is employed to

ensure phase stability. (See Chap. 4 and Yol. 19, Chaps. 10 and 16.)

Fia. 12*31.—Stable trigger generator.

12-30. Line Synchronized Methods.— number of methods for repeti-

tion-rate control have been proposed in which the delay time of the sonic

line itself is used to set the repetition interval and manual control is unnec-

essary. The principle of operation of such a device involves sending a

special timing pulse down the sonic line, amplifying it as it comes out of

the line, generating a trigger from the pulse, and once more sending this

trigger down the line. This circulating trigger will then act as the recur-

rence-rate oscillator. The block diagram is given in Fig. 12-33.

The desired repetition interval, from the fundamental formula, is

T = Di + Di- Di,

and the period for the circulating trigger is

T' = Di-{- Dz + D4.

Thus, for perfect cancellation,

T' = T,

or

JDi = Di ”1" H” ^ 4 . ^ '

The delay in the trigger pulse amplifier Da can be made very sinall.

This delay plus Da will usually be of the order of Di and will approximately
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Fig.

12-32.

—

^Trigger-generator

circuit.
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cancel in Eq. (7). This leaves as a necessary condition for cancellation

— 0 .

Unfortunately, it is impossible to meet this condition and, indeed, experi-

ments so far have not succeeded in reducing I>4 to less than 0.1 /zsec,

a considerable error. Therefore, the straightforward procedure illus-

trated in the block diagram is not practicable and elaborations on the

method must be found.

D
Signals in

Line driver Delay line
Trigger

generator

r

^2| Subtractor 1

Undelayed
channel

1

Amplifier
Pulse

amplifier

Fio. 12-33.—Liiie-synchronizod repetition rate.

Four approaches to this problem have so far been employed.

1. The delay Di may be artificially increased by using an electrical

delay line between the signal amplifier and the subtracter.

2. Additional sonic delay may be given to the signals by taking out the

trigger somewhere before the end of the line. This involves a third

receiving crystal.

3. A second sonic line may be used which receives only the trigger

and whose length is set for time cancellation. Each of these three

cases will be treated but certain general features common to all

three will be discussed first.

4. An electronic frequency tracking has also been used but this

method is sufficiently different from the others to warrant separate

treatment.

Components common to the first three methods are trigger generators,

pulse amplifiers, and cancellation controls, which will be taken up in this

order. It is necessary to use some sort of trigger generator in the loop

which, when fired by a pulse, will deliver a pulse whose shape and ampli-

tude are independent of the shape and amplitude of the firing pulse.

This is necessary to prevent decay of the amplitude of the pulse. Trigger

generators are, therefore, either blocking oscillators or thyratrons. With

this type of generator, more power can generally be put into the delay

line by letting the trigger drive the crystal directly rather than by mixing

it with the signals and letting it modulate the line driver.
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Tlie trigger generator must have two additional properties. It must
be self-starting. That is, it must be capable of free running at some fre-

quency lower than the repetition rate so that an initial pulse will occur.

This also ensures that if for some reason the trigger generator fails to fire

on a pulse it will eventually fire again automatically. Self-starting is

easily achieved with astable circuits (Vol. 19, Chaps. 5 and 6). It is also

necessary that only one trigger at a time be allowed to circulate around the

loop. As the circuit stands, if an additional pulse should somehow be
picked up by the amplifier, it would continue to circulate around the loop.

This danger can be avoided if the trigger generator, having once fired,

will not fire again for at least half of the desired repetition interval (see

Fig. 12-34.—Proposed system for using electrical delay lino.

Vol. 19, Chap. 16). If the amplitude of the triggering signal is limited,
then it is possible to adjust the recovery time constant of either of these
circuits so that they will not be able to refire for a time T/2, For extreme
reliability, however, a blanking gate of duration T/2 should be applied to
the pulse amplifier.

The pulse amplifier will generally consist of several stages of gain at
the pulse carrier, a detector, and video amplifier. The number of stages
needed will vary with the attenuation properties of the line and band^vidth
requirements; 40 to 60 db of gain are usually required. If the additional
electrical delay line is used in the signal channel, it is desirable to keep
the delay as short as possible; hence a broad-band pulse amplifier is used.

The cancellation control may be either mechanical or electronic. In
the former case it consists of a means for varying the physical length of the
sonic or electrical delay line and will be considered later. The electronic
method makes use of some sort of time modulator (see Chaps. 6 and 7).
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Of the three methods the simplest and therefore the first to be tried

was the electrical line (method 1). There are two possibilities here.

The delay can be effected at the carrier frequency or after detection at

video frequency. Suitable delay lines for the carrier frequency are not
generally available, however, and therefore in the only experiments which
were made with this system the video signals were delayed. There were
several difficulties encountered. The frequency response of ordinary
delay lines was not good enough to permit adequate cancellation. It is

possible to obtain a special high fidelity line and to avoid this difficulty to

a large extent if the delay line is kept short. In one case there were
serious effects of internal reflections in the line giving rise 'to spurious

Subtracter

Fick 12-36.—Throe-crystal lino.

signals that were well above 1 per cent of the pulse amplitude. This
effect was sufficiently serious to make the whole scheme unusable. The
difficulty lies entirely in the lines, however, and it should not be impossible

to build lines in the future which will be suitable for this use. A possible

system is represented by the diagram in Fig. 12-34.

It is seen that, if the carrier amplifier is used both for trigger and sig-

nals, there must be some way to distinguish the trigger from the signals

in order to keep the trigger generator from firing on signals. Both time

selection and amplitude selection are possible (Vol. 19, Chaps. 9 and 10).

Another method suitable if the trigger amplifier does not include part of

the delayed-channel amplifier is mentioned in the second succeeding

paragraph.

In method 2, a three-crystal line (Fig. 12-35) is used (see Sec. 12-6 of

this volume and Chap. 7, Vol. 17). Briefly, a 45° reflector is placed in
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the line just before the receiving crystal and a second receiving crystal is

placed on the wall of the line opposite the reflector. The position of the

reflector is adjustable; the delay may, therefore, be varied.

Here, again, one must keep signals from firing the trigger generator

and time and amplitude selection may be used as before. Another scheme
is that of carrier-frequency discrimination in which the trigger amplifier

is tuned to a frequency different from that of the signals. The delay line

will generally pass frequency components over such a broad band that
satisfactory response can be obtained through the trigger amplifier even
if it is tuned 15 or 20 per cent away from the 10-Mc/sec carrier frequency
of the signals, for example, at 8 Mc/sec.

In method 3 a separate line is used for setting the repetition rate.

Although it is more cumbersome than the three-crystal line this method
may have the advantage of mechanical simplicity. It has been used
with both mechanical and electrical cancellation control. The lines are
placed close to the signal hne so that the effects of temperature on both
lines will be identical. In practice, a trigger line equal in delay time to
the signal line has been used as well as a half length plus a 2-to-l fre-
quency divider in the trigger circuit (see Sec. 12-5).

A problem that comes up both in connection with this line and with
the three-crystal line is that of multiple reflection. Unless absorbing
end cells are used, the trigger will be partially reflected at the receiving
crystal, transmitted back down the line, and will arrive at almost the
same time that the succeeding trigger enters the line. This reflection may
be only 10 db down from the new trigger. Since the triggers are approxi-
mately pulsed sine waves they may either add or subtract in accordance
with their relative phase. This relative phase will depend on the delays
in the trigger amplifler and generator, and these delays, particularly with
electronic time-cancellation control, will in turn depend on the rate of rise
of the pulse, hence the pulse amplitude. The following situation might,
therefore, arise. The delay in the trigger generator may increase by a
small amount, and thus change the relative phase of trigger and reflection
in such a way as to decrease the output trigger amplitude. This, in turn,
would slightly increase the trigger generator delay on successive repeti-
tions. TMs effect could easily produce jitter in the repetition rate suffi-
cient to impair cancellation appreciably. A means of avoiding this
difiS-culty, if absorbing end cells are not used, is to put an additional
electrical delay in the trigger loop equal in time to the length of the trigger
pulse duration. In this way the second reflection will have been reflected
from the transmitting crystal before the succeeding trigger has entered
the line, hence they will not occur simultaneously and add together.

^

Figure 12-36 is a circuit diagram of the unit shown in Fig. 12*5. This
trigger generator is used with a trigger delay line separate from, and half
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Fig.

12-36.

—

Supersonic

trigger

generator.
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as long as, the signal delay line. The 6AC7 blocking oscillator thus fires

at twice the desired repetition frequency; the 6SN7 blocking oscillator,

which triggers the modulator, acts as a frequency divider. The pulse
from the 6J6 multivibrator causes conduction in the carrier-frequency
amplifier for slightly more than half the 6AC7 period. Cancellation
control is by means of variable bias on an amplitude selector, with the
range of adjustment extended by means of a switchable short delay line.

Of these three types of line synchronization, the electrical line would
perhaps be most satisfactory if adequate electrical lines could be procured.
The other two methods perform equally well although the three-crystal
line is less cumbersome.

12*31. Electronic Frequency Tracking.—This method is similar to
the stable-oscillator method in that the recurrence rate frequency is

out

Fig. 12-37.—Electronic frequency tracking.

generated by a purely electronic oscillator. It is also similar to line-
synchronized methods in that the frequency of this oscillator is not
initially set to the correct value and expected to remain fixed, but is

continually and automatically set by the sonic line and associated circuits
to maintain the correct value. This is accomplished by the following
general technique. A circuit called a time discriminator is used to
measure the difference in the time of occurrence of two signals, Sx and /Sa,

occurring at times Tx and T^. In addition a controlled-frequency oscil-
lator whose frequency can be varied over a suitable range by the output of
the time discriminator is required. This process is identical with that
described in Chaps. 4 and 8. The method is illustrated by the block
diagram of Fig. 12-37.

The operation is as follows. The time discriminator is set up so that
it compares the time of the nth pulse from the delay line Tx with that of
the in -h l)th pulse into the line Ta. Let us suppose that an increase
in voltage applied to the oscillator will increase its frequency. If Tz — Tx
IS positive, that is, if Ta occurs after Ti, the (n -h l)th signal into the line
occurs at too long a time after the nth signal leaves the line. This means
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fch.e oscillator frequency is too low
; hence the time discriminator mustdevelop a positive voltage in order to apply the appropriate correction to

th-e osciUator frequency. Similarly, if - Tx is negative, the output
of "fclxo time disciiminator must decrease the oscillator frequency. Pro-vided that the proper dynamic conditions are maintained around the
£eedt>ack loop (see Chap. 8), the circuit should adjust itself so that — Ti
eca.xxa.ls zero, hence 7" equals 4- Di.

f^ractical Circuit Details. ^The design of an actual cancellation
iixxi'fc employing electronic frequency tracking is shown in the block dia-
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Fi<t. 12-38.—Caiicollation unit using electronic frequency tracking.

To radar
modulator

gi-am. Fig. 12-38. Figure 12-39 shows a schematic diagram of the varia-

ble—fx'equency oscillator and associated circuits. The trigger from the

tiixxirxg pulse generator passes through a variable 0.5-jusec delay to the track-

ing; IX iiise genei-iitor. The modulator, on receiving the tracking pulse, pulses

tlio c-uxrrier fieciuency transversing the delay line. After amplification,

clet:,C5c;ti(>n, and further amplilication, this pulse appears at the time dis-

cx-iminator. In the meantime, the succeeding timing trigger has fired

tlxo double-gate generator that gives two gates, each about one micro-

second in duriition with about one microsecond between the gate centers.

By virtue of the variable O.-l-gsec delay, the tracking pulse will fall exactly

bcfcween the two gates when accurate synchronization is secured. If the

pxxl»o falls une<|ually on the two gates, the. time discriminator will give
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out an error voltage that will increase or decrease the variable frequency
according to the phase difference between the oscillator and the delay-line

output, hinally the sine wave from the oscillator controls the timing
pulse generator.

The most important component in this timing channel is the variable-

frequency oscillator.
. The oscillator must be very free from jitter if

cancellation is to be maintained. In this instance a low-frequency phase-

shift oscillator using an RC-feedback was employed (see Vol. 19, Chap.

4). It has the advantages of simplicity and sensitivity to control for a
portion of a cycle and grid goes positive and loads down the last network
element. By changing the d-c voltage on the grid one can alter the frac-

tion of cycle for which this occurs and thereby control the frequency. A
range of ± 1 volt from the coincidence circuit gives a variation of ± 75 cps,

which is sufficient to make d-c amplification unnecessary. Variation of

the resistance in one of the network branches serves to adjust the

oscillator frequency to approximately 2000 cps. Once the system is

locked on the tracking signal, its operation can be checked by varying

Ri and observing that the d-c voltage varies accordingly.

The double gate is generated by two blocking oscillators. The action

of the second is initiated by the overshoot of the first. Each gate is

slightly over 1 gsec in duration and roughly of 150 volts amplitude.

These gates are applied to the plates of a twin triode in the time-dis-

criminator circuit (see Vol. 19, Chap. 14).^ When the tracking pulse is

equally distributed between the gates, the charge on Ci remains constant

and a steady repetition rate is established.

There are two main advantages to this method of control. The first

is that all drifts in any of the delays of the cancellation loop are auto-

matically compensated. The only drift that might disturb cancellation

would be drift in the time detector itself. The second advantage of the

method is that it involves no additional mechanical parts, as do all

the other line synclironized methods discussed. Its disadvantages are the

stringent jitter reciuirements on the oscillator and the relatively large

number of tubes required as compared with other methods.

^ It Is not necessary in t ins cancellation unit to employ any blanking device on the

tracking pulse ainplifior bcoauBO the radar echoes are not of sufficient size to affect the

timing channel.





GLOSSARY

amplitude comparison.—The process of indicating the instant of equality of the
amplitudes of two wavi^forms by 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 WAVEFORMS Or the 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 tram of waves and requires no trigger to execute a complete cycle,

bistable.—Referring to a circuit with two stable states. Two triggers 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 prevent further oscillation.

bottoming.—The process of defining the potential at the plate of a pentode by operat-

ing below the knee of the JSp/Ip 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,

clamping.—^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.

clipping.

—

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 tbe start of the

operation of another circniit.

delay device.—A devic.o which accepts as its input a waveform f(f) and gives as its

output a WAVEFORM f(t — A) whon^ A is positive,

demodulation (or detection).—The process by which information is obtained from

a modulated waveform about the signal imparted to the waveform in

modulation.

difference detector.—A detector circ.uit in which the output represents the difference

of the peak amplitudes or areas of the input waveforms. The input waveforms
need not be simultaneous,

flip-flop.—Colloquialism for monostable circuit,

free-runnmg.—Colloquialism for astabxjo.

frequency discriminator.—A circuit which indicates the equality of the frequency of

two WAVEFORMS or thc sense and approximate magnitude of the inequality,

function unit.—Thc unit that controls the external properties of automatic range-

tracking equipment and provides the necessary band shaping for stabibty.

527
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gating waveform.-*—A waveform (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 waveform is 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 bistable circuit.

microphonics.—^Jitter 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,

mtiltiar.—^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 differentiation (integration).—^Approximate differentiation (integration) by a
simple circuit.

pbantastron.

—

A certain type of one-tube relaxation oscillator employing Miller
feedback to generate a linear timing waveform.

pulse.—A WAVEFORM whose 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.
scale-of-two circuit.

—

A colloquialism for bistable 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 clamping.
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 definite 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

A-scope, 215

A-scope presentation, used in British

CMH system, 238-243

Accuracy tests, 129

{See aUo Error)

AFC, 267

AFC circuit, 96

AGC, 279

gated, 373

AGL-T, British, 330

phase comparison circuit in, 372

AGL-(T) discriminator, 278, 310, 322,

330, 341, 373

AI Mark VI, 334, 370

AI Mark VI automatic target-selection

circuit, 333

AI Mark VI automatic target-selection

system block diagram, 332

AI Mark VI time discriminator and
target selector, 334

AI Mark VIA, 341

Altimeter, barometric, 163, 164

SGR-718, 163, 219

Amplifiers, cancellation, 498

pulse-forming, 72

squaring, 70, 72, 110

Amplitude comparator, 144

diode, 73, 151, 173

regenerative, 73, 74

with /i(7-input, 75

sinusoid, 145

Amplitude comparison, 71, 75, 76, 107,

110, 142-175

diode, 108

Amplitude-comparison circuit, 75, 109

Amplitude selection, electrical, 221

Amplitude selector, cathode-ray tube as,

220

AN/APA-30 ballistic computer, 247

AN/APG-1, 369, 370
angle-tracking circuits in, 376, 377

AN/APG-5 range calibrator, 108, 275,

317, 331, 337, 342

{See also ARO)
AN/APG-13A Falcon radar, 223, 224

AN/APG-15, 317, 327, 331, 342, 368,

371, 373

time discriminator of, 316

AN/APN-3, Shoran, 157

pulse-selection circuits of, 159

AN/APN-4, 263

AN/APN-9, 263

AN/APS-3, 248, 392
blocking-oscillatorPRF generator of, 78

AN/APS-4, 248
AN/APS-10 radar, revised model of, 91

AN/APS-10 synchronizer, 91, 169, 172,248

proposed, 92, 94
timing diagram of, 93

AN/APS-15 pulse generator, 165

AN/APS-15 range unit, 120, 164r-169, 277

block diagram of, 164

AN/APS-15 range-unit waveforms, 165

AN/APS-15 ten-mile pulse selector, 167

AN/APS-15 ten-to-one divider, 166

AN /APS-15 time modulator, 167

AN/APS-15 twenty-five-to-one divider

generating PRF pulses, 166

AN/ARR-17, 468
AN/ART-18, 458
Angle-positioning, automatic, with

grouped data, 389

A/R range scope, 256-B, 76

A/R-scope, 231-'238

Arenberg, D. L., 484

Arma resolver, 418, 438

Midget, 342
^

ARO (AN/APG-6), 342

ARO electrical system, 342-348

ARO Mark I, 342

ARO Mark I range system, 343
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ARO Mark I range unit, 344
ARO Mark II, 342, 345
ARO radar, 275, 317, 342
ARO range system, 342
ASB, Navy Radar, 216
Automatic angle tracking (see Angle-

positioning)

Automatic range tracking (see Tracking)
Autosyn, 394

B
Ballistic computer, 142

B-scope, systems using J-scope with, 243-
246

AN/APA-30, 247
BC-1365, Indicator-Tracker Unit, 256
Beacon, omnidirectional, 36

British, 400, 410-416
radar, 33

Bell Telephone Laboratories, 142
Bendix air-mileage unit, 251
Bendix Air-position Indicator, 251
Blocking oscillator, 75, 76, 73-80, 151,

167, 317
500-yd (328-kc/sec), 110
low-impedance, 91

Blocking-oscillator dividers, 83, 110, 165
Blocking-oscillator PRF generator, 78

of AN/AP&-3, 78
Blocking-oscillator pulse generator, 70, 84
Blocking-oscillator voltage pulses, 78
Bode, H. W., 282
Bootstrap double integrator, 386
Bootstrap linear-sawtooth generator, 151,

368
Bootstrap self-gating linear-sawtooth

generator, 347
Bootstrap time-modulation circuit, 128
Bootstrap triangle generator, 125-131
Bothwell, F. E., 390
British AGL-T, 330
British Mark II ASV, 216
British Oboe, (see Oboe)
British omnidirectional beacon, 400, 410-

416
British 274 meter, 368
Brown Converter, 361, 447

C
Calibrator, Model III, 87-89
Cathode followers, 130

Cathode-ray tube, as amplitude selector,

220
Cathode-ray tube displays, 64
Cathode waveform, 105
Channel separation, 398, 400
Circuit, 392
CMH system, British, A-scope pre-

sentation used’in, 238—243
Coast, 278, 304
Code group, multiple-pulse, 400
Coder, 451

CoflSn, F. P., 390
Coherence, external, 20

internal, 18
Coil assembly, Helmholtz, 137
Cole, A. D., 120

Comparator, 135-137
amplitude (see Amplitude comparator)
double-triode, 116

cathode-coupled, 116-118
multiar (see Multiar comparator)
regenerative amplitude, 356

Comparator circuit, double-triode, 118
Component characteristics, 50-62
Compression, dynamic-range, 496
Condenser phase shifter, 358
Condenser system, 3-phase, 172
Conical scanning, 367, 368
Conical-scanning antenna pattern, SCR-

584, 367

Continuous-wave system, 7, 16-18
Counter dividers, 102

Counters, 102
scale-of-two, 154
step, gas-filled tube, 100

Crout, R. D., 390
Crystal oscillator, 71, 83, 153

Class C, 75
80.86-kc/sec, 164
pulsed, 238
triode, 83

80.86-kc/sec, 93
tri-tet, 88

Crystal rectifier, germanium, 91
Crystals, receiving, 135

transmitting, 136

Current transformer, 316
Cursors, 178
C-w systems, frequency-modulated, 398
Cycle matching, 11
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D
Data, grouped, or periodically inter-

rupted, tracking on, 378
intermittent, 28, 29

aided tracking with, 247-251
Data transmission, phase for, 393

radio, 398
short-distance wire, 391

Data-transmission systems, special, 391—
416

various, characteristics of, 399
Decca, 34
Decoder, 426, 454
Decoding circuits, synchronizing-pulse,

426-429

,

Delay lines, supersonic (see Supersonic
delay lines)

variable, 132
Delay multivibrator, 131, 140, 342, 347

coarse-scale, 162
Delay phantastron. Oboe active-region,

353
Delay tank, supersonic, 132-135, 140
Delay-tank time-modulation system, 132
Delays, linear, 429-433
Demodulation, time modulation and, 5-7
Demodulators, 391, 400
Detectors, position error, 367
Diehl FPE-492a two-phase induction

motor, 361
Diehl Generator, 424
Diode amplitude comparator, 71, 125-

131, 153

Disconnector, 304
neon tube, 386

Distance measurement, accuracy of, 32
Divider circuit, sinusoidal, 158
Dividers, blocking-oscillator, 83, 110,

165
counter, 102
phantastron, 104
pulse-frequency, multivibrators as, 154

Doppler, pulsed, 20
Doppler frequency, 17
Double-scale system, 49
Dumont 256-B A/R oscilloscope, 89, 231

E

Electromechanical systems, 357-366
Electronic marks, movable, 222-225

Elinco Type B-44 tachometers, 361
Error, cyclic, 141

gross, 156
limiting, 113
probable, 113

reset, 192
slope, 114
of time measurement, 40
in time-measurement circuits, 120
in usual sanatron circuit, 124
zero, 114

Esterline-Angus recorder, 387

F

Falcon radar, AN/APG-13A, 223-231
Farnborough, 482
Feedback amplifier, negative, 117
4-jii sec pulses, 78
50-ai sec pulses, 96
Fink, D. G., 89
Follow-up systems, 395—397
Fredrick, A. H., 119
Frequency dividers, 88, 102, 267
amplitude-comparison multivibrator,

147
with injection feedback, 100
pulse, 83
sinusoidal, 160

Frequency division, 81-87
Frequency modulation, 5, 393
and demodulation, 13—15

Frequency stability, 77, 78, 80, 110
Frequency tracking, electronic, 522
Function unit, 277, 279, 280
mechanical, 305—308

G

Gate, selecting, 151
Gate generator, pulse-selecting, Q-n sec,

152

Gate generator multivibrator, 117
Gee, 34, 261
Gee-H, 30
General Electric Automatic Radar, 337
General Electric Company, 337, 485
General Electric Type YE4-B lines, 406
Generators, angle information, 458

Diehl, 424
of grouped pulses, 400
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Generators, linear-sawtooth, bootstrap,

151, 358
bootstrap self-gating, 347
positive-feedback, 225

linear sweep, 153

marker (jsee Marker generators)

phantastron-gate, 104

range-mark, 69
triangle, bootstrap, 125-131

trigger, multiple-frequency, 81
Goniometer, 240

inductance, 158, 161

phase-modulating, 154
Gostyn, E., 88
Grayson, H.', 482
Ground track, 23
Ground, virtual, 294, 295
Ground-position indicator, 251

H

H2X, 119
{See also AN/APS-15)

HjX range phantastron, 122
HjX range unit, 120, 123

HiX time modulator, 121

H,X, 386-388
Hand Hadar Set, 243
Helmholtz coil assembly, 137
Hewlitt-Packard oscillator, 140
Hite, G., 125
Holdam, J. V., 120

Holtzer-Cabot Type 0808 model B3
motor, 441

HR radar system, 163
Hughes, V. W., 125
Huntington, H. B., 478, 479
Hybrid time and phase discriminator, 97
Hyperbolic navigation systems, 261

I

Indication, on-target, 328
Indicator, Air-position, Bendix, 251

ground-position, 251
plan-position (see PPI)
position error, 367
precision type B, 255
radar, 108
type M, 223

Indicator-Tracker Unit BC-1365, 255
Indices, 180-184

Indices, fixed, 181

for manual time measurement, 215
movable, 182
tracking, 183

Induction motor, two-phase, Diehl FPE-
4920, 361

Injection feedback divider for Oboe PRP,
103-107

Integrator, bootstrap, 302, 303
difference, 302, 303
double, bootstrap, 386
electrical, 291-303

Oboe, 354
electromechanical, 252
electronic, 347, 357
feedback amplifier, 302, 303
mechanical, 305
Miller (see Miller integrator)

Interference rejection, 400

J

J-scope, 216-219
systems using, with B-scope, 243-246
with PPI, 243-246

Jitter, 78
Jones, F. E., 348
Jordan, W. H., 323
Juxtaposition, 186, 188, 190—196

K

Kallman
,
H. E., 489

L

Laslett, L. J., 369
LC-oscillator, 107, 135-137

pulsed, 108

20-kc/sec, 96
328-kc/sec, 110

LC'-stabilization, 83
Linearity, 114

Lobe-switching, 367
Loran, 11, 34, 173, 181, 261
Loran automatic-frequency-tracking cir-

cuit, lightweight, 97
Loran feedback PRF divider, direct-

reading, lightweight, 101
Loran indicator, circuit details of, 267-274

lightweight, direct-reading, 96, 169-
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Xioran PRF generator, direct-reading,
lightweight, 100-103

Xoran repetition frequencies, 264
Xoran time discriminator, lightweight,

automatic-frequency-control circuit,

98
Xioran time-discriminator timing dia-

gram, 99
Xoran time modulator, direct-reading,

lightweight block and timing dia-

gram of, 169

phase modulator of, 170
Xoran timing sequence, 264-267

M

Al-scope, 225
McGrath, S., 120
McSkimin, H. J., 478
Magnesyns, 394
Magslip, 394
Mark I AllO, 344
range vs. range error of, 347

Mark II ARO, 344
Mark II ASV, British, 216
Mark II M, Oboe, 348

Mark 36 radar, angle-tracking circuits

in, 375

Marker generators, grouped, 106

single-frequency, 107, 108
multiple-frequency, 81
single-frequency, 81

2()-mile, 85

Mark(’!rs, grouped, multiple-frequency,

109, 110

Master station, 261
ME PPI, 458

Meacham range unit, 142-147

Measurements, manual, 176-274

Memory, 304
position, 282, 380
velocity («ce V<docity memory)

Memory time, 278
Mi<!ro-H, 30

Microsyns, 394
Mile, nautical, 103

statute, 103

2000-yd, 103

Miller feedback, 131

Miller feedbac.k time modulator, 114

Miller integrator, 114—116

high-gain, 140

multistage, 116—118

self-gating, 118—124

Miller integrator amplifier, 117 .

Mixer unit, 461

Mixing unit, video, 451

Model SJ radar range circuit, 134
Model III calibrator, 87—89

Modulator, electromechanical, 391
zero-range trigger for, 95

Modulator trigger, 91

Multiar comparator, 114-116, 124, 366
Multiple-scale systems, 61, 219

Multivibrator, 80
delay (see Delay multivibrator)

gate generator, 117
monostable, 144
100-/4 sec, 97
as pulse-frequency divider, 154
scale-of-two, 84
symmetrical, 80

as PRF generator, 80
unsymmetrical monostable, 94

Multivibrator PRF generator, 80

N

Navy Radar ASB, 216

O

O-phase adjustment, 73
Oboe, 168, 277, 315, 350, 357
Oboe active-region delay phantastron,

353
Oboe active-region timing diagram, 351
Oboe blind bombing, geometry of, 348
Oboe electrical integrators, 354
Oboe electrical system, British, 348-357
Oboe 5-mile pip selector, 352
Oboe ground station, British, 103, 311
Oboe Mark IIM, 348
Oboe mouse station, 337
Oboe PRF, injection feedback divider

for, 103-107
Oboe PRF divider, 103
Oboe range-tracking system block dia-

gram, 349
Oboe time discriminator, 311, 312
On-target indication, 328
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100-Ai sec mtiltivibrator, 97
Oscillatioiis, buildup of, 3S
Oscillator, 107

blocking (see Blocking oscillator)

coherent, 11

crystal (see Orystal oscillator)

crystal-controlled, 141

gated, 110
Hewlitt-Packard, 140
instability of, 77

LC- {see Z/C-oseillator)

pulsed, 107, 109, 142, 144, 145, 148,

229
quenching, 79
with air-core transformer, 79

random, precise synchronization of, 99
RC-, 70
RC sine-’surave, 80
relaxation (see Eelaxation oscillator)

SCE-268, 137
sine-wave, Class C, crystal-controlled,

, 81.94-kc/sec, 76

crystal-controlled 163.88-k:c/seo, 72
squegging, 79

two independent, precise system of

synchronization for, 99
variable-frequency, 137-140
Wien-bridge, 70, 139

Oscillator range circnits, sinusoidal, 135
Oscilloscope, Dumont 256-B A/H, 89, 231

P

Phantastron, 95, 106, 118, 120, 164, 157,

168, 171, 349, 350, 352, 355-357
microphonic effects in, 123
pxilse-seleetmg, 94. 171, 173
temperature compensation of, 123

Phantastron accnracy, 122
Phantastron cathode waveform, 105
Phantastron delay, component variations

upon, effect of, 123

Phantastron divider, 104
Phantastron-gate generator, 104
Phantastron operation, 121
Phase demodulation, 5
Phase-discriminator, 155

hybrid time and, 97
Phase modulation, 142-175
and demodulation, 7-13
of timing, 57

Phase-modulation network, 158
Phase-modulation range unit, two-scale,

143

Phase-modulation system, three-scale,

157-161
Phase modulator, 136—137, 145

condenser, 142, 144, 150, 151

of lightweight direct-reading Ijoran

time modulator, 170
mechanical, 168
3-phase condenser, 170

Phase shifter, 238
condenser, 358
magnetic, 137

Phase-shifter system, discussion of, 443-
449

Photoelectric cells, 276
Position error detectors, 367
Position error indicators, 367
Position-finding, 29

Position learning time, 380
Position memory, 282, 380
Potentiometer, exponentially tapered,

142, 145, 153

linear range, 151
sine-cosine, 252

369% 396
PPI, ME, 458
with mechanical scale, 219
pulsed range-mark circuit designed for,

107

systems using J-scope with, 243-246
PPI range-marker circuit, 108
Precision Range Indicator, block diagram

of, 148
timing diagram of, 148

Precision ranging indicator, precise
pulsed, range-marker circuit from,
108

Precision type B indicator, 255
PRP divider phantastron, cathode wave-

form of, 105
screen waveform of, 105

PRP dividers, 85
Oboe, 103

PRP generation, 78
PRF generators, 69

blocking-oscillator (see Blocking-oscil-
lator PRF generator)

Xioran (see Lioran PRF generator)
multivibrator, 80
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PRP generators, symmetrical multivibra-

tor as, 80
synchronization by, 45

PRF oscillators, 400
Propagation-time circuits, 141

Pulse divider, ten-to-one, 165

Pulse generator, AN/APS-15, 165

blocking-oscillator, 70, 84
delay-line, 107
r-f, synchronization by, 43

Pulse remote-control system, 400-408
Pulse selection, 87—89, 160

Pulse-selection circuits, of AN/APN-3,
Shoran, 159

Pulse selector, 89-95, 146, 153, 171

ten-mile, AN/APS-15, 167

time modulator and, 146

Pulse system, phase-modulated, 442
time-modulated, 398

Pulse transformer, 78
132-DW, Westinghouse, 317

Pulses, 0.12-jli sec, 317

4riA sec, 78
50-m sec, 96
grouped, generator of, 400
time-modulated, 400

R

R-gate, 233
R-sweep, 233
Radar beacons, 33
Radar indicator, 108
Radar set, British, time discriminator of,

315
Radar synchronizer, 71
Radar systems, 31
HR, 163, 243 -

relay (see Relay radar systems)
Radiosonde, 408
Range, two-scale, 238
Range calibrator, AN/APG-5 {see AN/

APG-5 range calibrator)

Range-mark circuit, pulsed, designed
for PPI, 107

Range-mark generators, 69
Range-mark mixer, 83
Range-marker circuit, pulsed, precise,

from precision ranging indicator,

108
pulsed LC, 108

Range-marker generation, 78
Range marks, fixed, 229
Range tracking, automatic, 168

on grouped data, 386—388
Range-tracking servoamplifier circuit,

362
Range-tracking tester, dynamic, 363

{See also Tracking tester, dy-
namic)

Range unit, Meacham, 142-147
phase-modulation, two-scale, 143

on radar systems, calibration of uni-

versal instrument for, 102

two-scale, 143

Wurzburg, 163
Ranging indicator, precision, 147—153

RC-inp\it, regenerative amplitude com-
parator with, 75

RC7-oscillator, 70

jBC7-sine-wave oscillator, 80

RCA, Industry Service Division, 157

Reactance tube, 96, 97
Receiver, 466

gain control of, 41

variation of delay with signal ampli-

tude in, 41
Receiver bandwith, 39
Receiver delay time, 40
Receiver gate, 163

Receiving equipment, 426
sequence of time selectors in, 400

Recorder, Esterline-Angus, 387
Recovery time of circuit, 116

Rectangle generator, variable-width, use

of, to produce time-modulated track-

ing index, 222
Reed, H. J., 119

Relaxation oscillator, 107
gas-tetrode, 76, 77

Relay radar systems, 400, 417-470

c-w, 458
performance of, 470

performance in, 439
simplified, for constant-speed rotation,

450
Repetition-rate control, 511
Reset error, 192
Reset interval, 194
Resolver, d-c, 440
Response times, 275
Rise time, 39
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S

Sanatron, precision, 124
simple, 124

Sanatron circuit, usual, errors in, 124
Scale coordination by frequency division,

153-155
Scanning, conical, 367, 368
SCIl-268 oscillator, 137

SCR-268 radar, 135
SCR-584 radar, 89, 161, 163, 337, 368-

370, 406
conical scanning antenna pattern, 367

SCR^584 circular-sweep time modulator,
161

block diagram of, 162
SCR-615, 373, 378

angle-tracking circuits in, 374
SCR-682A radar, 255
SCR-718 altimeter, 163, 219
SCR-784 time discriminator, 313-315,

337
Screen waveform, 105
Search circuits, automatic, 278
Selsyn., 394
Separator unit, 466
Sequencing circuits, 429-433
Servoamplifier, 438
Servomechanism, range follow-up, 331

velocity, 252
with velocity memory, 449

Shoran, 30, 161
Sickles Company, F. W., 88
Signal and index, superposition of, 195—

198
Sine-cosine system, time-modulated, 417
Sine-wave tracking, 155—157, 242
Single-scale circuits, 111—141

comparison of, 140, 141
Sinusoids, phase-modulated, pulse repre-

sentation of, 442
Slave station, 261
Spacing, 400
Specification, 51
Speed, blind, 19

grotind, 21, 24
Speed measurements, 16—24

accuracy of, 32
Spencer, R. E., 489
Step interpolation, 168
Step-interpolation time modulation, 164

Storage tube, 99
Subassembly, 170, 174

faulty, 170
Subcarrier, 398
Supersonic delay lines, mercury, 481

solid, 484-487
water, 482-484

Sweep, circular, 81, 99, 142, 168, 184, 341
displays in, 161

exponential, 215
Sweep generator, exponential, 144
Synchro systems, 393
S5nichronization, 42—47
by automatic-frequency tracking, 95-

100
precise, of random oscillators, 99
precise system for two independent

oscillators, 99
by PRF generator, 45
remote control of, 46
by r-f pulse generator, 43

Synchronizer, 81-83, 87, 90, 424-426
AN/APS-10 {see AN/APS-10 syn<!hro-

nizer)

automatic-frequency-tracking, blo<!!k

diagram of, 96
radar, 71

T

Tachometer feedback, 359
Tachometers, Elinco Type B-44, 361
Target indication, 326
Target indicator, automatic, 278
Target selection, 277, 278, 325

automatic, 326, 330-337
manual, 329

Telecommunications Research Establish-
ment, 310

Telegons, 394
Telemetering, 391—393
Teletorque, 394
Temperature changes, 141
Temperature coefficients, 141

delay-line, 108
Test oscilloscope, TS-lOO, 89
3DP-1, 219
Time aperture, 277
Time demodulation, 62—64
Time discrimination, 62-64, 276
Time discriminator, 95, 97, 308, 309, 356
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- xrsrxe discriminator, of AN/APG-16, 316
of Rritish radar set, 315
Oboe, 311, 312
I>\ilse-stretching, 318
SOR,-784, 313-315, 337
witilx time selectors, pulse stretcher,

and narrow-band pulse amplifica-

tion, 317-321
^^i^oae-inarker generator, delay-line, super-

sonic, 108
X'imo! markers, 81

marks, electronic, 219
measurement, automatic, on

grouped data, 380-386
orror of, 40
i^iarmal, fixed indices for, 215

movable tracking marks for, 220
anaodium-precision, in radars, 141

’l!^iana<:»-measurement circuits, errors in, 120

l''iana,o-m<5asuring systems, automatic, five

possible configurations of, 338
especially accurate, 261

'’l'‘ixrie modulation, 4, 47-50

*itaid demodulation, 5-7

cioxxble-scale, 58-61
cslectrical control of, 168

xxi\xltipl<’!-acale, 48-50
esixigle-scale, 47, 55-58
Mtep-interpolation, 164

'’I"! ixie-modulation circuit, bootstrap, 128

xioixlinear, 112
''X'’ixxi<'!-r*iodulation system, delay-tank,

132
f,laree-flcale, 169

'’l'‘iixve modtxlator, 146, 171, 400

^NT/APS-IS, 167
csircjular-sweep, SOR-584, 161

block diagram of, 162

JE-IttX:, 121
liaear-sweeiJ, 152
X-K>ran (sea I^oran time modulator)

IVliller fiicdbtxck, 114

xxxxiltiplc-Hcale, 174

ixiid pulse s<dector, 146

fwo-Hctale, 71, 170

'’l'’ixxx<'^ sele<daon, 62-64,321-325

’'l‘'ixxx<’! s(!;lo(!tors, 400
X30ixtod<>!, 88
*se<iuenc(^ of, in receiving equipment,

400
’'l‘’ixxxiixg standards, 50

Tracking, aided, 200, 203, 206
with intermittent data, 247-251
velocity servomechanism for, 250

automatic, 202
automatic frequency, synchronization

by, 95-100
direct, 200, 202, 220
on grouped or periodically interrupted

data, 378
with intermittent data, 247
linear-time-constant, 201
memory-point, 201, 207
regenerative, 201, 210, 256
sine-wave (see Sine-wave tracking)

two-coordinate, 251-261
velocity, 200, 203

Tracking circuits, step-gate, 433-435
Tracking indices, 183

time-modulated, use of variable-width

rectangle generator to produce,
222

Tracking marks, movable, for manual
time measurement, 220

Tracking methods, 200
Tracking systems, comparison of, 340
manual, 371-376

Tracking tester, dynamic, 357, 361

Transformer, air-core, quenching oscil-

lator with, 79
Transmission, of continuous rotation,

393-395
360° rotation, 397

Transmission devices, simple, with

limited rotation, 392
Transmitter, 463

Trigger generators, multiple-frequency,

81

Triggers, delayed, 78

Triode coincidence tube, 95

Triodes, baseless subminiature, 91

TS-lOO test oscilloscope, 89, 218

Tube, storage, 107

subminiature, 170

vacuum (see Vacuum tube)

Tube changes, 141

Tube drifts, 141

274 meter, British, 368

Type G presentation, 368

Type J display, 180

with movable index, 220
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Type M display, 180

Type M indioator, 223

Type 0808 model B3 motor, Holtaer-

Cabot, 441

Type YE4-B lines. General Electric, 406

U

Uttley, A. U., 306

V

Vacuum tube, 51

effects of mechanical shock on, 52

and time, 52

Velocity learning time, 380

Velocity memory, 278, 284, 380

serromechanism with, 449

Velocity servomechanism, 252

for aided tracking, 250

Vibrations, 141

Fideo mixing unit, 451

Video separator, 458

Voltage pulses, blocking-oscillator, 78

Voltage-sawtooth circuits, 141

W

Wave trains, recurrent, cancellation of,

471-527

delay of, 471-527

Westinghouse 132-DW pulse transformer,

317

Width, 400

Wien-bridge oscillator, 70, 139

Williams, F. C., 306

Wurzburg range unit, 163

Z

Zeft) adjustment, 73

Zero calibration, 45

Zero correction, 46, 93, 94

Zero-range trigger, for modulator, 95

Zero-setting, 168




