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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
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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,



Conlents

FOREWORD . . ... ... ...

PREFACE

2:1. Introduction

2-6. Summary. . . . . . .

SPEED MEASUREMENTS

2:7. Continuous-wave Systems
2-8. Pulse Systems—Internally Coherent

2:9. Pulse Systems—Externally Coherent. .

SPEED AND DISTANCE MEASUREMENTS

2:10. Phase and Rate of Change of Phase
2:11. Time Demodulation and Differentiation
2:12. Phase and Frequency Demodulation
2-13. Time, Phase, and Frequency Demodulation. .

2.2, Definitions of Methods of Distance Measurement
2-:3. Time Modulation and Demodulation. .
2-4. Phase Modulation and Demodulation
2-5. Frequency Modulation and Demodulation

2-14. Considerations Applying to Intermittent Data. . . . . . .

PoSITION-FINDING

2-15. Introduction
2:16. Pulse-echo Systems
2:17. Radar Beacons .

2-18. Hyperbolic Systems . .
2-19. An Omnidirectional Beacon Usmg Tlme Modulatlon

Cuar. 3. TECHNIQUES OF PULSE TIME MEASUREMENTS

TRANSMISSION AND RECEPTION .

3:1. Transmission of Pulses

3-2. The Reception of Pulses . . .

37

37

37
39




SYNCHRONIZATION. . . . . .

33.
34.
3-5.
3-6.
3-7.

CONTENTS

Synchronization of the R-f Pulse Generator. . . . . . . . . .
Control of the PRF by the Timing Waveform. . . . . . . .
Synchronization by a PRF Generator. . . . . . . . L.
Zero Calibration. . . . . . . . . . .. . ... oL ..
Remote Control of Synchromza.tlon .............

TIME MODULATION . . . . . .+ & v v v e e v a e e e e e e e e

3-8.
39.

Single-scale Time Modulation . . . . . . . . . . . . . ...
Multiple-scale Time Modulation. . . . . . . . . . . . . ..

The Characteristics of Components . . . . . . . . . . . . . . . ...

3-10. Timing Standards . . . . . . . . . . . . ... 000

3-11.

3-12.

Vacuum Tubes . . .
Calibrated Subassembhes

Fized and Modulated Timing Pulses . . . . . . . . . . . . . . . ..

3-13.
3-14.

Fixed Pulses. . . . . . . . . . . . ... .. .. ... ..
Single-scale Time-modulation Circuits . . . . . . . . . . . .

3-15. Double-scale Time-modulation Cireuits. . . . . . . . . . . .

3-16.

Multiple-scale Systems . . . . . . . . . . ...

TIME DEMODULATION . . . . . + « ¢ v v e v h v e e o e e e e s

3-17.

Time Selection and Diserimination. . . . . . . . . . . . ..

SoME PROPERTIES OF CATHODE-RAY-TUBE DISPLAYS. . . . . . . . . . .

3-18.
3-19.
3-20.

Time Selection and Diserimination. . . . . . . . . . . . . .
Time Demodulation . . ... . . . . . . . . . .. . ...
Time Modulation . . . . . . . . . . ... ... ... ..

Cuar. 4. GENERATION OF FIXED INDICES. . . . . .. . .. . ..

SINGLE-FREQUENCY MARKER GENERATORS . . . . . . « 4 « « + « + «

4.1
4-2.
4-3.
4-4.
4-5.
4-6.

Sinusoidal Oscillators and Amplitude Comparators. . . . . . .
Regenerative Amplitude-comparison Cireuits . . . . . . . . .
Class C Crystal Oscillator and Blocking Oscillator . . . . . . .
Gas-tetrode 300-cps Relaxation Oscillator. . . . . . . . . ..
Blocking Oscillators . . . . . . . . . . . . . .. .. ..
Multivibrators. . . . . . . e e e e e e e e e e e e

MULTIPLE-FREQUENCY MARKER AND TRIGGER GENERATORS . . . . . . .

4-7.
4-8.
4.9,

4-10.
4-11.
412,

Frequency Division . . e e e e e e e e e
Frequency Divisicn and Pulse Selectlon ............
Separate Oscillators and Pulse Selector . . . . . . . . . . ..
Synchronization by Automatic Frequency Tracking . . . . . .
Lightweight Direct-reading Loran PRF Generdtor . . . . . . .
Injection Feedback Divider for Oboe PRF . . . . . . . . . .

47

47
48

50

50
51
52

53

55
58
61

62
62



GROUPED-MARKER GENERATION. . . . .

4-13. Single-frequency Grouped-marker Generators
4-14. Multiple-frequency Grouped Markers

Cuar. 5. GENERATION OF MOVABLE INDICES—SINGLE-SCALE CIR-
YL

INTRODUCTION . . .
5-1.
5-2.

VoLTaGE Sawroord CIRCUITS . .
5-3.
5-4.

5-5.
56.
57.
5-8.
Variable Delay Line . . . . .
5-9.

SinusomaL OsciLLATorR Rance Circurrs

510. LC-oscillator, Phase Modulator, and Compa.rator e
5-11, The Variable-frequency Oscillator.
5-12. A Comparisor. of Some Single-scale f“lrcults

Cuapr. 6. GENERATION OF MOVABLE INDICES—CIRCUITS. . .

PiasE MobULATION AND AMPLITUDE COMPARISCN. . . . . . . .

CONTENTS

Applications of Time-modulated Indices .
System Requirements and Definition of Error.

A Gated Miller Integrator with a Multiar Comparator . .

A Gated Multistage Miller Integrator with a Cathode—coupled
Double-triode Comparator .

Self-gating Miller Integrator—The Phantastron .......

Self-gating Miller Integrator—The Precision Sanatron . . . .

Bootstrap Triangle Geneiator with Diode Comparator . . .

The Delay Multivibrator . . . . . . . . .

Supersonic Delay Tank. .

Meacham Range Unit . . .

Precision Ranging Indicator. .
Scale Coordination by Frequency DlVlblOIl .
Sine-wave Tracking . . .. ..
Three-scale Phase-modulat\on Sybtcm .

CIRCULAR-SWEEP DISPLAYS A5 A METHOD OF PHASE MODULATION AND

AMPLITUDE COMPARISON

6-6.

STEP-INTERPOLATION TIME MODULATION. . . .

6-7.
6-8.
6-9.

Circular-sweep Time Modulators, SCR-584 . .

AN/APS-15 Range Unit . . .
Lightweight Direct-reading Loran Indlcator
Summary. . . . . . . . . . .. ..

. 106

. 107
. 109

.11

.1
. 112

. 114

114

. 116
. 118
. 124
.. 125

. 131

. 132
. 132

. 135

. 135
. 137
. 140

. 142

. 142

. 142
1147
. 153
. 155
. 1567

. 161
. 161

. 164

. 164
. 169
. 174



Xiv CONTENTS

Cuar. 7. MANUAL MEASUREMENTS. . ... .... .. e e e e 176
GENERAL CONSIDERATIONS. . . . ., . . . . . . e e e e e ... . 176
INTRODUCTION . . . . . . . e e e e e e e e e e e e c.o. . . 176

71, Uses . & v v v i e e e e e e e e e e e e e e e e e e . 177
CHARACTERISTICS OF DispLays aND CURSORS. . . . . . . . . . . . .. 178
72. General Considerations. . . . . . . . ... ... ..... 178
73, Indices. . . . . . . . .. .o e e e e .. 180
74. Circular Sweeps . . . . . . . . e e e e ... . 184
7-5. Linear Sweep and Synchronized Presentatwn c e s e ... . 185
AccCURACY CONSIDERATIONS . . . . . « « 4 v o v o o« o o v o 4 .. . 185
7-6. General Considerations. . . . 186
7-7. Deflection-modulated Display a.nd Deﬂectmn modulated Index . 187
7-8. Deflection-modulated Signal and Mechanical Index. . . . . . . 190
7-9. Deflection-modulated Signal and Intensity-modulated Index . . 190
7-10. Juxtaposition of Intensity-modulated Signal and Index . . . . 190

7-11. Superposition of Signal and Index in Deflection- modulated
Displays . . . . 195

7-12, Reset Error with Intermlttent Data and w1th Two coordmate
Controls . . . . . .. .. . ... ....... ... . 198
7-13. Summary and Comparlson of Methods ............ 199
TRACKING METHODS. . . . . v v v v v v v v v e e v s e e e e w s 200
7-14. Continuous Data. . . . . . . . . . . . ... e e e e e 200
7-15. Intermittent Data . . . . . . . . . . . .. . o0 .. 206
7-16. Comparison of Methods. . . . . . . .. .. ... oL . 213
Fixep INDICES FOR MANUAL TIME MEASUREMENT. . . « « « & « « . . . 215
7-17. A-scope. . . . . e e e e e e e e e e e e e e e e e e 215
7:18. J-scope. . . e e e e . . 216
7-19. Plan-position Indlcator w1th Mechamca.l Sca.le ......... 219
7-20. Electronic Time Marks. . . . . . . . . . . . .. .. ... 219
MovaBLE TRACKING MARKS FOR MANUAL TiME MEASUREMENT. . . . . . 220
Direct Tracking. . . . . . . . .« .« o i i i e e e e e e e e e . 220
7-21. Introduction. . . . . . . . . e e e e e e e e e e .. 220
7-22. Movable Electronic Marks . . . . e e e e e e e e e . 222
7-23. Detailed Circuit Description of Falcon ....... C e ... 225
7-24. A/R-scope . . . . . £ |
7-25. A-scope Presentation Used in Brmsh CMH System Co. .. 238
7-26. Systems Using a J-scope with a PPI or B-scope . . . . . . .. 243
Tracking with Intermittent Data. . . . . . . . . . . . . . . .. ..247
7-27. Aided Tracking with Intermittent Data. . . . . . . . . . .. 247

7-28. Two-coordinate Tracking. . . . . . . . . . .. ... .. . 251




Cuar, 8. TECHNIQUES OF AUTOMATIC TIME MEASUREMENT . .

CONTENTS

Especially Accurate Time-measuring Systems . .

7-29. Introduction. . . . .
7-30. Timing Sequence.
7-31. Cireuit Details of Lorun Indlcatoz‘

INTRODUCTION . . . .

8-.1. Automatic vs. Manual Measurements. .
8-2. General Technique of Automatic Time Measurement
83. Nature of Data and Its Effect on Performance.

AutomaTic TIME MEASUREMENT WITH NORMALLY CoNTINUOUS DATA. .
Design of Function Unit .

84. General Theoretical Statement of the Problem
8.5. Single-integrator Function Unit . . .

8-6. Double-integrator System. . . . . .

8-7. Effect of Additional Smoothing . .

8-8. Electrical Integrators. . . . .

89. Memory and Coast. e

8:10. Mechanical Function Units . . . .

Time Discriminalors. . . .

8.11. General Considerations.

8-12. Simple Time Discriminators.

8:13. Time Discriminators Consisting of Separate Trme Selectors and
Detectors. .

8-14. Time Dlscrlmmators w1th Tlme Selectors, Pulse Stretcher and
Narrow-band Pulse Amplification . . .

8-15. Time Selection. . . . . . .

Target Selection. .

8:16. General Considerations. e
8-17. Practical Examples of Automatlc Target Selectlon .......

Summary. . . . . . . ..

8-18. System Planning. . . . . .

Cuar. 9. SYSTEMS FOR AUTOMATIC TIME AND POSITION MEAS-
. 341

UREMENT . . . .
PracTICAL SYSTEMS FOR AUTOMATIC TIME MEASUREMENT . . . . . . .

9-1. ARO Flectrical System. . . . . . . . . . .
9.2, British Oboe Electrical System. . . . . . . .
9-3. Electromechanical Systems.

Position ErRroR DETECTORS AND INDICATORS. . . . . L.

9.4, General Considerations. .

. 261

. 261
. 264
. 267

. 275
. 275

. 275
. 276
. 278

. 279
. 279

. 279
. 280
. 282
. 286
. 201
. 304
. 305

. 308
. 308

309

314

. 317
. 321

. 325
. 325

330

. 337
. 337

. 341

. A2
. 348
. 357

. 367
. 367



xvi CONTENTS

9.-5. Design Requirements. . . . . . . . . . .
9.6. Manual Tracking Systems. . . . . . . . .
9-7. Automatic Tracking Systems . .

TrACKING ON GROUPED OR PERIODICALLY INTERRUPTED Data . . . . .

9.8. Introduction. . . . . . . . .
9-9. Automatic Time Measurement on Grouped Da,ta e
9-10. Example of Automatic Range Tracking on Grouped Data. . .
9.11. Automatic Angle-positioning with Grouped Data. . . . . . . .,

Cuar. 10. SPECIAL DATA-TRANSMISSION SYSTEMS. . .

INTRODUCTION . . .

SHORT-DISTANCE WIRE DATA TRANSMISSION . . .

10-1. Telemetering . . .

10-2. Transmission of Contmuous Rotatlon

10-3. TFollow-up Systems.

10-4. Characteristics of the Transmxssmn Clrcmts

Rapro Data TRANSMISSION .

10-5. Introduction. . . . . . . . . e e e e e
10:6. A Pulse Remote-control System ........
10-7. Radiosonde . . . . . . . . . e e
10-8. A British Omnidirectional Bea,con ......

Crar 11. RELAY RADAR SYSTEMS. . . . . . .
TIME-MODULATED SINE-COSINE SYSTEM. . . . . .

11-1. Principle of Operation . .

112, 'The Synchronizer . . e

11-3. Receiving Equipment. . . . . . , . PN
114, Synchronizing-pulse Decoding erc\nts ....... B
11-5. Sequencing Circuits and Linear Delays . . . . . . . . .
116. Step-gate Tracking Circuits. Ce
11.7. Modulators and Bidirectional Sw1tch Detectors R
11-8. Arma Resolver and Servoamplifier. . . . . . . , .
11.9. Performance. . . . . . . . e
11-10. Later Developments in Recelvmg Equxpment .....

PHASE-MODULATED PuLse SysTtemM. . . . . .

11.11. Introduction. . . . . . . . . ..
11-12, Pulse Representation of Pha.se-modulated Smusmda .
11.13. Discussion of Phase-shifter System. . . .

SiMPLIFIED RELAY RApAR SysTEM FOR CONSTANT-SPEED ROTATION . . .

. 368
. 371
. 376

. 3878

. 378
. 380
. 386

389

. 301

. 391

. 391

. 391
. 393
. 395
. 397

. 398

. 398
. 400
. 408
. 410

. 417
. 417

. 417
. 424
. 426
. 426
. 429
. 433
.. 435
.. 438
. 439
. 440

. 442

. 442
. 442
. 443

. 450

.. . 450
. 451



CONTENTS xvii

C-w RELAY RADAR SysTeM. . . . . . . . . . . . . . ... ... 458
11.16. General Description of Transmitter Functions. . . . ., . . . . 458
11.17. General Description of Receiving Equipment . . . . . . ., . . 459
11-18. Details of the System. . . . . . . . . . . . ... .. ... 461
11-19. Remarks and Comments on the System. . . . . . . . . . . . 470

Cuap, 12. DELAY AND CANCELLATION OF RECURRENT WAVE

TRAINS . . . . . . e e e 471

121, Introduction. . . . . . . . . . v . . e e e e e e e e 471
Tue Deray LINe. . . . . 0 0 0 L 0L . oo 475
Design of Delay Line for Cancellation. . . . . . . . . . . . . . ... 475
122, Introduction. . . . . . . . . . . ... e e e e e 475
12-.3. Echo Elimination . . . . . . ., . . .. .. e e e . 476
124, Bandpass Shaping . . . . . . . . . P Y4
12.5. Equalization of Delay Time with Repetmon Interval ...... 480
Ezamples of Delay Design . . . . . . . . . . . . . .o, 481
126, Mercury Lines.” . . . . . . . . . ... .. . 481
12°7. Water Delay Line in System Use. . . . .. .. ... .... 482
12-8. Possibility of Using Delaysin Solids . . . . . . . . . . . .. 484
Circurr CONSIDERATIONS IN DRIVING LINE. . . . . « . « « o+ . . . . 487
12.9. Required Natureof Signal . . . . . . . . . . . . ... .. 487
12.10. Method of Obtaining Required Type of Signal. . . . . . . .. 489
Carrier Generator and Modulator Unit . . . . . . . . . . . . . . .. 491
1211, Oscillator. . . . . . . . . . . . . ..o e e 491
1212, Modulation. , . . . . . . . . ..o e e e e e 491
12:13. Amplifieation . . . . . . oL L L0000 oL 495
12-14. Output Circuit. . . . . . . . . . . . . . . . . .. ... . 495
Dynamic-range Compression. . . . . . . . . . v« o+ 0 4w e w e 496
12-15. Definition and Advantages of Compression . . . . . ., . . . . 496
1216 Methods . . . . . . . . . . . . L. .o 497
CANCELLATION AMPLIFIERS. . . . + . . &« « + + & + o o o o s o o o . 498
12-17. Introduetion. . . . . . . . . . . . ... . L0 e e 498
12.18. Cancellation Methods . . . . . . . . . . . . .. .. .. 498
Carrier-frequency Channels and Cancellation Circuit . . . . . e .. . 499
1219, Pass Band . . . . . . . . L . . L oo e e e e e e e 499
12.20. Linearity . . . . . . . . .« . . . v 0 0. e e e e 501

1221 Gain. . . . . . L L oL o o e e e e e e e e e e e e e 504




xviii CONTENTS

12:22. Detection. . . . . . . . . . . . o e e e e e e e e e 506
12-23. Cancellation Circuit . . . . . . . . . . . . .. .. ... . 507
12-24. Coupling to Delay Line. . . . . . . . . . . . . . . . .. 507
Video Section. . . . . . . . . . . . . e e e e e e e e e e e e 508
12.25. Requirements of Video Section. . . . . . . . . . . . . . . . 508
12.26. Amplifier for Bidirectional Video. . . . . . . . . . . . . . . 508
12.27. Video Rectification. . . . . . . . . .. .. .00 . 510
REPETITION-RATE CONTROL. . . . . « + o + « « & v o o e v e a e 511
12.28. Repetition-rate Requirements . . . . . . . . . . . . . . . . 511
12-29. Manual Controlof PRF . . . . . . . . . . . . . .. . . . 514
12-30. Line Synchronized Methods. . . . . . . . . . . . . . .. . 515
12-31. Electronic Frequency Tracking . . . . . . . . . . . . .. . 522
12-32. Practical Circuit Details. . . . . . . . .. . . . .. ... 523
GLOSSARY . . . . & o o e e e e e e e e e e e e e e e e e e e e 527



