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Foreword

HE tremendous research and development effort that went into the
Tdevelopment 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 scemed
most important to publish it as soon as security permitted.

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

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

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

L. A. DuBripge
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Preface

HE preservation of the technical advancements represented by the
Tpfecision circuits of the Radiation Laboratory was made possible
through the foresight of Drs. Rabiand DuBridge. They appointed a com-
mittee consisting of Drs. 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. 8. Barton for stimulating and authorizing this excellent exchange
of information, which required several visits of Dr. F. C. Williams 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 the
text have been made to journal papers on radar and associated subjects
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 to
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. R.
Rogers. The speed of this program would have been impossible without
the expert assistance of the production department under C. Newton.
The efficiency 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 in the preparation of this book: Nora Van der Groen, Joan
Brown, Joan Leamy, 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 photo~
graphic work was carried out by P. . Bales and credit to their work is
gratefully acknowledged.

THE AUTHORS,
CAMBRIDGE, Mass.,
May, 1946,
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CHAPTER 1
INTRODUCTION

By Brirron 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,? 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 veloecity 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 deseribed above.
In radar it is required to measure a variable time interval between 10~
and 102 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
raay 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 continu-
ous measurements over a wide range of time with extremely high precision.

1 C. V. Boys, ‘‘Progressive Lightning,” Nature, 118, 749 (1926).

*F. G. Dunnington, “The Electro-optical Shutter—Its Theory and Technique,”
Phys. Rev., 3-38, 1506 (1931).

#G. M. Lee, ““A Three-beam Oscilloscope for Recording at Frequencies up to
10,000 MC,” Proc. I.R.E., 34, 121W (1946).

¢ N. E. Dorsey, *The Velocity of Light,” Trans. Am. Phil. Soc., 34, Part 1, (1944).

SF. T. Farmer and H. B. Mohanty, “The Velocity of Propagation of Wireless
Waves over the Ground,” Proc. Phys. Soc., 83, 456, (1940).

¢ N. E. Dorsey, loc. cit.

* (G. Breit and M. A. Tuve, Phys. Rev., 28, 554 (1926).

8 C. P. Baker and R. F. Bacher, “ Experiments with Slow Neutron Velocity Spec-
trometer,” Phys. Rev., 2-69, 332 (1941).
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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 éxclusion 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 aceom-
plish the same function with an equal precision. Both manual and
automstic 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 sawtooth generators were of tremendous importance in securing
rapidly rising and yet stable timing waveforms. The development of
improved phase-shifting condensers and precision linear potentiometera
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 requirements 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, communiecation,
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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lation characteristics of timing circuits. The precision and rapidity of
pulse methods have led to the use of these methods in computation,
and all 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 designs. 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 significant 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 designs, previously limited to laboratory construction
methods, may become a commercial reality.



CHAPTER 2
RADIO DISTANCE AND SPEED MEASUREMENTS

By BrirroN CHANCE

DISTANCE MEASUREMENTS

2.1, Introduction.—This chapter briefly presents characteristies of
some systems for distance and speed measurements by continuous-wave
(c-w) and pulse transmission from the standpoint of accuracy and not
from the standpoint of economy or efficiency of r-f transmission and
reception. For a full discussion of the general characteristics of these
systems see Vol. 1.}

Experimental tests and quantitative results that are available are
summarized. The discussion of untried methods is, of course, speculative.

2-2. Definitions of Methods of Distance Measurement.—The distance
to any distinguishable object is measurable in terms of the time interval
At required for a radio wave to travel from a transmitter to a reflector and
back to a receiver. The velocity of propagation of radio waves is, as
far as can be determined, equal to that of light. The distance is obtained
from the product A¢ -¢. Radar systems have been used to measure pre-
cisely distances from 50 ft to 1500 miles corresponding to a range of
At from 0.1 to 15,000 usec. But the quantity Af may be represented in
a number of forms and may be measured by several methods:

1. Method (1) utilizes the fact that the time delay between a pair of
radio-frequency pulses, one corresponding to the transmitted pulse
and the other corresponding to the received echo, directly represents
the interval At as At = 2d/c, where d = distance and ¢ = velocity
of light. This method is termed ‘‘time modulation” (Vol. 19,
Chap. 13) because the time delay modulates the interval between
the two pulses. The measurement is termed ‘‘time demodulation,”
(see Vol. 19, Chap. 14) and can be accomplished by the comparison
of the interval batween these two pulses with triangular or sinusoidal
timing waveforms, or with the delay of a supersonic tank, or an
electrical delay network. For a triangular waveform V = kt. The
increment of voltage, corresponding to the interval A, is AV = kA
and AV is a measure of distance.

1 The references to other volumes of the Radiation Laboratory Series will appear ir
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 fis 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/d¢
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 Af may be
measured in terms of the amount of frequency modulation Af
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

b

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
Al between the transmission and reception of a radio-frequency pulse as
indicated in the waveform diagram of Fig. 2:1. 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 adequate



6 RADIO DISTANCE AND SPEED MEASUREMENTS  [Skc. 2-3

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. 2-1 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/¢, and the velocity of propaga-
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F1g. 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
factor 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 (PRF) generator of a
period greater than that of the maximum value of At 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 Vol. 14) makes
possible the use of a single antenna for transmitting and receiving.
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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. 5-22 with additional gate gen-
erators, pulse generator, and pulse selector has been operated in the

Gote cothode followsr Wein bridge oscillotor + 330y
& AL
Y 6SNT Py
2542
Osciflator ] ‘L5k :ES5K
iato < <
Bh RS 212.5% <
o 8o SN
70! ) 6F66 | Oaciliotor
== o F_. sutput
# =237
Y 6sNT
4 500k 2
33k $ ) ‘Eqk
35K 2252125
Sk 7% k/:b (1; F o5 o8
< $00k
'/zm" ::lOk > 50
- 80 -
-

F16. 6:22.~—A varieble-frequency oscillator for time modulation. The minimum delay ia
3 psec; the maximum delay is 300 ysec. The 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 usec in three scales gbtained by switching the
bridge resistance. The maximum errors from linearity are 0.03, 0.3, and
7.5 psec 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

1Bee A. H. Frederick, RL Group Report No. 63-9/11/42
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had no appreciable effect. A temperature change from +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 sereen 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. 5-22 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 ar inexpensive.
The delay multivibrator is a much simpler eircuit with approximately the
same accuracy. The principle may be useful, however, for some special
application.

5-12. 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 cireuit possesses
a particular virtue in the highest degree.

The best linearity is obtained with the supersonic delay tank and the
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high-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 cyelic 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 coefficicnts 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. HuLsizegr, R. B. LEACHMAN

PHASE MODULATION AND AMPLITUDE COMPARISON

This portion of the chapter describes several time-modulation circuits
that employ a method outlined in Sees. 3-9 and 3-15: 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 fo operate from an external trigger
and hence employs a pulsed oscillator. Its tank ecircuit is tuned to
81.955 ke/sec and is mounted in a temperature-controlled oven for
frequency stability. Quadrature voltages (Fig. 6-2d-g) drive the
condenser phase modulator, whose output is amplified, squared (Fig.
6-27), and differentiated as a method of amplitude comparison. The
bleck labeled ‘Pulse Selector’ performs the operation of generating an
exporential 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. 6-2k) which is then shaped (Fig. 6-2!) and made available at 120-ohm

142
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level (Fig. 6-2m). The circuit thus provides a single pulse, time-modu-
lated with respect to the external trigger from zero to 234usec.

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 usec, generating
a negative gate at the plate of V.

The second circuit section (Fig. 6-4) generates and phase-modulates
the pulsed sinusoid. Normally the tuned circuit Z, is clamped between
the plate of V3 and the cathode of V4 is overdamped with an average cur-

+300v
3k Negative wide
gate
218k
4 < 0(‘){|
3 +63v L
~— :'I5k *0.25
> b
0.01 d 1
N 2470 T470
Trigger < unf

F1a. 6-3.—Wide-gate monostable multivibrator.

rent of about 12 ma flowing through it. Cutting off V; and V, with the
wide gate starts oscillations in the tuned circuit which are coupled to the
feedback and phase-shifting amplifier V5. Feedback to sustain the initial
amplitude of oscillations is provided through R;,. The RC-constants in
the cathode circuit and the RL-constants in the plate circuit are adjusted
to provide quadrature voltages at the plate and cathode. These are
applied to two paraphase amplifiers V¢ and V; which in turn drive the
condenser phase modulator.

Amplitude Comparator.—The phase-modulated output is amplified
in V3 and V,, 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 V), 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 Vi,. 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 V', operates
with its grid normally slightly positive. When the plate of Vo starts to
fall, the plate of V1, starts to rise rapidly since V,, is then operating with
maximum g.. Differentiation in C; and R, 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 2a 6AC7. A shift of

Pulse-odding Pulse Pulse-shaping
sawtooth swilch  network selection amplifier +300v

110.25
T,
Neg. ||€
e 120
gate ohms
Selected

time-modulated
pulse

6SJ7 J_ 6AC7
Viz 100 Vi3
uut
Time-moduloted pulses

F1a. 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 V4 is a switch tube operated by the
negative wide gate. Its plate circuit contains an RC-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 Vi3 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 V3.
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 V4 and V,; and the pulse transformer T\.
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

Starting pulse
HOE gt -154 yords

Error in yards
Q.

-5

-10

L. ey Smve [ SN TSN N SN S [ T U UV (N U T NN N N N S S G |

O 1 2 3 4 5 6 7 8 9 100l 121314 15 16 I7 18 19 20 21 22
Range in thousands of yards
Note: measurements made ot
intervals or | microsecond

o (or 163.91 yords)

Error in yards
1
o
T

1 | S WS WS N (U AU NN G N NN SN WA SN MY SR | 1
2223242526272829303!3233343536373839404!424344
Range In thousands of yords

F16. 6-7.—Results of laboratory test of two-scale 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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amplitude selection is thus avoided.
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The error to be expected in time selection by addition and

Figure 6-9 illustrates the timing relationships of the operations.

|
|
Figure 6-8 shows the block diagram. ’
|

A B C D
wid 163 ke /sac o Continuous - Amplitude
! " puised phase comparison
gate osciltator modulator circuit
=
- //
= Mechanical control
Trigger- P
input E F G
Linear sweep Yo ~mit
time sezler:tli:\ > Pulse
9
modulator ofe selector i
{coarse scole) 9 !
]
Time moduloted pulsa
T16. 6-8-—Block dingram of Precision Range Indicator.
t )
Trigger ,\ 7
Wide gate ;L f L_
Pulsed
oscillator

Phase shifted
oscillations

Time-moduloted

pulses

Coarse-scale

time-moduloted

pulse

Selecting gate

Time-modulated

pulse

|
Fia. 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 oscillator

Vs of Fig. 6-11 was designed for maximum frequency stability. The
tuned circuit and feedback resistor are installed in a temperature-con-
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trolled oven; the effect of heater-cathode capacitance variations in Vy is
reduced by using a floating heater transformer connected to the cathode

+250v
P, > > L
100k2 M3 SaTk T 229
500k
15k
Positive 9
trigger 47
input Negative
it “ﬁf wide gote
v output
27?
M
-t . N v,
7% SSNT L % 6SNT

S100k
s

a 7k:= F0.01

.. Trigger amplitier

Muttivibrator
— 105V

Fra. 6:10.—Wide-gate multivibrator of Precision Range Indicator.

Cathode
Oscillator Feedback follower
+250v switch tube amplitier +275v
T g |z
input Yo 6SN7
r( 0.0) Vs
>—-|ij 6537
6V6e
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f¢ 6 modulating
680 = 0.0l - circuit
< — B4 K b
680Kk wu : f f-;:-:}-
! ) =V | oo
1 Stk =
i 4
i T [
| >
35k 20k 1 322K 3680k 470
T Envelope ! TV, ™ €0 cps
800 contro! | fils 10v
pnuf i A-c
| Filament
4 UV 3 transformer

Frequency control

¥~ Temperature - controlied oven

Fia. 6-11.—Pulsed oscillator of Precision Range Indicator range unit, 163 kec/sec.

follower V, and a 6SJ7 was chosen as a feedback tube V5 because its
characteristics are more stable than those of the 6AC7 used in the example
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of Sec. 6-1. Data show a frequency variation with tube changes of
+0.025 per cent for eight tubes of assorted manufacture for each of

Vl, Vs, a.nd Ve.

moduloted sinusoid

| Shifting

163 kc/sec
Input from

163 ke /sec Phase Zﬁﬂl

/]
6v6 C.F \
b
<

UX-7361A

N

e

UX-7361A 1

< R
6 F'IO(S Rs

TFi1c. 6-12,—Precision Range Indicator phase-modulating circuit.
component specifications.
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See Table 6-1 for

163 kc/sec
Phased
oscillations
input

250v

390v

Positive time-
dulated

pulses
output

3
1O

Amplitude

Blocking osciliator

Fia. 6:13.—Precision Range Indicator amplitude-comparison circuit for generating time-

modulated pulses from phase-modulated sinusoid.

Figure 6-12 shows the quadrature network for driving the condenser

phase modulator, and a two-stage amplifier V;and V.

The input resist-

ance of the amplifier is 1 megohm, compared with about 1.65 megohms 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.—ParTts LisT ror Fic. 6-13

Item Value Tolerance, %| Wattage Miscellaneous

R, 100 ohms 2 ww potentiometer

R, 2k 2 1 WW precision

R, 2k 2 1 WW precision

R, 510 ohms 3 ww

Re 1k 2 Potentiometer

R, 1k .. 2 Potentiometer

R, 510 ohms 5 ) ww

R, 1M 10 S P
Ry 150 ohms 5 2
Ry 7.5 ohms 5 5
R, 62 k 5 L
Ru 680 k 10 E 22 P
Ry 150 ohms 5 2 O
R 62 k 5 T N
C 75 puf .. .. Air trimmer, 180° balance
Ca 120 puf 5 . Silver mica

Cs 0.001 uf 2 .. Silver mica

Cq 0.001 uf 2 .. Silver mica

Ce 0.0022 uf 10

Cy 0.0022 uf 10

Ca 0.0022 puf 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 Via, Vi3, Vi1, and Vs,
and an amplitude-comparing diode Ve; the latter is controlled by the
linear range potentiometer that is geared to the condenser phase modulator.

The selecting gate is formed from the comparator output pulse by an
amplifier and blocking oscillator, as shown in Fig. 6.15. The grid
bias of the second amplifier is obtained from the grid of the blocking
oscillator, which supplies a large negative exponential immediately follow-
ing the 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-

Diode fesdback- switch

', 6H6 A
P 1
- |
ol !
180% { - Slope |
Rcmgo | control :
contro
250k " )
|
|
\y ]
2k 1
T~0004 P
[} ero
7365N7 % ? ,/bfmrol
Zd
Duol

potentiometer

Positive course
scale pulse out

7

002 1
I_ 0.004 = Restoring 30k
Negative diode

wide gate inr
Switch tube — j- -105 Amplitude Range
Cothode follower compaoring diode potentiometer

Fi1a. 6:14.—Precision Range Indicator linear-sweep time modulator.
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Y2 mile gate
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i e =
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scale iy
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4 4 —
100k 2 o) F0u 0.02 | Monitor
1507 putse
47k} L0k L
O.l :: < 210
Trigger amplifier ) Trigger amplitfier [ Blocking oscillator
-8y — gate generator

F1q. 6-15.—Precision Range Indicator 6-usec pulge-selecting gate generator.
lowed by a correspondingly large 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 the pulse transformer to absorb the undesired negative swings. A
still later version employed the pulse-selecting gate to shut off the linear
gweep generator, thus causing the undesired pulse to occur while the
gecond amplifier grid was still at a large negative potential. Figure 6-16
shows the pulse-selecting circuit,
a suppressor gated 68J7.
Although this circuit appears a7k 10%
more complex than that of Sec.
6-1 because of the linear sweep

+250v +270v

Ok Selecied,

1 it com- L accurote
generator, diode amplitude com 001 = accurate,
parator, and separate pulse selec- puise

tor, nevertheless it requires only —- 000! 300

three more tube sections, and one  [omie

less envelope, and does not require  * =

an exponentially tapered poten- ——Tgﬁ T

tiometer. Furthermoretheerrors Y — l

of amplitude comparison due to =

the exponential selecting wavye- Flo. 6:16.—Precision Range Indicator pulse-
.. . selecting circuit.

form are eliminated. The sine-

wave amplitude comparison is also better performed by the diode than by

the pentode.

In the circuit of Sec. 8-1, the fine-scale pulses are spaced at 12.2 usec
and the total range is 470 usec, 50 the pulse-selection circuit has to be good
to at least +1.3 per cent. In this circuit, the fine pulges are spaced at
6.1 usec, and the maximum range is 244 usec, giving & coarse-scale
accuracy requiremeunt of +1.25 per cent. The errors of the circuit of
Sec. 6-1, as indicated in the graph of Fig. 6-17, do not exceed £0.075 usec
in 463 usec, or +0.016 per cent. The errors of this cireuit are about the
same fraction of the total runge, but the absolute accuracy would be
higher because of the higher oscillator frequency, and should not exceed
+0.04 usec over all.

6-3. Scale Coordination by Frequency Division.—Onpe radar range
unit is distinetive in that as a primary time standard it employs oscilla-
tions whose frequency is an order of magnitude higher than in the
previous circuits. Furthermore, its method of coordinating the fine
and coarse scales is unusual. Two identical sets of dividers generate
a trigger and a time-modulated pulse from phase-modulated and refer-
ence-phase sinusoids, respectively. A change of 360° in phase of the high-
frequency sinusoid time-modulates the output pulse an amount equal
to one period of the high frequency. Thus the number of revolutions of
the phase modulator required to traverse the recurrence interval is equal
to the frequency division ratio. The arrangement of the functions is
indicated in Fig. §-17, The crystal oscillator of the first block is similar

ulated pulses
= 18v
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to those previously shown.
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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-cutoff

characteristics of a triode used as a squaring amplifier.

This practice is

820 ke /sec Sinusoidoal Time modulated
crystal frequency puise
osciliafor divider 200/
; Sinusoidol RF switch
Inductive i
" {requency ——>trigger
phase-modulator divider 200/

Fia. 6-17.—Block diagram of range unit using phase modulation and frequency division.

perfectly reasonable at this frequency since a whole cycle is only 1.22 psec
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

4to1,5t01,5t01,and 2to0 1.

+250v

10k ¢

| fotfowing
T divider
Tuned
circutt to

15 p:
puf
,

== 1 205kc/sec

The first three employ tuned circuits in

one plate of the multivibrator to
increase the stability of division.
Figure 6-18 shows a typical di-
vider circuit. The last stage of
frequency division is performed
by a scale-of-two counter.

The unambiguity of the time-
modulated pulse relies on the fact
that when the power is first turned

on the multivibrators are made to
divide in isochronism with the
range counter set to read zero
range. Before this is done, there
exists a random probability that
L ' any particular 820-kc/sec cycle
820" ‘;%s:f square will be the one that is isochronous

with the 4.1-ke/sec time-modu-
lated pulse. The method of cali-
brating is to set the range counter
to zero and couple the first three
pairs of dividers together. If these dividers operate undisturbed after
the coupling is removed, there will result a time modulation between the
range-indicating pulse and system trigger which will be continuous and
unambiguous for 200 revolutions of the phase-modulating goniometer.

13900 T TN H

b >
g0k $330k

12uuf

Fi1Gc. 6:18.—Multivibrator frequency di-

vider designed to operate between 820 ke

and 205 ke, with tuned plate load for stability
of operation.
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In fact, the 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,

Handwheel I

Biock B Block C
Input :I‘::“ ‘:" Puised Phase
Trigger 9 oscillator modulator
Y
Block D Block E Block F
Phontostron Pulse Phose
fime moduiator generator detector
i 1
Time modulated pulse
Block G
Error signal
amplifier
and filter

Fia. 6:19,—Proposed range-unit 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-584 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 usec.

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 be 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 distinguish
one node from another. Thus a momentary power failure or disturbance
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 be
described briefly by saying 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 linear
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 the
dial. If the linear time-modulator control voltage differs from that of

51k S0k :‘:750 ]—_
r—MN_‘V‘ -

(\— - 105v
— ’Bias control [
S 10k 3150k
Phase shifted Positive time S
oscillations in $——it modulated pulses in 105v
j e Calibrate Operate
-
\
0.006 %2 —
1 Phase Amplitied
‘:IOK detector # 6SL7 detector
1 . err|('>r N vgno e :o
— 1t voltage YV ‘ ontastron
-] 9 10 M Snm
— To.ool To.l
+
L. 43k 100k 300v i

Fi1a. 6-20.—Phase detector and error-signal amplifier of proposed sine-wave tracking time
modulator.

the potentiometer by an amount greater than that required to displace the |
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 reliable ;
design yields a system closely parallel to the systems of Secs. 6-1 and 6-2.
The accuracy of the pulse is limited in the latter systems by the stability
of the operations of amplitude comparison and pulse selection, in the |
former by the stability of the phase discriminator. The only economy of
sine-wave tracking is the elimination of the circuits for generating pulses
from the sinusoid.

The two circuits required by this method of time modulation that :
have not been described previously are the phase detector and the error- :
signal amplifier and filter. They are illustrated in Fig. 6-20. A complete |




SEc. 6-5] THREE-SCALE SYSTEM

157

discussion of automatic time-modulation systems is contained in Chaps.
8 and 9 in connection with automatic time mecasurements. Time dis-
criminators are also treated in Chap. 14, Vol. 19.

93-ke/sec Quadrature 93ko/sec
oscillator network phase
moduiator ‘
93to 9.3-kc /sec
8:3%¢/sec Quodroture phase
divider modulator v
9.3-kc/?ec Quadrature 930-cps
to 930-cps network . phase
divider modulator
» Mork o Time- Coincidence
arker o Oulput modulated for
coinciderice marker system system
trigger trigger

Fia. 6-21.—Block diagram of AN/APN-3, Shoran, time-measuring circuits.
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Fig. 6:22.—Gearing mechanism of AN/APN-3, Shoran.

6.6. Three-scale Phase-modulation System.—Shoran or AN/APN-3!
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.

t AN/APN-3 manual; RCA, Industry Service Division, Jan. 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 ke/sec,

obtained from a crystal oscillator

and two sinusoidal frequency
0.02 dividers. Figure 6-21 shows the
1?35 block diagram, and Fig. 6-22
2 shows the gear mechanism. The
W 100 . Rotor following discussion mentions the
855 LE*'&’P three distinctive circuits of this

a 855 L, ghgsEE:gulalad SYSt;E‘; . .
%3 hesse is unit is unusual in that
0403 many of its electronic manipula-

tions employ sinusoids rather than
pulses.
Inductance Goniometers.—A
Fia. 6-23.—Phase-modulation network at typical quadrature network for
93 kejoes wing industence soniomeies  driving the goniometer is shown
ings. Ls is the rotor winding. in Fig. 6.23, where the values
apply to the 9.3-ke/sec circuit.
The circuits for the other two frequencies are similar in arrangement
and impedance. The goniometers are similar in construction for the

L
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Fia. 6-24.—8inusoidal divider circuit.
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,
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F1e. 6-25.—Amplitude-comparison and pulse-selection circuits of AN/APN-3, Shoran.
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different at each frequency. Phase modulators of this type are described
in detail in Chap. 13, Vol. 19.

Sinusoidal Frequency Dividers.—To obtain sinusoids at 9.3 and
0.93 ke /sec from 93-ke/sec crystal oscillator to drive the phase-modulator
circuits, frequency division is performed by the well-known sinusoidal
divider circuit. A typical circuit is shown in Fig. 6-:24. Tube V;is an
intermodulator, and V', is a multiplier. The scrambler signal is a slowly
recurring pulse required because the divider is not self-starting. The
operation of this circuit is described in detail in Chap. 15, Vol. 19,

Amplitude Comparison and Pulse Selection.—Figure 6-25 shows the
circuits for coordinating the three time scales. The 930-cps sinusoids are
fed to Vi, which by virtue of grid-leak bias conducts only on the positive
peaks producing a plate waveform as shown in Line 4 of the timing
diagram. The tube Vs, similarly biased, flattens the peaks and inverts
them, forming positive square gates about 100 usec long. The width of
the gates is dependent on the grid-cutoff potential and the amplitude of
the 930-cps sinusoid. Amplitude comparison of the 9.3-kc/sec sinusoid
to form a square selecting gate is performed by Vs. The large series grid
resistor prevents the grid from being driven positive on each cycle, but
allows the grid to go negative below cutoff. The resultant plate wave-
form is a rectangular positive gate, which is then differentiated in the
output circuit to form positive and negative triangular pulses with a time
constant of 6 usec. The positive pulses are slightly flattened by the
diode V;in the process of developing bias for the second control grid of the
pulse-selector tube V3. The tube Vsis merely a cathode follower to drive
the grid of V; with the 93-kc/sec sinusoids. The first grid of V, is grid-
leak—biased so that it conducts only on the positive peaks of the 93-kc/sec
sinusoids. The second grid is biased by the rectified voltage developed at
E by V7 and conducts on the positive 6-usec pulses from V. The screen
is normally at ground and is driven positive with the 100-usec square wave
from 930-cps circuit. Coincidence of these three waveforms produces in
the plate transformer of V; a negative pulse that represents the peak of
the 93-kc/sec sinusoid. The transformer of V;is a differentiating trans-
former and hence its output voltage represents the derivative of the peak
of a sinusoid which goes through zero exactly at its peak. The positive
portion, as indicated in line F, is amplified and is used as the time-modu-
lated pulse.

The system trigger, or time reference, is formed by a similar pulse
selector driven by the reference sinusoids of the three frequencies.! The

t The actual radar system employed the phase-modulated sinusoids to form the
system trigger and the fixed sinusoids to form the time-modulated pulse. The par-
ticular advantage of this method, as in the circuit of Sec. 6-3, is that the time-modu-~
lated pulse remains fixed with respect to the circular-sweep display formed from the
sinusoids.
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resultant system has the advantage, similar to that of Sec. 6-3, of being
able to time-modulate continuously from one recurrence into the next if
the range-indicating dials are properly designed.

The Shoran system illustrates the ease of increasing the number of
scales in order to achieve greater accuracy or greater reliability. In this
circuit, the inductance goniometer has an accuracy of about +7% parts
per thousand, causing a +0.08-usec error; the indicators provide resetta-
bility of 0.02 psee. This is slightly higher than the errors of the system
of Sec. 6-1, 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 +7.5 X 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
ke/sec, dividing down to 370 cps. In this way he might have measured
+0.008 psec out of 2640, or three parts per million, if the 930-kc/sec
crystal oscillator and the receiver bandwidth were adequate.

CIRCULAR-SWEEP DISPLAYS AS A METHOD OF PHASE MODULATION
AND AMPLITUDE COMPARISON

As is 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 defines the time-modulated instant in that selected
circle.

6.6. Circular-sweep Time Modulators, SCR-684.—An example of
this technique is the range unit of the SCR-584," a widely used fire-control
radar. This uses a two-scale time modulator with an 82-ke/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 Fig.
6-26 illustrates the arrangement. A crystal oscillator provides quadra-
ture voltages for the circular sweep and 12.2-usec pulses for the multi-
vibrator divider and trigger selector. The division is from 82 to 16 to 5.1
to1.7ke/sec. The output square wave from the 5.1-ke/sec multivibrator

t A description of the circuits of this system has been written in ‘‘Electronic War
Reports,” Electronics, 19, 2, (Feb. 1946).
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drives a tuned Class C amplifier to form a 32,000-yd circular sweep as the
long-range sweep. This sweep is not necessary in the time-modulation
process, but aids the operator in finding which of the 2000-yd circles to
intensify with the coarse-scale gate. A mechanical index appears in
front of the 32,000-yd sweep and is rotated 1% as fast as the cursor on
the 2000-yd sweep.

The 1.7-ke/sec divider provides a selecting gate at the PRF which
selects one of the 82-kc/sec pulses to form a trigger that is well defined
with respect to the 2000-yd sweep, a technique that is discussed in detail

—_——

r—————————~ | 2000yd. J-scope

l—. sweep voltoges
r————

82-kc/sec 20 ke/sec Delay 2000+yd J.scopy.d
crystal fro—i multi- ——1 multi- =1 intensity intensity
0sc. vibrator vibrator Qote grid

S ke/sec
5_ k_c/soc | tuned " | 32,000yd J-scope
multivibrator amplitier |——— [ sweep voltages

—
Modulator
] f trigger
17 kc/sec . Wide gate 32,000-d
N Trigger ; J-scops
multi- Lo o] multi- " intensi
) selector . intensity
vibrator vibrator grid
]

——

Fra. 6-26—Block diagram of SCR-584 circular-sweep time modulator. (Note: wide gate
delay omitted for simplicity.)

in Secs. 48 and 4'9. The wide-gate multivibrator acts to intensify the

first cycle of the 32,000-yd circular sweep, the remaining two cycles

being blanked to avoid confusion.

The trigger also initiates the coarse-scale delay multivibrator that
is controlled by a potentiometer geared to the cursors. Turning the
range-tracking handwheel moves the cursor on the fine and coarse
sweeps, and causes the intensity gate to move around the circular sweep
continuously. The coarse scale need be accurate only to about +800ydif
its full width of 2000 yd is used. Since the intensity gate provides target
discrimination by receiver gating, a shorter gate width is often used,
whereupon requirements on the coarse-scale time modulation become
more stringent. To overcome this weakness a field modification consist-
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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 recciver 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. Block A —
. -

Wurzburg Range Unit.—Re- Golrzl/sec 3:55‘;‘;?,. swee
ports indicate that the German oscillotor [ P
Wurzburg fire-control radar em- -
ployed a type of time modulator
very similar to the SCR-584. The {
basic difference is that in the
Wurzburg the coarse-scale time

Block B | 40km

modulat{on is provxdefl by phase orl5) Divider -stope sweep
modulation and amplitude com-

a . —
parison at 3.7 kec/sec, instead of
by a delay multivibrator. Both
the PRF and the long-range cir- Intensity grid
cular sweep as well as the quadra- BlockC pockd | g;oif m
ture voltages for the phase Gonlometer  |—s{ Narcow o
modulator are formed from the dhitter gate | _ Intensity grid
3.7-ke/sec sinusoids. This makes scope

the wide intensity gate unneces- Fic. 6-27.—Block diugrgm of Wurzburg
. . range untt.

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-718 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
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from 5000 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 usec, accurate to 0.38 usec, and continuous
time modulation over any 125-usec interval Furthermore the PRF
trigger must be supplied by the range unit.

PRF tri
BO kc/sec fto rioger
cr){stul A 10t B 281 c modulator
oo [T| Oivider Divider >
generator

Interpolating [ E Puise D Selecting | F Selecting
: ofe
time selector ¢ gate ¢ glime _"
modulator generator
modulator
G

Time measuring Sweep
pulse trigger

F1a. 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 629 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 80.86-
ke/sec crystal oscillator generates current pulses which trigger the
blocking oscillator V: through the pulse transformer. Blocking oscil-
lator V. then supplies negative pulses spaced at 10.75 usec, waveform 4,
across the 120-ohm plate resistor.
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A Timing pul T

FVTTRRERTUNNRTINAN

(82 kc/sec recurrence)

B 101 divider

C 25:1 divider:
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h?

—Selecting
| gate delay

[ Sélecting
gate

E Output of putse

Selector
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G Time meosuring

b-—----3

puise

Fia. 6-:29.—AN/APS-15 range-unit waveforms.

The subsequent circuit is the ten-to-one pulse divider of Fig. 6-31.

The division is done in two steps,
first a two-to-one division, in V,,
and then a five-to-one division in V,.
Two stages of division are used for
greater stability, decreasing the need
for calibrations. The output wave-
form is as shown in B of Fig. 6-29.

Pulses recurring at 10-mile inter-
vals are obtained, one of which is
selected to trigger the interpolating
time modulator.

Since the maximum time to be
measured by this system is 2240 usec,
the interval between successive PRF
triggers has been chosen to be about
3000 usec to allow the circuits in
the radar system to return to the
quiescent state before the next trig-
ger occurs. A 25-to-1 blocking-
oscillator divider synchronized by

B0kc/sec crystal

oscillator Pulse generator
Utah S 250v
OAI8 3120 Epp
= |-mile
pulses
,L?, 150 T ‘ ‘
ppf
10 20 3
v V2
—— r—/
| 8086 -
W kc/sec
T xtal
2.2 750 6SN7 |
S 2.
SM E 510 8(
[=24 500
o _[/.mf

i+

Fic. 6-30.—AN/APS-15 pulse generator,
82 ke/sec.

the 10-mile pulses is used to generate the PRF triggers. This circuit is
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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 V5. The stability of a one-stage 25-to-1 blocking-

Eep
250v Reg.
2120 2120
10 mile
pips out
Utah
620? 0Aa18
By
Yy
6SN7 V‘
S1o0k  120% 68K
1000
B: t
At'llsou e
4
51 Divider 21 Divider

F1a. 6-31.—AN/APS-15 ten-to-one dividir.

Epp
——T—P 250v
10 mi. pulses Utah
from v, OAIB
_10.001 L >
T %H “ 510 327
1
Neg. PRF
= trigger
v Ve
—
% Qutput
trigger
‘ > to \
it
6SN7 ‘;Ik fronsmitter
L 0.001
%«20 jzn TO.l
___LCothode

follower

Fra. 6:32.—AN/APS-15 twenty-five-to-one divider, generating PRF pulses.
oscillator divider is not great, and it may vary one or two from the
preassigned ratio of 25 to 1. This does no serious harm because syn-
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chronism with the 10-mile pulses

AN/APS-15 RANGE UNIT

167

is always maintained by the block-

ing oscillator as shown in C of the waveform diagram. By use of a

8 mile
Phantastron Cathode follower Selecting gate out =+~  +250v
Amplifier ¢
<
| Slope adjust.
325k 247TM  2IM
1 Plote catching diode
56
Sk
3.9k {
b 0.004 coorse scole o
step switch
I
! 51k Fd 20 — |
10k 3k 2.4k3
* 3 3
Neg. recurrence b
trigger in 4k
2ero adjust
2 24K 240k _;__

F1g. 6:33.—AN/APS-15 selecting-gate time modulator: phantastron.

cathode follower V¢ 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 V2 whose out-

Triode
pulse Blocking
selector osc. +250v
$225k $300 Sefected
10-mi. puise
UTAH e
| QA8 2 3
+8-mile selector 43” \E
gate from 14, 5 6
Cl
n
> Ly iy -
V& ] L
- 2710k
» L8 6sn7 | Vi
=10-mile 1k
pulses 4
150
fromV, ! kLo 27k % oyL >0.001
. 27Tk YT 27k I‘

Fia. 6-:34.—AN/APS-15 ten-mile pulse selec-
tor, and blocking oscillator.

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. 57 and has a
range of modulation of from 0.5 to 15.0 miles. The phantastron Vy,,
V14 of Fig. 6-35 generates the waveform F of Fig. 6-29. Its trailing edge
triggers the pulse generator Vs, Vig 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

Interpolating Plote-cafching Amplifier and’
phantastron diode Amplifier blocking oscillater 4250,
l 1 10k 27k
- 4 Time -
200k giM 220k 2IM v, 7; moduloted
e —
(i) plasshT 0.006 pulse
avl L” PANG 1o out
I : 10k |
S5k
50 =
i ooe

N
N
~
=
3
=
AN
S
x
er
A
=

[

'y
Step-delayed trigger
in from V12

Frc. 6-35-—AN/APS-15 interpolating time modulator (phantastron) and blocking
oscillator.

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. Furthemmore, 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.

20kc/sec D c:m_:m E Amplitude
LC osc. modulator comparator
L
] Manual
D it Tkt R T~——"- control and
JI ; counter
2-ke/sec .
1031 divider 74 Step Continuous
pulses potentiometer potentiometer
A
Step-deloy Pulse 500 1o
PRF
divia | B | pulse | C.] selecting G, gS,OOOy sec
vider sefector phonfastron time
modulated
pulse
ke /sec AV b b i L]
puises 4 : :
1
] 1
PRF pulse ﬁrﬂ H
Selected C J.ﬂ
pulse P S~
2-ke/sec Al V” |
pulses |
)
[
sinusoid | -
Phose E 1
moduloted : p [ ] h ] | b { 4
sinusoid e S N N
] 1 i 1 1 ' 1 1 ' 4
20-ke/sec F| . | | | I | 1 I i i
pulses : :
Pulse Gl Y 'R
selecting !
phontastron :
Pedestal H -
Fra. 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 500 to 25,000 usec with
an accuracy of 1 usec, the system employs a step delay to select an
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accurately time-modulated trigger to initiate a two-scale time modulator
to interpolate between the steps. The two-scale time modulator employs
phase modulation and pulse selection as in the circuits described in
Secs. 6:1 and 6-2. The circuit technique represents the most recent
practices and uses subminiature tubes and other components that allow
the circuit to be built on small subassemblies, each representing a func-
tional unit of the circuit. Repair of the time-modulation unit then
involves only locating the faulty subassembly and replacing it in its
entirety.

The block diagram and the timing diagram are shown in Fig. 6-36.
The divider circuits are discussed in Sec. 4-11 and the use of the system

20-ke/sec sinusoids from V),

‘F—LMDJ utTC
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°9I‘|o“
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9‘0 CANI ‘9 . 6K4 6AKS _ +300v 6Ca
L] A
il Thres-phase 3 $200k,
ot Pt N cond 251k 3 560
7.5k | 26k |0.00 phase-modulator uut
25k N
Vs %
25k ;:: AL:-
! 11
75k 3 75k3 g2k
<
]
2 2 s .8
391k M3 33k%: M3 ==T
/
-105 v = A\A 0002

1L.2M 33k
F1a. 6:37.—Phase modulator of lightweight direct-reading L.oran time modulator
This circuit provides three phase voltages from a 20-kc single-phase sinusoid. A condenser-
type phase modulator provides a phase-modulated sinusoid to the cathode follower and
amplifier Ve and V3s, whose output synchronizes the blocking oscillator Vae.

as a time-measuring instrument is discussed in Sec. 7-30. The step
potentiometer that picks one of the 500-usec pulses to initiate the inter-
polating time modulator, the continuous potentiometer that acts to
select one of the time-modulated 50-usec pulses, and the condenser
phase modulator that phase-modulates the 20-ke/sec sinusoids are all
geared to one control and to the counter that indicates the total time
modulation (see Fig. 6-40).

The first circuit to be considered is the 20-kc/sec phase modulator.
The oscillator and driver circuits are described in Sec. 4:11 and are shown
in Fig 4-27. Figure 6-37 shows the network for producing 3-phase
20-ke/sec voltages, the 3-phase condenser phase modulator, and the
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F1g. 6-38.—Step-delay time modulator and pulse selector. This circuit is triggered by
the PRF pulse and generates a sawtooth waveform. 20-kc/sec pulses are added to the
step-delay potentiometer voltage, enabling the diode to select one of them by amplitude
selection. The resulting current pulse Vi shuts off the phantastron and generates a step-
delayed trigger.
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Fia. 6-39.—Interpolating time modulator, selecting one of several hundred time-
modulated pulses, spaced at 50-usec intervals. The operation of the circuit, a pulse-select-
ing phantastron, is described in Sec. 4-9.
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amplitude-comparison cireuit. The 3-phase condenser system 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 6AKS
and directly synchronizes the blocking oscillator V3. Amplitude com-
parison of the sinusoid is thus performred in V3 with reference to its

To course range To fine range
ohantastron phantastron
1-turn
Micropot

V4 turn
detent

mechanism To omplifier

To phasing
circuits

2500 i sec/rev,
50004 secrev.

Modified
Veeder - Root
countar

Thousands  Hundreds
Ten-thousands

Coarse delay Fine delay
hondwheel handwheel

A = Transfers
B = Ditferential

Fia. 6:40.—Schematic diagram of mechanical time-modulator control unit of direct-reading
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 intercst is the pulse-selecting step delay, Fig.
6-38. The PRF trigger initiates the rundown of a 6AS6 plhantastron,
which continues until the plate voltage equals the sum of the step-delay
potentiometer voltage and the amplitude of the 500-usec pulses. The
first 500-usec pulse after the occurrence of this equality will cause con-
duction in the diode V., shutting off the phantastron and providing a
step-delayed trigger 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 V2 due to one of the 500-usec pulses. Thus the trigger
to the interpolating pulse selector is truly the result of time selection of
one of the 500-psec pulses. 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. 6-39, employs exactly the same
technique as the step time modulator except that the selected pulses are
time-modulated rather than fixed, and the potentiometer voltage is
varied continuously rather than in steps. The trigger to the indicator
pedestal generator is obtained by differentiating the screen waveform.

The three scales 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 psec—that is, four 500-usec steps. Through bevel gears with a
1-t0-2} stepdown the input reaches the “output’ shaft of a differential.
Through the differential there is a 2-to-1 stepup which is geared to the
hundreds wheel of the counter with a 2}-to-1 stepup. The gear on the
differential is prevented from turning by ordinary counter construction.

The input from the fine delay control at 50 usec per revolution, reaches
the units wheel of the counter through a 5-to-1 stepup. Transfer from
the units wheel to the tens wheel is normal. From tens to hundreds the
transfer is accomplished through the 1-to-1 action of the differential by
having the transfer pinion drive the differential gear which also drives
the hundreds wheel of the counter after going through the differential.

The counter then gives the total delay reading by adding the outputs
of the coarse and fine delay circuits on the hundreds wheel by means of
the differential.

The switching and various controls serve much the same funetion
as in conventional Loran systems. All the controls and switches neces-
gary for lining up the system and for taking a complete Loran fix are
mounted on the control unit with the exception that the CRT controls,
which are placed on the separate indicator unit.

It is interesting to compare this circuit with those of Secs. 6-1 and 62
on the basis of economy. 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 Sec. 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 blocking 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 § usec out of 25,000, or 0.001 per cent. Figures of
this accuracy are justifiable since the frequency of the 20-ke/sec oscillator
is controlled by automatic frequency control with reference to the ground
station PRF, which is held to better than 1 part in 107 of the correct
frequency.

An example of the construction technique permitted by this eircuit
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
s o . e e —

\ \ . i

e —

X-1241-8

LM.“__ R — Cl L

F1G. 6-41.—Subassembly containing interpolating time-modulator circuit of Fig 6-40 and
the phase-modulated 20-ke¢/sec amplifier and blocking oscillator of Fig. 6-38.

circuit associated with V35 and Vo of Fig. 6:37. The bakelite portion
of the card, on which the parts are mounted, is 324 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,
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6-1 and 6-8. Some economy is effected in the frequency-divider scheme
of Sec. 6-3 and in the sine-wave tracking scheme of Sec. 6-4, but reliability
is sacrificed. The only system described which can be controlled by an
electrical rather than mechanical signal is the step and interpolation time
modulator of Sec. 6-7. For time modulation in conjunction with an
electrieal computer this feature is valuable.



CHAPTER 7
MANUAL MEASUREMENTS

By BrirroN CHance aNp E. F. MacNicHoL, Jr.

GENERAL CONSIDERATIONS
By BriTroN 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. Fconomy 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 means of cathode-ray-tube dis-
plays are given in Vol. 19, Sec. 149, 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 tofollow 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. Butin 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
davices 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 chapter is also a logical extension of the discus-
sion of methods for the determination of distance and speed presented in
Sec. 2-11.

T-1. Uses.—Cathode-ray-tube displays are employed for two general
types of measurements: (1) the measurement of a time interval, which
may be regarded as unvarying, 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, etc.

The design considerations involved in these two cases differ consider-
ably, since the first case involves the static accuracy or resettability
with which the time interval may be measured. The second case, how-
ever, includes in addition mechanical tracking aids that generate and
maintain the 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.

Fized Time Intervals.—The standardization and calibration of time-
modulation circuits usually depend upon the use of cathode-ray-tube
displays. Similarly the calibration of the zero point of a range-measuring
system (see Sec. 3-6) involves this type of measurement.

Practically all the methods of rough position-finding for plotting
aircraft position, for navigation by Loran, and for certain types of air-
borne bombing depend upon the measurement of range, which is assumed
to be fixed at the moment of measurement. In certain systems where the
range is varying, similar techniques are employed, but the time cor-
responding to a given range is noted.

Variable Time Intervals.—It is desirable to move an index in synchro-
nism with the observed variations of the time-modulated signal. Inradar
systems in which the antenna continuously illuminates the reflector such
as radar range finders or position-finding systems employing a rapid scan
for angular data, the signal intensity never falls to zero for an appreciable
time and the time-modulated signal is nearly continuously available
to the observer. The tracking problem is relatively straightforward,
and manually controlled mechanisms for generating the rate of change
of range in response to observations of the displacement of the signal
with respect to an index are effective in giving reasonably accurate rate
information.

In many radar systems the excursion of the azimuth scan is equal
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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 from expected
characteristics of the time-modulated signal the probable rate of 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 tracking index
and the last value of the modulated signal (see Sec. 7-27).

CHARACTERISTICS OF DisPLAYS AND CURSORS

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 Vol. 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 are
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 tube (see
Vol. 22). The tracking operation is greatly facilitated by the fast sweep,
since it concentrates the operator’s altention 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 obtained in
one display, but this procedure is unsatisfactory in most cases.
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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

Fia. 7'1.—Range and azimuth index set near a radar echo on a PPI display.

Fig. 7-2—Type A display showing two Fra. 7-3.—Expanded type A or type R
signals and noise. 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 isrequired the problem of the operator
is complicated by the requirement for two-coordinate tracking (see
Sec. 7-28).

F1c.7-4~—Type J display. The signal may be selected on the slow sweep (a) and accurately

followed on the fast sweep (b).

{

(¢

Fia. 7-5—Type M display. The three oscillograms show the setting of a signal to a
step type of marker. In (a) the step is set too late; in (b) it is too early. In (c) the stepis
set correctly so that the height of the notch between the fall of the signal and the rise of the
marker varies rapidly with time difference.

7-3. Indices.—Although the range of a target may be crudely esti-
mated by a simple display without an index, the provision of satisfac-
tory indices greatly increases the accuracy and the ease of measurement.
The three types are applicable: (1) intensity-modulated indices, (2)
deflection-modulated indices, 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.”

Fized 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
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Fia. 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 usec and a reading of 3500 usec is
obtained. In (b) the spacing of the pulses is 50 usec and a reading of 350 usec is ohtained.
In (¢) the spacing of the downward deflection is 50 usec and the small upward deflections,
10 usee. Interpolation gives a reading of 24 usec. The total reading is 3874 usec  /Cour~
tesy of McGraw-Hill Publishing Company.)
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Fig. 7-7.—Display of fixed pulses on an exponential aweep (AN/APN-9) The time
delay is measured between the pulse marked '‘ cross hair’’ and the rise of the 50-usec pulse
on the upper trace. The ''fine’ scele reading is 20 plus 5 usec as indicated. The integral
number of 100-usec intervals is counted with respect to the 1000-usec marker and = zero
usec. The integral number of 1000-usec 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 1o 6000 psec. The total reading is therefore 6025 usec,

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.
b. 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.
b. 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. 7-18).

On the other hand, the mechanical index has been used in a number of
systems emnploying 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
rece’ved pulse is almost always used for a range marker. However, it

Type Diagram Correct setting Chief foults

Step 1_ Y \ Distorts signal
Signol seems 1o
Notch et B —ﬂ_ disappear in notch
. If.\] Signal seems to !
Pedestal —I off p

PP

Parallax moy be bad
Mechanical —|—— I) \ Accuracy depends on

linearity of troce

cp: ’ \ Rises of signal and
Intensified —_—— ;

noise elongate marker
obscured. by oo
high trace intensity

j \ Rises of signal ond

noise elongate marker
F1a. 7-8.—Types of tracking indices.

Blanked —_—

e . - R — L sm s f . ¥

Fi1g. 7-9.—Cathode-ray-tube display of notch presentatlon Although thls gives a

sensitive indication of the relative timing of signal and index, a weak signal may seem to
“disappear’’ into the notch.

b ?{

i8 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
position of a persistent echo as indicated by secondary Requirement a.
7-4. Circular Sweeps.—In deflection-modulated range-tracking dis-
plays, one has the choice of linear or circular traces, the former having
perpendicular and the latter radial deflection. Both the technical and
operational considerations differ considerably in these two circuits. In

Fi1g. 7:10.—A delayed and synchronized type B display. The brighter horizontal line is
the range index; the vertical dark line is the azimuth index. The oscilloscope photograph
shows the range and azimuth index set to the George Washington Bridge, New York City.
Because of the synchronization the target is maintained at the same position on the display
a8 the aircraft approaches the target.

the circular sweep with radial deflection, one has a continuous circular
scale which, when combined with a suitable selector pulse, may cover
a full scale corresponding to a large number of cycles of the circular-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. 7-4).
In the circular trace the signal moves about its circumference, 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.

Th= circular trace is generated with great simplicity (see Sec. 7-18).
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 7-10 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.

Accuracy CONSIDERATIONS?

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).
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.
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Fre. 7-11.—General relation of signal
and index. The two signals of height &,
and k2, 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.
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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 h;, and the
rise of a signal of amplitude h; 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
hy, but on closer approach of the
second pulse (D is decreasing), the
height increases linearly until it
reaches the sum of 4, and hs.

For negative values of D, the
amplitude 1is again constant as it
was Initially in region A. Therefore
in these two regions (4 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 7-12, where
the pulses are shown complete
and their overlapping portion is
designated by ¢. A measurement,
may be made by estimating the
duration of ¢, 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 Imuch more sensitive in zone
C of Fig. 7-11, and measurements
made in this region have been
termed ‘‘juxtaposition.”

L

(A) Index

e N

(B) Signal

[
] -

(C) Addition of index ond signal

F1a. 7-12.—Addition of signal and index.
This figure indicates the overlap of rec-
tangular waveforms A and B to give pulse
¢, thelength of which will indicate the amount
of overlap.

This may be defined as a resetting process in
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which the amount of overlap of two pulses is observed in terms of the
amplitude or intensity of their overlapping portions. Two types of
juxtaposition of signal and index are indicated in Fig. 7-13. Further-
more, the amplitude or intensity of pulse ¢ 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. 7-14, 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 (A) Index
fall times.

The application of these methods / \
of resetting to deflection- and in- (B) Signal - position §
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 /_1
pulses and speed of the time base m.'ion »
upon which the pulses are displayed.

7-7. Deflection-modulated Dis- m
play and Deflection-modulated In-
dex. Addition.—The accuracy of (E) Gap indication
resetting of o pulses under condic  Fie, T3 umispeuton of dene
tions where the length of their over- lapping portion of the two pulses c is &
lapping portion is employed us a smive oy of o omiaer of
criterion of the resetting is small () may be positive or negative with
compared with the accuracy of juxta- Tespect to that of (4) or (B) giving a peak

L. . or gap indication.
position as described below.

The operator attempts to reproduce the length of pulse ¢ of Fig. 7-12.
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

(C) Peak 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 0.1D/S, where
S is the sweep speed in millimeters per microsecond and D is the length
of pulse ¢ in millimeters.

Juztaposition.—A consideration of Fig. 7-13 indicates that the varia-
tion of amplitude of pulse ¢ is from zero to the sum of the pulsesa and b
depending upon their overlap. A variety of adjustments may be made.
For example, pulses ¢ and b may be
adjusted so that continuity between
the two pulses is established. On
the other hand, the setting may be

Fra. 7-14.—Flectrical superposition made when the amplitude of pulse ¢
of signal and index. Electronic switch- . .
ing of the inputs to the cathoderay- 15 equal to a fraction of a orb. But
tube display permits superposition of the rate of change of the amplitude
pulses (a) and (b). of pulse ¢ with overlap of ¢ and b will
be approximately constant regardless of the arbitrary ecriterion of
measurement. A preferred method of adjustment is one in which the
amplitude of pulse ¢ 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 ¢ and not its amplitude, with a consequent loss of accuracy.

A simplifying assumption applying to nearly all deflection-modulated
displays is that the speed of the time base S is large enough so that the rise

e R

i

(a) ®)
Fig. 7-15.—Juxtaposition at two values of sweep speed. The notch between signal and
index is clearly seen in (a). Although the sweep speed has been decreased in (b) until the

gap is confused with the spot of the cathode-ray tube, the height of the gap is still clearly
indicated.

®)
{a)

of pulse @ and the fall of pulse ¢ do not obscure the amplitude changes of
pulse ¢ which ocecur in the process of juxtaposition. A wide range of
sweep speeds is possible, as shown in Fig. 7-15¢ and b. In fact the sweep
speed may be so small that ¢ has a length comparable to the spot size
of the cathode-ray tube. This is not true, however, in the case of
intensity-modulated two-dimensional displays (see Sec. 7-10). A second
simplifying assumption is that pulses @ and b are trapezoidal and have
the same rise and fall times and amplitudes. This, of course, represents
some deviation from the true shape of signal and index, especially at the
initiation of the rise or near its completion. On the other hand, it is a
good approximation when the amplitude of pulse ¢ is roughly half the
amplitude of signal and index.
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In Fig. 7-16, where the geometry of juxtaposition is shown, similar
triangles give

—2-2, )

where h = height of ¢, h, = height of a and b, d. = distance for ¢ and b
to rise to h,, and D is the length

of pulse ¢, plus the separation of @ b0 ®)
the fall of a and the rise of b. The N\ © 1
units are millimeters. But v i‘f
——————— 4 — - — —— ———
D =1t8 e d,
and F16.7-16.—The geometry of juxtaposition
d. = t.8, of signal and index. It is assumed that

pulses (a) and (b) have equal amplitudes,
where S is the sweep speed equal rates of rise and fall, and that their

(mm/ﬂsec), {, is the time (usec) rises and falls are linear.
required for the pulse to rise d,, and ¢ is time (usec). Therefore,

h

Differentiation of Eq. (2) gives

dh _h,
at ~ ¢,
The fractional rate of change of height of the pulse ¢ is then inversely
proportional to the specd of rise and fall of the index and signal.

Errors may be evaluated in terms of a fluctuation of ¢, (Af), due to an
operator’s error (Ah) of reproducing h. Thus,

Al = =, (3)

With careful setting, Ah/h, 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 A¢ obtained in measurements of the
resettability of range of fixed targets using known values of ¢, (= d,/8S).
We may, therefore, calculate typical values for the fluctuation of Ah/h,.
In a particular case, ¢, is approximately 0.1 usec and At is about 0.005 usec,
giving a value of Ah/h. = At/l, = 7. 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 .
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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

fe—D— ®) the accuracy of resetting depends
solely upon the rise time of the signal
), X pulse.
r As ih the previous case of Fig. 7-16,
@ we may obtain from Fig. 7-17 an ex-
p—dy—i pression for h,
F1a. 7-17—Geometry of electrical h D
signal and mechanical index. The —_=1-= (4)
mechanical index is represented by (c). h. d,
Substitution of D = St and d, = St, gives
h
t=1-— i t. 5)
Likewise,
Ah
AL ==t (6)

In the case of SCR-584 (circular trace with mechanical cursor), the
fluctuation At was observed to be roughly w5 usec and the rise time ¢, to
be § usec, giving values of At/t, or Ak/h, of approximately £, 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 Fig. 7-18q, b, and
¢. In all practical cases the duration of the marker is made short com-
pared with 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.

An intensifying pulse displayed on the rise of a rapid signal (as in
Fig. 7-18a) must at the same time counteract the dimming of the trace
due to the increase of sweep speed that is caused by the deflection-
modulated signal. A distinguishable and clear mark is, therefore, diffi-
cult to obtain. Furthermore, noise and interference make it difficult to
locate an intensifying pulse. A blanking marker shown in Fig. 7-18b and
¢ is more effective since it cannot be obscured so easily by any reasonable
value of sweep speed or by an incorrect adjustment of the bias of the
cathode-ray tube.

7-10. Juxtaposition of Intensity-modulated Signal and Index. Gen-~
eral considerations.—As in Sec. 7-7, juxtaposition of signal and index is
the preferred method. The amplitude of pulse ¢ of Fig. 7-13 is, however,
represented by an intensity change instead of by a deflection.
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By the use of a gap indication (see I'ig. 7-13), the sctting 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 ¢ or b give the maximum intensity obtainable with-
out defocusing. The increase of intensity over this value due to pulse ¢

(a) ®)

(c)

Fic. 7-18.—Three types of deflection-modulated signals and intensity-modulated
index. In (a) the index intensifies the trace; in (b) and (¢) the index is a blanking pulse
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 give 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 overlapping 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

8. 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.
1t is, therefore, of considerable interest to determine the error of resetta-
bility over a wide range of sweep speeds.  This range is s0 large that the
length of pulse ¢ (Fig. 7-13) is no longer large 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—The 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 a
Gaussian distribution. In electrostatic tubes, this assumption may not
be justified as is pointed out in Sec. 7-11 (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 b’ and A over the required range,

Y _D.
h—h,<2 d—) @

The effect of the spot size of the cathode-ray tube must also be con-
gidered. 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

d.= R + 1.8 (8)
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Then

b oifo St
W=k (2 I, t,s)’ 9

R I

where h'/h is represented as a light-intensity change.
The change in time corresponding to At’, a fluctuation of &', (AR'), is

given by
AW (R
At = T ('g + tr)' (11)

The assumptions in this derivation have not been checked by direct
experiment. The relation of the quantity E to other definitions of spot
size has not been verified, and a figure for R of 0.4 mm has been arbitrarily
assumed. The validity of direct addition of the quantity R to the length
of the rise of signal d, 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 ¢,.
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 5 per cent and comparing the calculated values with those
observed experimentally. Formula (11) then reduces to

or

At = +0.05 (g + t,)- (12)

The experimental data obtained from synthetic signals displayed upon
typical indicators of various radar systems are listed in the first two
columns of Table 7-1. 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, 4p, are
compared in Table 7-1. 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 ERROR oF VAmious Disprays

Display {Expt.* Type pS:},C - r’n 50 |mm/ (as- yst;,c ftl ftl exptl.
mml #5e¢ | sumed) (cale) (calc)|(exptl.) obs.

B [0.1{04 115 5 10.009 5 7.5 16

AN/APS-3 |ASD-1)B 0.1 ]0.4| 2|25 5 0013 7 {~10 |~10
AN/APS-15 |GPL PPIi0.1{04] 51.0 5 10.025 13 15 80
AN/APS-15 |GPI PPI 0.1 | 0.4 20| 0.250 5 10.085 43 50 70
AN/APS-15M-H | PPI[0.25/ 0.4 | 4 1.3 5 10.028 14 5 10
AN/APS-15M-H |PPI 0.25/ 0.4 4|1.3 5 10.028 14 23 5
AN/APS-15 M-H | PPI1|0.25/ 0.4 { 11 | 0.46] 5 [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
¢ as a function of S assuming that A’ is adjusted to h./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] = 0.5, we get

t=15 (g + z,), (13)

indicating that the time interval ¢ {corresponding to the distance D
between the fall of the index and the rise of the signal) is & function

of the sweep speed S where R/S = ¢, We shall term this interval ¢ the
“reset interval.”

TaBLE 7-2.—RESET INTERVAL As o Funcrion oF Swrer SpeeD

t, R, S, S, t, Al Ap, Ap obs.
usec mm  |mi/50 mm| mm/usec usec ft 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 1.2 600
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 be observed
if the aweep speed were changed from 5 miles/50 mm to the other values. The last column give experi-
mental figures from AN/APS-15 teats.

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.
The quotient of E/S is greater than ¢, over the range of sweep speeds



Sec. 7-11] SUPERPOSITION OF SIGNAL 195

employed and the error is therefore roughly inversely related to 8. 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 7-1. 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. 5).

There are two criteria by which @)
superposition may be judged. The ® ke
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 —~ D |"—
other hand, the two traces may be Fio- 7:19.—Geometry of electrical

. superposition.
juxtaposed and the intensity of the
gap between the two deflection-modulated traces may be adjusted
to reproducible values. FExperimental data will indicate that the latter
method is considerably more sensitive.

(:

The geometry of this method is shown in Fig. 7-19. From this figure
ud (14)

—7
sin 8

he

where W = the separation of the two traces, and sin 6 =

Since D = St and d, = S¢,,

w
‘= Ssne (15)
For an increment AW we have a corresponding change of ¢,
AW '
~ Ssin 6 (16)

Addition.—1f the traces overlap completely, the maximum error an
operator might make is AW = + R, 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

R AW’

At = Ssin 0

(17)
The accuracy of setting, therefore, inereases with increasing sweep
speed. However, with increasing sweep speed sin § becomes much less
than one and the trace is nearly horizontal.
sing =1 = Fe.
d. St
The accuracy is then nearly independent of sweep speed and Eq. (17)
may be simplified to give the expression

AT = R AW’ (}tT) (18)

Thus it is of no value to increase the sweep speed beyond a certain point.

Juztaposition.—The reading may be taken by noting the gap in
intensity between the traces a and b of Fig. 7-14 as in intensity-modulated
displays.

From Eq. (7) we may compute the relation between the trace separa-
tion W and the intensity b’ of the gap between traces a and b in terms of
k!, the maximum intensity of the two traces, and R, the distance for the
trace intensity to fall linearly to zero.

h' w
w27 % (19)
or
hl
W =R (2 - E,)- (20)
From Eqs. (20) and (15) we obtain
R h
L= Sens 0(2 - }—Lz)) 1)
and for an increment Ah'
R AW
M=Fd W 22

Equation (22) is similar in form to Eq. (16) with sweep speed being a
determining factor in the accuracy. Similarly for sin § K 1, Eq. (20)

1 For a triangular intensity distribution, this is roughly equal to the value of R as
previously defined.
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reduces to
AR R,
At =Sr
If the setting is made at h'/h] = 0.5,
_ L8R
" Ssin 8

197

(23)

(24)

But a continuous change of S is unlikely in deflection-modulated displays,

and the dependence upon S is of no great importance.

0.03

0.02

Addition
0.0 -

0.007

0.005

0.003

0.002

T

Juxtaposition

Ay
el 3.75 mm/usec

Average deviation Al in u sec

0.001 1 1 1 1 1 i
0.1 0.2 0.5 | 2 5

Tan @

Fi1g. 7-20.—Experimental test of accuracy of electrical superposition of deflection-
modulated signal and index employing an electronieally 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
are juxtaposed and the intensity of the gap between them is observed. The signal employed
in both cases had a rate of rise (h,/t;) equal to 3.75 mm/usec. The value of h,/(t8) = tan
8 is varied. The accuracy is amazingly good; in the lower diagram it is § ft with a pulse-
rise time of approximately 20 usec. 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] 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 6 available (= 0.08), At is
0.008 and 0.0018 usec, respectively. The striking improvement in the
accuracy obtained in these measurements is due to the term R/h,, which
is very small for these experimental conditions. We may calculate AW’
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and AW/R! from Egs. (17) and (22). Since these experiments were
carried out with ¢./h, = 1/3.75 usec/mm, AW’ is calculated to be ¥ and
AR'/h! to be d, if it is assumed that R =~ 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 7-1 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 AR'/h, (d%) in accord with that used in Table 7-1 (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
gpproaches 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
navigdtion, 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

1In these tests a type 3BP1 operating at 2 kv was employed.
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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
ig 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
information—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.

»

[

[=]
1

300

150 |

i 1 1 1 1 1 ]
] 2 3 4 5 6 7
Number of scans
Fia. 7-21.—Static resettability with intermittent data using two-coordinate controls.
The scan periodis 5sec. The curve indicates the required number of scans in order to make
an accurate setting. The sweep speed of this experiment was roughly 15 miles/50 mm or
0.3 mm/usec. Each point represents the average of several experiments.

(o]

Probable error of single observation in feet

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/h., 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
AR'/h;, which represents the accuracy with which the operator may
reproduce his setting. But here the error is multiplied by a factor R/h,.
Assuming that the expressions Ah’/h] and Ah/h. 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 A,/R. For example, if a
5-in. cathode-ray tube is employed, h, 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-
gity-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 cathode-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.—Continuous data
are here defined as those recurring at an interval that is short compared
to the response time of the operator during the tracking operation.
Certainly any data that recur within the persistence of the operator’s
vision can be termed continuous, and perhaps data that recur as infre-
quently as once per second might be in this clags. The data are classed
as intermittent if the time of their presentation determines the moment
at which the operator adjusts the tracking apparatus. With continuous
data the operator may adjust his tracking control at any time. Thus
other properties of the tracking devices may determine this time. On
the other hand with intermittent data any inherent periodicity 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 treats
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 the first
five methods since the last is the subject of Chap. 8.

1. Direct 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 is propor-
tional to the movement of the tracking control.

3. Aided tracking. This combines direct and rate tracking. The
movement and the rate of movement of the tracking index are
proportional to the movement of the control. The ratio of dis-
placement to rate control has the dimensions of time and is called
the ‘“time constant.” These two controls may be 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

Direct True
Track
Velocity
~—True
~ _ Track
Torque amplifier
Constant speed motor
Aided
CJ[LL ~—True
Torque ~—Track

amplitier

Constant speed motor

Regenerative Change of

course

True

Initial

Initial X
True

regenerative
~— Regenerator 9

Automatic Photo
- cells

Track ——

~=—True
AN

Servo mechanism

F1a. 7-22.—Pictorial display of various tracking methods—direct, velocity, aided, regener-
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,
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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 unchanged.

6. Automatic tracking. Discrimination of the error between index
and signal is automatic and a servomechanism causes the signal
to be followed automatically.

Fic. 7-23.—A type M display unit, Falcon AN/APG-13a. More details of this device are
given in Sec. 7-23, especially I'ig. 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 which
the index may be set to a target and with which accurate measurements
may be obtained. 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. 7-16). 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 B yd/sec per turn.
It is assumed that both these quantities are constant and that the input
signal has a constant velocity V,. 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)T yd behind, and a displacement of the hand-

wheel equal to (V' D V) T will be required to set the index back to the

target. A corresponding increase of V equal to (RT/D)(V, — V) is
produced. If the time elapsed between resetting is D/R sec, then the

! Altering the position of the index.
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increase of rate is exactly the required amount, V, — V. The quantity
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.

§%+28

So+I

;g._|8 \/I—/—\T [\\/ T \//l\ AT'
S< 20 I: 1000 2000 000 4000 5000 6000
4

Range in yards
Fi1g. 7-24.—Aided tracking of an aircraft echo using SCR-584, 2000-yd circular sweep.

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
the motor and enter a total displacement that is equal to the product
of the time for 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. 1In 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

control

Dispidéément
f s

i La “«g&%
F1a, 7:25.—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,
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7-16. Intermittent Data. General Considerations.—The data of a
scanning radar system are presented for a time (roughly 4% 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. But 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 difficult 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. Thercfore, 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
.
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Fi1g. 7:26.—A ground-speed 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 with 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 See. 7-17 indicate that a
considetably 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 cntire tracking interval. The

D.C.
generator ‘*"!"“ Motor
1
Clock 1 a
= | \
T l
e ®Siart-reset, i
control ! Amplitude ___:_ Power
Rate discriminator i amplifier
Displacement t=0 Pofentiometer 4 !
proportioning ‘“j - :
potentiometer » = H
)4 I
1
0. l—“ !
generator
aI mmmmmmmmﬁm
CRT display
Hond wheet

Fra. 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 ¢ 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 z,
then the time constant is T = dxr/dV. This definition applies to a
tracking system regardless of the independent variable of the tracking
operation. In the aided-tracking system described in Sec. 7-14, the
independent variable is shaft rotation 8, and the scale factors of the
respective handwheels are R = dV/d6 and D = dz/d6, so that the time
constant is D/R = dz/dV. Since 8, V, and z 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 z or @
is an independent variable; it may vary V directly, in which case V or 8,
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 R or D is variable, and in the third the variable 8 is absent, so
that R and D cannot be defined. The definition of memory-point track-
ing T = dz/dV =t can, however, be applied to any of these systems.

In order to show that the result of tracking 1s 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 z, = displacement of signal being tracked,

x; = displacement of index,
z. = total displacement correction applied to the index up to
time ¢,
V, = velocity of signal (assumed constant), and
Vi = velocity of index at the time 1.
If the velocity of the signal is constant, the displacement of the signal is
given by

z, = 2,(0) + V.. (25)
The displacement of the index is given by

t
Iy = I.‘(O) + Te + / V.' dt
0

! This derivation was written by Duncan MacRae, Jr.
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If in this equation the condition for memory-point tracking,

de;  dz. _ _ ]
d'—V; = av‘ = t, or dI¢ th.,

is substituted, the result is

t
Ty = 12,(0) + /; (t dV. + V.' dt)

The integrand is d(Vt), so the integral may be evaluated:

Ty = Z.(O) + Vit. (26)
Subtracting Eq. (26) from Eq. (25),
(e — i) = (s — z)o + U (V. — V3). 27)

Thus if the displacement error at time ¢ is the same as that at { = 0, then
H(V, — V,) = 0; and if this condition is satisfied at ¢t ¢ 0, V, = V;, and
the velocity error is completely removed, regardless of the nature of the
function V(t).

Equation (27) relates the velocity error of a memory-point tracking
operation to the displacement errors at times 0 and¢{. Forif £ = z, — x;
then the velocity error is

Vi V.= E(t) — E(0)

; (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 continued
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, and
results indicating the superiority of memory-point tracking are included
here. An interesting difference between the accuracy obtainable with
memory-point and aided tracking is also shown.

The tests were made using 5-in. type B displays (similar to that of
AN/APS-3) having a sweep speed of 1.3 mm/usec and a scan period of
2 sec. A simulation of the radar display was made by a range- and
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azimuth-gated 30-Mec/sec oscillator. The output of this oscillator was
connected to a high-gain amplifier giving an amplitude- and time-
modulated 1-usec 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 wsec, 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 usec was used. The range error
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Fia. 7-29.~—Comparison of direct, aided, and memory-point tracking. These results
were obtained using an intensity-modulated signal and index displayed on a type B indica-
tor having sweep speed corresponding to 2 miles/50 mm or 1.3 mm/usec. These data
represent the first attempts of inexperienced operators.
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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-
ing; 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— 18 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
V. as the displacement and velocity errors at the last fix, the error in fall
of the bomb will be £, + T,V,, where T, 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 7' = 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 the computations are the work of Mr, J. Irving.



214 MANUAL MEASUREMENTS [Sec. 716

amount that the displacement knob was reset. This is a difficult pro-
cedure but results in one-third the error if properly done.

A serious error, however, may be involved if the rate and displacement
knobs are corrected equally after waiting a time long compared to the
time constant. For example, errors as large as three or four times the
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 that of the
error of the last observation. In memory-point tracking a much closer
approach to this ideal is achieved. Making the same assumptions as
previously with regard to the error of the next to last measurement
being equal to the error of the last measurement, we obtain the rms error
of the miss, which is

2 2
o+ 2 @+ () m (29)

where E is the initial displacement error of the memory-point tracking
system, made at the time when the tracking was initiated and E, is the
error of the final measurement as in the previous case. The time of
tracking is 7. Taking, for example, conditions similar to those of the
previous problem—that is, a time of fall of 40 sec and bombing run of
80 sec—the rms value of the miss is equal to 1.6 times the rms error of the
last observation; a considerable improvement over the factor 2.2 obtained
under best conditions in the previous case. If, however, the initial value
of the rate is approximately known, this factor is somewhat reduced—for
example, to 1.5.

Table 7-4 indicates some comparative values for aided and memory-
point tracking.

TasLe 7-4.—ReLamive MERITS OF VARIOUS TRACKING SysTEMS
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. rms error (to
Name of system and conditions of use T (time con- be multiplied
stant, sec)
by error of last
observation)
1. Norden bombsight—range-tracking fixed double-
gripping ratio. . ... . oo oo o ool e 10 6.5
2. 8ameas (1).......ooiiiii it i 40 2.2
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. Memory-point tracking for 80sec.............. 80
. Memory-point tracking for 80 sec (initial value
KOOWN) . ..ot e e .. 1.5
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FIXED INDICES FOR MANUAL TIME MEASUREMENT

By E. F. MacNicuor, Jr.

7.17. A-scope.—The simplest type of manual 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
through a known voltage, the time of occurrence of a signal may be meas-
ured by means of a ruled scale printed on the face of the CRT. Such a
simple device is shown in Fig. 7-30. The grid of the switch tube is
initially positive drawing current through R; and the plate is clamped to
within a volt or two of the cathode (assuming R > 100 k), and C is dis-

w
Gentering
voltages

Fia. 7-30.—Simple time-measuring system using exponential sweep and fixed mechanical
timing marks.

charged. The spot on the CRT is adjusted to the zero index by means

of a centering voltage applied to the free horizontal plate. At the instant

measurement starts, a negative gate is applied to the control grid of the

switch tube cutting it off and holding it off for the total time interval

to be measured. The condenser C charges exponentially toward E,,
according to the well-known law

3
E = E,,(1 — ¢ EO),

If the deflection sensitivity of the CRT is ds/dE (in./volt), the distance in
time ¢ traveled is s = E ds/dE.

_ds
~ dE

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 . The edge of the

t
R E,,(1 — ¢ EC),
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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 E,, so that the total sweep always covers the distance between
two fixed indices.

Video input
3DP-1
Phase
Sinusoidal ¢ splitting
oscillator network
Amptitude i
Com%orutor T ZL’F‘;JUT

Fia. 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. 8. 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 phasecs of the voltages are in quadrature
the spot will then move in a circular orbit with constant angular velocity.






