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Foreword

THE tremendous research and development effort that went into the

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

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

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

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

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

L. A. DUBRIDGE.

vii



.,. ,,.. ..
.,’.

,’ . . . ... ,“.,,



Contents

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

PREFACE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CEAP.1. INTRODUCTION. . . . . . . . . . . . . . . . . . . . .

SCOPEANDVIEWPOINT. . . . . . . . . . . . . . . . . . .

1.1. Viewpoint . . . . . . . . . . . . . . . .
1.2. RelationtoPrecedingBooks. . . . .
1.3. ContentofThisVolume . . . . . . .
1-1. RelationtotheSucceetigVolurnes . . . . . . . .
1.5. MethodofTreatment . . . . . . . . . . . . . . . . . .
16 UsesofWaveforrns. . . . . . . . . . . . . . . .

BASIC CONCEPTS AND TEE METHOn OF APPmACH. . . . . . . . . . . .

1.7. Basic Concepta . . . . . . . . . . . . . . . . . . . . . .

1.8. Method of Approach . . . . . . . . . . . . . . . . . . . .

CHAP. 2. OPERATIONS ON WAVEFORMS WITH LINEAR CIRCUIT
ELEMENTS . . . . . . . . . . . . . . . . . . . . . . . . .

2.1.
2.2.
23.
2.4.
2.5.
2.6.
2.7.

Linear Circuit Elements. . . . . . . . . . . . . . . . . . .
Potential Division and Addition. . . . . . . . . . . .
Waveform Shaping by Passive Elements . . . . . . . .
Linear Amplifiers Using Negative Feedback. .
Plate-to-grid Feedback Amplifiers . . . . . . . .
Linear Shaping Amplifiers, Capacitance Feedback . .
The Use of Operational Notation. . . . . . . . . .

CHAP. 3. OPERATIONS WITH NONLINEAR CIRCUIT ELEMENTS .

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.1. Ideal Elements . . . . . . . . . . . . . . . . . . . . . .

3.2. Baaic Operations . . . . . . . . . . . . . . . . . . . . . .

OPERATIONSWITHNONLINEARCIRCUITELEMENTS. . . . . . . . .

3.3. Initiation of Waveforms. . . . . . . . . . . . . . . . . .
3.4. Amplitude Selection . . . . . . . . . . . . . . . . . . . .

vii

ix

1

1

1
3
4
5
6
7

8

8
15

17

17
18
19
24
27
31
37

40

40

41
42

43

43
44

...
ml



xiv CONTENTS

3.5. Amplitude Comparison. . . . . . . . . . . . . . . . . . 45
3.6. Time Selection...,.. . . . . . . . . . . . . . . . ..47
3.7. Amplitude Modulation . . . . . . . . . . . . . . . . . . . 49
3.8. Time Modulation . . . . . . . . . . . . . . . . . . . . . 52
39.PhaseModulation, . . . . . . . . . . . . . . . . . . ..53
3.10. Amplitude Demodulation. . . . . , , . . . . . . . . . . 53
3.11. Level-setting..,,,.. . . . . . . . . . . . . . . . . 54
3.12. Time Demodulation . . . . . . . . . . . . . . . . . . . . 55
3.13. Amplitude Discrimination. . . . . . . . . . . . . 57

CHARACTERISTICS OF NONLINEAR CIRCUIT ELEMENTS. . .

3.14. High-vacuum Diode .
3.15. Contact Rectifiers . . .
3.16. Photocells . . . . . . . . . . . . ...’....
3,17. Cutoff in Grid Tubes. . . .
3,18. Plate-voltage vs. Plate-current Nonlinearities .
3,19. Grid-current Nonlinearities . . . . .
3.20. Composite Characteristics. . . .
3.21. Gas-611ed Tubes. . . . . . . .
3.22, Feedback Circuits . . . . . . . . .
3.23. Multiple Circuits. . . . .
3.24. Multivariable Elements. . .
3.25. Curved Characteristics . . .
3.26. Displacement Elements. . . . .
3.27. More Complete Descriptions of Physical Elements.

. . . . . . 58

. . . . . . 58

. . . . . . 68

. . . . . . 72

. . . . ,. 73

... . . . 77
,.. . . . 80
. . . . . . 81
. . . . . , 82
. . . . . 85
. . . . . . 86
. . . . . . 87
. . . . . . 91
. . . . . . 92
. . . . . 92

CHAF. 4. SINUSOIDAL WAVEFORM GENERATORS . . . . . . 101

CONTINUOUS WAVES . . . . . . . . . . . . . . . . . . . . . . . . .101

4.1. General Properties, . . . . . . . . . . . . . . . . .101
4.2. Resonant-circuit Oscillators. . . . . . . . . . . . . 104
4.3. Crystal Oscillators . . . . . . . . . . . . . . . . . . . . . 106
4.4. Phase-shift Oscillators . . . . . . . . . . 110
45. B ridgeOscillators. ... . . . . . . . . . . . . . . . .. 115
4.6. Negative-resistance Oscillators. . . . . . . . . . . 123
4.7. Beat-frequency Oscillators. . . . . , . . . . . 124
48. Electromechanical Sine-wave Generators . . . . . . . . . . 125

STABILIZATION OF OSCILLATORS . . . . . . . . . . . . . . 126

4.9. Amplitude Stabilization. . . . . . . . . . . . . . 126
4.10. Frequency Stabilization. . . . . . . . . . . . . . . 128

POLYPHASESINUSOIDS. . . . . . . . . . . . . . . . . . . . . . .. 131

4.11. Generation of Circular Sweep for Cathode-ray Tube . . . . 132
4.12. Resistance-reactance Phase Shifters . . . . . . . . 136

pULSEn OSCILLATIONS . . . . . . . . . . . . . . . . . . . . . . . .140

4.13. Ringing Circuit, . . . . . . . . . . . . . . . . . . . . . 141
4.14. Pulsed Hartl@ Oscillator. . . 142
4.15. Pulsed Crystal Oscillators. 145



CONTENTS xv

PULSED POLYPHASE SINUSOIDS. . . . . . . . . . . . . . . . . . .148

4.16. X’-Feedback Circuit. . . . . . . . . . . . , . . . . . . . 150
4.17. Phase-splitting Amplifier . . . . . . . . . . . . . . . . . 154
4.18. Pulsed Oscillations for Use with Synchros. . . . . . . . . . . 156

&lAF. 5. GENERATION OF FAST WAVEFORMS. . . . . . . . . . . . 159

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . ,, ..159

5.1. Methods and Principles in the Generation of Fast Waveforms. . 159
5,2. Applications . . . . . . . . . . . . . . . . . . . . . . . . 161
5.3. Other Practical Design Considerations . . . . . . . . . . 162

MULTNIEIRATORS . . . . . . . . . . . . . . . . . . . . . . . . .. 163

5.4. Bistable Multivibrators. . . . . . . . . . . . . . . . . . 164
5.5. Monostable Multivibrators . . . . . . . . . . . . . . 166
5.6. Astable Multivibrators . . . . . . . . . . . . . . . . 171
5.7. Analysis of the Transition between States. . . . . . . . . 174
5+3. Analysis of the Timing Process . . . . . . . . . 177
5.9. Obtaining Fast Transition. . . . . . . . . 179
5.10. Monostable Circuits for Very Short Pulses . . . . 179
5.11. Obtaining Fast Recovery—Highly Unsymmetrical Actable Multi-

vibrators .,...... . . . . . . . . . . ...183
5.12. Triggering and Synchronization . . . 187
5.13. Stabihzing the Duration of a Quasi-stable State . . . . 190
5.14. Varying the Duration of a Quasi-stable State . . . . . . , 194

PHANTASTRON-TYPE CIRCUITS. . . . . . . . . . . . . , . 195

5.15. Introduction: Miller Sweep Generation. . . . . . . . . . . . 195
5.16. The Screen-coupled Phantastron. . . . . . . . . . . . . 197
5.17. The Sanatron and Sanaphant . . . . . . . . . . . . 200
5.18. “The Cathode-coupled Phantastron. . . . . . . . . . . . 203

CIIAP. 6. BLOCKING OSCILLATORS AND DELAY-LINE PULSE GEN-

ERATORS . . . . . . . . . . . . . . . . . . . . . . . ...205

6.1. Blocking Oscillators . . . . . . . . . . . . . . . . . . . . 205

PULSE WAVEFORMS . . . . . . . . . . . . . . . . . . . . . . . .. 211

62.T heTransformer . . . . . . . . . . . . . . . . . . . . .. 211
6.3. The Tube . . . . . . . . . . . . . . . . . . . . . . ...213

TRIGGERING METHODS . . . . . . . . . . . . . . . . . . . . . . .. 218

6.4. Introduction . . . . . . . . . . . . . . . . . . . . . . . . 218

RECOVERYTI~E . . . . . . . . . . . . . . . . . . . . . . . . .. 223

6,5. General Considerations. . . . . . . . . . . . . . . , . . 223
66.FrequencyD ivision . . . . . . . . . . . . . . . . . . . . 225
6.7. Random Variationsin PRF. . . . . . . . . . . . . . . . . 225



xvi CONTENTS

PRACTICAL CIRCUITS . . . . . . . . . . . . . . . . . . . . . . . .. 226

6%. General Considerations. . . . . . . . . . . , . . . . . . 226

6.9. Plate-to-grid Feedback . . . . . . . . . . . . . . . . . . . 226

6.10. Some Applications of Blocking Oscillators. . . . , . . . . . 233

6.11. Delay-line Pulse Generators, . . . . . . . . . . . . . . . 2W

6.12. Use of a Delay Line in Terminating a Step Function. . . . . 238
6.13. Feedback Networke . . . . . . . . . . . . . . . . . ...242
6.14. Delay Line Used to Terminate Regenerative Action . . . . . 245
6.15. Duplication of pulses by Means of Delay Lines . . . . . . 247

CHAP. 7. GENERATION OF TRIANGULAR WAVEFORMS . . . . , . . 254

GENERAL CONSIDERATIONS . . . . . . . . . . . . . . . . . . . . .. 264

7,1. Definition and Types . . . . . . .,.......,....254

72. Characteristics of Triangular Waveforms . . . , . . . . . . . 255

7.3. uses of Triangular Waveforms. . . . . . . . . . . . . 257

7.4. Methods of Generating Triangular Waveforms. . . . . . . . 257

DETAILED DISCUSSIONS OF METHODS OF GENERATION . . . . . . . . . 259

7.5. Condenser Charging through Resistor. . . . . . . . . . . . . 259

Use of High Variational Impedance. . . . . . . . . . . . . . . 261

7.6. Inductance in Series with Resistor . . . . . . . . . . . . . 261

7.7. Vacuum-tube Variational Impedances . . . . . . . . . . . . 264

Circuits Involving Positive and Negative Feedback. . . . . . . , . . . 266

7.8. Use of the Cathode Follower . . . . . . . . . . 267
7.9. A Cathode-follower Circuit with a Compensating Network . . 274

Circuits Involving Negative Fwdbo&. . . . . . . . . 278

7.10. General Theory and Classification . . . . . . . . 278
7.11. Single-stage Amplifier Circuits, Externally Gated. . . . . . . 280
7.12. Multistage Amplifier Circuits, Externally Gated. . . . . . 284
7.13. Internally Gated Circuita. . . . . . . . . . . . 285

CHAP. 8. GENERATION OF SPECIAL WAVEFORMS . . . . . . . . . . 289

S.I. Introduction . . . . . . . . . . . . . . . . . . . . . . .. 289
8.2. Special Triangles and Rectangles. . . . . . . . . . . . 290
8.3. Trapezoids . . . . . . . . . . . . . . . . . . . . . ...297
8.4. Exponentials . . . . . . . . . . . . . . . . . . . . ...297
8.5. Hyperbolaa . . . . . . . . . . . . . . . . . . . . . . . . 301
8.6. Hyperbolic Waveforms by Afgebraic Operations; by Charge

Compensation . . . . . . . . . . . . . . . . . . . . ...302
8.7. Hyperbolic Waveforms by Summing Exponential . 304
8.8. Parabolsa . . . . . . . . . . . . . . . . . . . . . . ...305
8.9. Higher Powers and Series Approximations. . . . . 312
8.10. The Sums of Sinusoids. . . , . . . . .313
8.11. Pulse Shaping . . . . . . . . . . . . . . . . . . . . ...313
8.12. Approximation of Curves by segments . . 315



CONTENTS xvii

SPEWIALCWRRENTWAVEFORU.S. . . . . . . . . . , . . . . . . . .3I7

Introduction . . . . . . . . . . . . . . . . . . . . . . . . ...317

8.13. Derivation of a Current Waveform from a Voltage Waveform. . 317
8.14. Current-waveform Generators. . . . . . . . . . . . . . . 318
8.15. LeveLsetting of Current Waveforms . . . . . . . . . . . 321

CrrAP. 9. AMPLITUDE, SELECTION, COMPARISON AND DISCRIMI-
NATION. . . . . . . . . . . . . . . . . . . . . . . . . ...325

9.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . 325
9.2. Amplitude Selection . . . . . . . . . . . . . . . . . ...325
9.3. Diode Selectors . . . . . . . -...............328
9.4. Germanium-crystal Selectors . . . . . . . . . . . . . . . . 331
9.5. Triode and Pentode Selectors . . . . . . . . . . . . . . . . 331
9.6. Compensation of Cathode Drifts. . . . . . . . . . . . . . . 333
9.7. Quui Seleckme.. ...,. . . . . . . . . . . . . . . . . 334
9.8. Amplitude Comparison . . . . . . . . . . . . . . . . ...335
9.9. Amplifiere for comparators. . . . . . . . . . . . . . . . 335
9.10. Siiple Diode Comparator. . . , . . . . . . . . . . . . 338
9.11. Grid-controlled Comparators ., . . . . . . . . . . . . . . . 339
9.12. Multivibrator Comparators . . . . . . . . . . . . . . . 341
9.13. Blocking+scillator Comparator . . . . . . . . . . . . . . 342
9.14. The Multiar, . . . . . . . . . . . . . . . . . . . . ...343
9.15. Other Forms of the Multiar. . . . . . . . . . . . . . . 344
9.16. Two-way Comparators . . . . . . . . . . . . . . . . . . . 348
9.17. Sine-wave Comparators . . . . . . . . . . . . . . . 348
9.18. Sims-wave Peak Comparison. . . . . . . . . . . . . . . 3.50
9,19. Sine-wave Zero Comparison. . . . . . . . . . . . . . 352
9.20. Sine-wave-comparator Amplifiers. . . . . . . . . . . . . 355
9.21. Amplitude Discrimination. . . . . . . . . . . . 357
9%2. Direct-coupled Discriminators. . . . . . . . . . . . . . . . 358
9.23. Modulated-carrier-amplitude Diecrimiuatore. . . . . . . . . . 362

CEIAP.lO. TIME SELECTION . . . . . . . . . . . . . . . . . . ...364

10.1. Introduction . . . . . . . . . . .. . . . . . . . . . . . . .364
10.2. Amplitude Selectors . . . . . . . . . . . . . . . . . . . . 365
10.3. Switch Circuits . . . . . . . . . . . . . . . . . . . . . .370
10.4. Multiple-coincidence Circuits . . . . . . . . . . . . . . . . 381
10.5. Adjacent Time Selectors. . . . . , . . , . . . . . . . . .384
10,6. Cathode-ray-tube Dieplays . . . . . . . . . . . . . . . . 387

CHAP. 1. ELECTRICAL AMPLITUDE MODULATION . . . . . . . . . 389

11.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . 389
11.2. S@al-controlled Amplitude Selectors. . . . . . . . . . . . 390
11.3. Cafier-contmlled Switches . . . . . . . . . . . . ,. . . . 396
11.4. Balanced Trbcfes, Tetrodes, and Multigrid Tubes . . . . . . 413
11.5. Variable-capacitance Modulators. . . . . . . . . . . . . . 418
11.6. Negative-feedback Diode Modulator . . . . . , . . 420
11.7. Modulation with Nonlinear Magnetic Circuits. . . . . . . 421
11+1. l%rnrnary . . . . . . . . . . . . . . . . . . . . . . . . 425



...
Xvlll CONTENTS

CHAP. 12. ELECTROMECHANICAL MODULATORS . . 427

12.1. Introduction . . . . . . . . . . . . . . . . . . .. 427

POTENTIOMETERS. . . . . . . . . . . . . . . . . . . . . . . 428

12.2.
12.9.
12.4.
12.5.
12.6.
12,7.
12JJ.
12.9.
12.10.
12.11.
12.12.
12.13.
12.14.

Fundamental Characteristics .
Linear Potentiometers ,,
Sinusoidal Potentiometers.
Nonlinear Potentiometers.
Synchros . . . . . . . . . . . .
Use with Sinusoidal Carriers.
Complex-voltage-waveform Modulation–
CompIex-current-waveform Modulation.
Variable Condensers
Use with Sinusoidal Carrier.
Complex-waveform Modulation
Variacs . . . . . . . . . . . . .
Photomechanical Modulators

-The Problem,

,.,
,.,

. . . . 428
. . 431

,.. 434
.,, 436

439
444

. . . 447
. 450

. . . 455
457

. . . 461
463

.,, 463

CHAP. 13. TIME MODULATION . . . . . . . . . . . . . . . .

13.1. Introductory Remarke . . . . . . . . . . . . . . . . . .

GENERAL Propertied OF T-M WAVEFORMS .

13.2. Examples of T-m Waveforms .
13.3. Fundamental T-m Methods.
13.4. Applications . . . . . . . . . . . . . .
13.5. Transfer Functions-Linear and Nordifiear
13.6. Control Signals . . . . . . . . . . . . . . . . . . . . .
13.7. Errors—General Accuracy Considerations. .

VOLTAQE SAWTOOTH METHOD.

13.8. Introduction . . . . . . . . . . . . .
13.9. Representative Circuit. Switching and Comparison Methods.
13.10. Problems with Miller Negative-going Sweeps
13.11. Slow and Nonlinear Sweeps—Regenerative Pickoffs.
13.12. Internally Gated Circuits. . .

PHASE-M• DULATIONMETHOD . .

13.13. Introduction . . . . . . . . .
13.14. Phase-modulating Potentiometer.
13.15. Phase-shifting Condensers.
13.16. Synchro Phme-modulators . .

STOHAGE TUBE METHOD . . . . . . . . . . . . . . . . . . . . . .

13.17. Storage Tubes . . . . . . . . . . . . . . . . . . . . . .

CEIAP.14. AMPLITUDE AND TIME DEMODULATION.

14.1. Introduction . . . . . . . . . . . . .

14.2. Types of Amplitude Demodulation.

14.3. Amplitude Selectors ..., . . . . . . . . . . . . . .

466

. 466

466

466
467
469
470
471
472

477

477
477
483
485
486

490

490
491
492
497

. 499

. 499

501

501
502
503



CONTENTS xix

14.4. Phase-sensitive Detectors. . . . , . . . . . 511
14.5. Demodulators Employing Switching . . . . 513
14,6. DMerence Detectors with Constant Output, . . . 524
14.7. General Considerations in Time Demodulation. . . 532
14+3. Simplified N’egative-feedback Time Demodulator. . . 537
14.9. Mechanical Demodulation by Cathode-ray-tube Dkplay . 539
14.10. Amplitude Demodulation by Electronic Servomechanisms. . 543

CHAP.15. SINUSOIDAL FREQUENCY MULTIPLIERS AND DIVIDERS 545

SINUSOIDAL FREQUENCY MULTIPLIRFtS. . . . . . 545

15.1. Introduction . . . . . . . . . . . . . . . . . . .. 545
15.2. Harmonic Generation. . . . 546
15.3. Frequency-selecting Filters . . . 548

Frequency Multipliers . . . . . . . . . . . . . . . . . . . . . . . 551

15.4. Practical Multiplier Circuits. . . . . . , . 551

SINUSOIDAL FREQUENCY DNIDERS. . . . 556

15.5. Introduction . . . . . . . . . . . . . . . . .. 556

15.6. Dividers Using aT~me Base. .559

15.7. Regenerative Dividers . . 560

15.8. Dividers with Regeneration and Modulation. . 562

CHAP. 16. PuLSE-RECURRENCE-FREQUENCY DIVISION. . 567

GENERAL CONSIDERATIONS . . . . . . . . . . . . . . . . . . .567

16.1. De6nition . . . . . . . . . . . . . . . . . . . . . . . . .567

16.2. Characteristics of Pulse-recurrence-frequency Dividers . . 567
16.3. Uses of Pulse-recurrence-frequency Dividers. 568

16.4. Methods for Accomplishing Continuous Puke-recurrence-fre-

quency Division . . . . . . . . . . . . . . . . . . . ...569

flOEiE FUNDAMENTAL CIRCUITS AS CONTINDOTJSFREQUENCYDIVIDERS 572

16.5. Monostable Multivibratore . . . . . . . 572
16.6. Actable Multivibrator Dividers . . . 575
16.7. Phantastron-type Dividers . . . . . . 577
16.8. Blocking Oscillator Dividers. 582
16.9. Blocking Oscillators in Divider Chains 588
16.10 .Gas-tube Dividers . . . . . . . . . . . . . . . . . . . ..591

MORE ELABORATE DIVIDER SCEEMES, AND INTERWITENT-FREQUENCY
DIVISION . . . . . . . . . . . . . . . . . . . . . . ...592

16.11. pulse-selection PRF Dividers . . 592
16.12. Frequency DWision Using Resonant Stabilization . 595
16.13. Divider Chains with Feedback. . . . 599
16.14. Intermittent Pulse-recurrence-frequency Division . . 600

CEAP.17. COUNTING . . . . . . . . . . . . . . . . . . . . . . . . . 602

INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . .. 602

17.1. The Problem . . . . . . . . . . . . . . . . . . . . 602
17.2. General Method . . . . . . . . . . . . . . . . . . . ...602



xx CONTENTS

SEQUENCE CIRCUITS.. . . . . . . . . . . . . . . . . . . . . . ..6o4

17.3. Scale+f-two . . . . . . . . . . .. ~ . . . . . . . . . . .604
17.4. Thyratron Ring Counters. . . . . . . . . . . . 612

13NEFtQYSTORAQECOUNTEBS . . . . . . . . . . . . . . . . . . . . .614

17.5. General Considerations. . . . . . . . . . . 614
17.6. Storage Circuits . . . . . . . . . . . . . . . . . . . . ..615
17.7. Energy-storage Camter Circuits. . . . . . 619
17.8. Combination of Counters. . . .624

@AP. 18. MATHEMATICAL OPERATIONS ON WAVEFORMS-I. . . . 629

ADDITION AND SUBTRACTTON OF VOLTAGES AND CURRENTS . . . . 629

18.1. Gerieral Considerations. . . 629

18.2. Linear Passive IVetworks. . . . . . . .632
18.3. Addition and Subtraction by Means of Vacuum Tubes . 640

18.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . .647

DIFFERENTIATION AND INTEGRATION. . . . . . . . . . . 648

18.5. Methods of Differentiation and Integration . 608
18.6. Theoretical Approaches. . . . . . . . 654
18.7. Practical Circuits . . . . . . . . . . . . . . . . . . . . .658

hAP. 19. MATHEMATICAL OPERATIONS ON WAVEFORMS—II . . 667

19.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . 667

MULTIPLKATIONA NDD IVISION. . . . . . . . . . . . . . . . . 668

19.2. Relation of Multiplication to Other Operations . . . . . . . 668
19.3. Multipliers Using Tube Characteristics. . . . . . . 669
19,4. Logarithmic Devices . . . . . . . . . . . . . . . . . . . .670
19.5. Multiplying Devices Using Carrier Waveforms. . 674

sqUARES ANn8QUABE ROOTS . . . . . . . . . . . . . . . . . . ...678

19.6. Circuits for Producing Squares and Square Roots . . . . 678
19.7. Squaring Circuits . . . . . . . . . . . . . . . . . . . . .679
19.8. Square-root-extracting Circuits . . . . . 686
19,9, Other Quadratic Elements. . . . . . 691
19.10. Testing of Circuits Producing Squares and Square Roots . . 693

CHAP. 20. OSCILLOSCOPIC TECHNIQUES IN WAVEFORM MEASURE-
MENT . . . . . . . . . . . . . . . . . . . . . . . . ...694

20.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . .694
20.2. Oscilloscopes and Meters. . . . . . . .694
.20.3. Amplitude Measurements. . . . . . . . . . 695
20.4. Tme Measurements . . . . . . . . . . . . . . . . . . . .697
20.5. Waveform Measurements. . . . . . . . 699
20.6. Frequency Measurements. . . . . . . . . . . . 702
20.7. Phsse Measurements.. . . . . . . .705



CONTENTS xxi

20.8. Impedance Measurements. . . . . . . . . . . . . 706
20.9. Harmonic Distortion in Pulsed Sinusoids . . 706

CHAP.21. STORAGE TUBES . . . . . . . . . . . . . . . . . . . ...707

INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . .. 707

21.1. General Definition of a Storage Tube. . . . 707
21.2. General Methods, Applications . . . . . . . . . . 707
21.3. Theory of Storage Action. . . . . . . . .708
21.4. Deflection Modulation . . . . . . . . . . 713
21.5. Signal-plate Modulation . . . . . . . . . . . . . 714
21.6. Focus Modulation . . . . . . . . . . . . . . . . . . . ..716
21.7. Frequency-modulated Carrier with Intensity Modulation 716

DESCRIPTION OF APPARATUS USED IN STORAGE-TUBEEXPERIMENTS . 717

21.8. Intensity Modulation Tests. . . 717

21.9. Deflection Modulation Tests. . . 722

20.10. Storage-tube Synchronizing Devices 727

21.11. Storage-tube Time Demodulator . . . 728

CEAP. 22. ELECTRICAL DELAY LINES . . . . . . . . . . 73o

22.1. Introduction . . . . ..- . . . . . . . . . . . . . . . . 730

THEORYOF ELECTRICALDELAY LINES. . . . . . . . . . . . . . . . . 731

22.2. Propagation Function and Characteristic-impedance Function.

Rezponae of Networks witli Parthlar -i and ZOFunetkma . . . .

22.3. Ideal Transmtilon Network and Distortion. . . .
22.4. Amplitude Distortion . . . . . . . . . . . . . . . . . . .
22.5. Phaee Distortion . . . . . . . . . . . . . . . . . . . . .
22.6. Amplitude and Phase Dwtortion. . . . .
22.7. Reflection . . . . . . . . . . . . . . . . . . . . . . . .

TYPES OF DELAY LINES . . . . . . . . . . . . . . . .

731

. 732

. 732
733

. 735
739

. 742

742

22.8. Lumped-constant Lines. . . . . . . 743
22.9. Distributed-constant Lines . . . . . . . 745
22.10. Correction Methods . . . . . . . . . . . . . . . . 746

USESOF DELAY LINES. . . . . . . . . . . . . . . . . 747

22.11. Synchronization and Generation of Waveforms . . 747
22.12. High-impedance Cable . . . . . . . . . 748

MEASUREMENTOF PROPERTIESor DELAY LINES 749

22.13. Attenuation Function 71 . 749
22.14 .Phase Function w.... . . . . . . . . . . . . . . . . .749
22.15. Characteristic Impedance. . 750

CHAP, 23. SUPERSONIC DELAY DEVICE . . 751

23.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . 751



xxii COATTENTS

THEORY OF SUPERSONIC DELAY DEI’lCE . 752

232. The Quartz Crystal asan Electromechanical Transducer 752
23,3. Acoustical Media.... . . . . . . .755
23.4. Radiation and Propagation 757
23.5. Some Special Cases of Transducer Equivalent Circuits aml Asso-

ciated Electrical Circuits . . 759

SOME EXAMPLES OF DELAY LINES. .752

23.6. “Trigger’’D elays, <...,.. , . . . . . . . . . ...762
23.7. Delay Lines Providing Faithful Reproduction 763

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . 764

APPENDIX A: Negative-capacity Amplifier 767

APPEND= B: Cathode-compensated Amplifier. 771

GLOSSARY . . . . . . . . . . . . . . . . . . . . . . . . . . . ...775

INDEX . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...777



CHAPTER 1

INTRODUCTION

BY BRITTON CHANCE AND F. C. WILLIAMS

SCOPE AND VIEWPOINT

BY BRITTON CHANCE

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

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

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

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

1
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beusedfor a variety of purposes. Yet theciesign considerations differ
markedly depending upon whether it is used, for example, for pulse gen-
eration or for frequency division.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

The material of Vol. 21 dealing with automatic computation and
electronic-instrument servomechanisms depends to a certain extent on
the material of this volume. The portions of that book devoted to
voltage and current regulators and to design and construction practice
are of considerable importance for those interested in building a complete
apparatus that will perform satisfactorily under adverse conditions. In
addition, a portion of Vol. 21 is devoted to the characteristics of test
equipment for timing and computation devices.



6 INTRODUCTION [SEC.1.5

1.6. Method of Treatment.-The method of approach to the content
of this book is discussed in considerable detail laterj but it is suitable to
state here that the main emphasis is upon what the circuit does, how it
does it, and what difficulties the circuit designer would have to avoid in
order to duplicate the results quoted. Wherever possible, a diagram of
a well-engineered circuit and the characteristics of precision components
are given.

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

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

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

In approaching the problems of precision, reliability, and producibil-
ity, the circuit engineer has summarized these requirements by a single
requirement-” designability “-that is, the development of circuits whose
operation can be predicted accurately. If component tolerances and the
conditions of service (temperature range, humidity, etc. ) have been taken
into account and a single experimental model has been built, it is to be
expected that a ‘<designable” circuit can be reproduced in quantity with
no further difficulty. Although this circuit design often leads to the use
of more components than the minimum necessary, these extra components
are usually paid for in terms of increased reliability, producibility, and
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From Fig. 4.51b

z, z NZ,
(83)

‘=sin(@+B)sm ~ = sin I#Jcos B -i- cos O sin P’
Nsin8=sin rpcosi3+cos@sb@,

But
cot @ = tan a,

so
sin d

7 = CO(N– COS@)”

(84)

(85)

By setting the derivative of r with respect to @ equal to zero it can be
shown that the maximum value of r occurs for cos 1#1= I/N. Substitut-
ing this in Eq. (85) gives

Using the factor N and the desired total impedance Z as design
parameters, the following equations may be derived from inspection of
Fig. 4“51b:

R= Zsinj3, (87) ~
1—=z, cos(q5+j3)=

&)c,-.

; Cos (4 + P), (88)

and

1
—=zcos~–+ (89)
(L’2

where ~ is given by Eq. (84).
In order to make the phase-

shifted voltage equal in magni-
tude to the input voltage, an
amplifier is required. Stabiliz*

I

I II I

Fm. 4.52.—Stabilized amplifier for phase-
shifting circuit of Fig. 4,51.

of negative feedback of the type

tion of the amplifier gain can
conveniently be achieved by use
described in Chap. 2, a practical example of which is shown ‘in
Fig. 4.52. The feedback components R’ and C’ appear at the input
grid as an effective resistance R’/l – A in series with a capacitance
(1 – A) C’, where A is the amplifier gain. Since -4 is numerically large
and is negative, these components comprise a small resistance in series
with a large capacitance and correspond to the R and Cl of the preceding
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discussion. If R’ and C’ are so chosen that the output voltage equals
the voltage applied to the input network, A and IV are identical; and if A
is large, the magnitude of the impedance of R’ and C~ will be approxi-
mately equal to the magnitude of the impedance of Cz.

The effect of a small change dii in amplifier gain can be found in the
following way. Consider the generalized circuit of Fig. 4,53. The feed-
back factor is

(90)

and in accordance with the explanation given in Chap. 2 of the behavior
of feedback amplifiers, the percentage change in output voltage for a
given percentage change in the value of A is given by

(hi
dEe ~—. — .
E. l–A@

(91)

The over-all gain G is given by
z;

G ~=
1–.4 ~.—

~;+ ~; ‘
1–A

(92)

since the apparent value of Z; is reduced by the feedback. The feedback
factor P can be written in terms of G and A by combining Eqs. (90) and
(92). Thus

B
G–A

= A(G – 1)’
(93)

and Eq. (91) becomes
dA

dEe x _G–ldA—.
E. ~_G-A–~~” (94)

G-1

In general, Il. is a complex quantity and can be written

E. = lEJej$, (95)
and

dll. = d\E.]eip + jlE&’dO, (96)
so that

(97)

For the circuit of Fig. 4.52, the impedances Z{ and Z; are so chosen that
the output voltage Eo is equal in magnitude to the input voltage 33 and
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differs in phase by an angle @ + m. The term m in the angle occurs
because of the 180° phase shift produced by the amplifier A. Therefore,
the gain G is

G = ejtt+”) = cos (~ + r) + j sin (O + m). (98)

Substituting this value of G in Eq. (94) gives

dEo =

-[

cos(@+7r)-1 +jsin(@+7r)
EO A–1 A–1 1dA, (99)

and from Equation (97), equating real and imaginary parts

dlEo\ cos(@+r)–ldA
~= A–1 A

dlEol = l+cosddA
~ 1–A A’

(loo)

and

These equations show that if A is large, the output signal is very little
affected, either in amplitude or phase, by small changes in amplifier gain.

It should be pointed out that in
the amplification process the signal E
has been inverted, or shifted in
phase by 180°. As a result the z;
over-all phase shift is somewhere
between 180° and 270° instead of -EO

between 0° and 90°. The signal
can be reinvertpd by the simple z;
expedient of inserting a resistance

v .

in the plate circuit of Vz in Fig. 4.52
equal to the resistance in the cath- FI~. 4.53.—Generalizedfeedback phase-

shiftingcircuit.
ode circuit and taking the signal
from the plate. The range of operation thus includes the first and third
quadrants.

Unfortunately, an attempt to cover the two remaining quadrants by
interchanging resistance and capacitance or by substituting inductance
for the capacitance results in a time constant for the transient which is
very long instead of very short. The second and fourth quadrants can
be covered, however, by using two RC-feedback circuits in series. For
example, one type of phase-shifting condenser requires three input
voltages cliffering in phase by 120°. one circuit like the one in Fig. 4.52
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can be used to produce a leading phase of 240°, and a second identical
circuit operated from the output of the first will give a total phase shift
of 480° lead. These two are equivalent respectively to a 120° lag and
a 120°1ead.

As has been pointed out above, the limit of phase shift obtainable
with this scheme is 90° (or 270°). This limit cannot actually be achieved

‘7.2 ;.

unless A is infinite. Since the need
for phase shifts of 90° is frequently

1-’ v

encountered, it is desirable to extend
the limit slightly to include this angle.

~ This can be done by replacing Cl in
L z Fig. 4.51 by an inductance as shown

in Fig. 4.54. If UL = R/iV, where N

R is still the ratio of Z to 21, it is evi-
dent that ZI will lead Z by 90°. The

v required value of C2 is given by

(a) (b)
Fm. 4.54.—Circuit for shifting phase of

pulsed oscillation by 90°.
*2 = (N’ + l)coL. (lo2)

The introduction of an inductance in this circuit makes the transient
term a damped sinusoidal oscillation instead of a simple decaying expo-
nential. A complete solution of the differential equation shows that the

transient term has a frequency
w ‘imes ‘he ‘requency 0’ ‘he

applied voltage and is damped with a time constant 2/Nw The initial
amplitude of the transient is ap- ~ . . . ._.__ ...__”_.. -..
proximately 2/@ times the steady

~ -w’:

state output amplitude if N is
large. The same method of am-
plification can be used with this
modification. Figure 4.55 is a pho-
tograph of a 16-kc/sec pulsed oscil-
lation shifted in phase by 90° by
this method. +“!

It would appear that by increas- “
ing the value of L, phase shifts con- FIG. 4.55.—16-kc/see pulsed oscillation

siderably larger than 90° could be
shifted90°in phaseby circuitof Fig. 4.54.

obtained. Ii is found, however, that as the phase angle increases from
98° the time constant for the transient term rapidly becomes very large.

4.17. Phase-splitting AmplMer.-A very economical method of split-
ting a pulsed oscillation into two components differing in phase by 90°
is illustrated in Fig. 4.56. Pulsed oscillations are applied to the grid
of a high-gin pentode. The impedance in the cathode circuit consists of
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a parallel resistance Rk and capacitance C; the plate circuit impedance
is a parallel resistance liP and inductance L. If Rp, L, Lk, and C are so
chosen that

R~ = WL (103)
and

R, = ;C (104)

the plate and cathode impedances
are equal in magnitude and differ
by 90° in phase as shown in Fig.
4.8.1 Since the mutual conduct-
ance is high the voltage at the
cathode reproduces very closely
the input voltage, the current
being whatever is required to pro-
duce this voltage. The same cur-
rent flows in the plate and cathode
circuits and since the impedance
vectors in these two circuits are

‘b

4-

L RP

EP
---------

E~

1
-L
=

FIW 4.56.—Method of shifting phase of
pulsed oscillation by 90”.

equal in magnitude and mutually perpendicular, the voltage at the plate
equals the cathode voltage but is shifted in phase by 90°.

The only restrictions on the impedance elements are given by Eqs.
(103) and (104). It would appear possible, therefore, to make Rk and

A

UL infinite, that is, leave them out altogether,
or to make R, infinite and C zero. The first

\

possibility is ruled out, however, because it
leaves no d-c path for the tube current. The
second possibility is impractical because the

WL sudden rise of current in the Dlate circuit

E
Zp

\
excites oscillations at the antiresonant fre-

Rp quency of the inductance and its distributed

Rk capacitance. The best results are obtained
& Zk when RP is chosen for critical damping.

The function of phase-shifting can con-
veniently be combined with the production

Fm. 4.57.—Vector-impedance
diagram for Fig. 4.56.

of the p~lsed oscillations. Since tie voltage
at the cathode reproduces the grid voltage,

the cathode may be used as a source for the feedback voltage necessary
to sustain the pulsed oscillations at constant amplitude. Figure 4.58
shows a combined pulsed oscillator and phase shifter. In this figure R~
of Eq. (103) is the combination of RI and Rz in series, paralleled by RA

I

~The graphical combination of parallel impedances has been explained in Sec. 4.12.
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and twice R3. It is necessary to take 2 xBs, because the impedance
from the center tap of the oscillator inductance to ground is equal to

the feedback resistance. Figure4.59
‘h is a photograph of waveforms ob-

~circ,~;~;$5~~5.Ua..ns for.s.

tained at the cathode and plate of the

1 I 1 1

J 1 I 1

FIG.4.5S.—Combined pulsed oscillator and
phase shifter.

It is
with

with Synchros.—In Chap. 13 of this
volume the use of synchros for shift-
ing phase continuously is discussed.

FIG. 4.59.—Waveforms obtained from
circuit of Fig. 4.58.

shown there that the necessary input current waveforms for use
pulse oscillations are of the form

il=Asinut+Kl t>o

I

(105)
it = K2 t<o
i2 = –Acoscd+K, +A t>o

where AI, KI, and KZ are constants.
These waveforms are illustrated in Fig. 4.60. The waveform of

I I

o t—

(a)

1 i

0 t—
(b)

Fm. 4.60.—Current waveforms for synchro phase shifter.
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Fig. 4.60a is (except for a change of sign) just the voltage waveform pro-
duced by a pulsed oscillator and is easily obtained. The waveform of
Fig. 4.60b is more difficult to obtain because of the shift in average level
during the interval of oscillation. N’ote, however, that Fig. 4.60fJ is
just the current waveform in the inductance of the pulsed oscillator. If
a small resistance is placed in series with the grounded end of this induc-
tance, a waveform approximately equal to the one illustrated is obtained.
The effect of this added resistance on the pulsed oscillator is to change
the phase in which the oscillations start by a small amount, and to
increase the amount of feedback necessary to maintain constant ampli-
tude. The quality of the oscillations is not impaired if the added resist-
ance is small. The voltage across this resistance
will be 90° out of phase with the voltage across the
inductance but not with the total voltage, which
appears at the top of the inductance. This phase
error can be compensated for by adding a small
component of capacitive reactance to the resist-
ance so that the impedance vector of this branch
is at right angles to the total impedance vector Z
as shown in Fig. 4-61.

Since the voltage across the resistance is small
compared with the oscillator output, an amplifier
is required to make the two waveforms equal in
amplitude. This amplifier may be stabilized in
the same way as the amplifier for the phase shifter
described in Sec. 4.17, that is, by increasing the
size of the resistor and by returning it not to
ground but to the output of the amplifier. The
value of the resistance produced in this case should

FIG. 4.61.—Vector -
impedance diagram for
cathode circuit of modi.
fied pulsed oscillator.

be approximately equ~l to the reactance of the oscillator inductance.
A complete circuit is shown in Fig. 4.62. The oscillator differs from

the one previously described in that the grid of the clamp tube VI is
returned to Eb instead of ground. This is necessary because the induct-
ance in the cathode circuit is returned through the resistor R to a point
that is at a positive potential with respect to ground. If the grid of VI

were at ground potential, no quiescent current would flow in the induct-
ance and no oscillations would be produced. The resistor R‘ is made
variable to provide an adjustment for the amplitude of the phase-shifted
output, and the phase-compensating condenser C is shunted by a variable
resistance RZ to set the phase precisely. The output waveforms are
applied to the grids of two pentodes whose plate circuits contain the
synchro primary windings P 1 and P*, Because of the high plate resist-
ance of the pentodes and the current feedback from the large unbypassed
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cathode resistors, the currents in the synchro windings reproduced the
input voltage waveforms accurately. 1

16kc/see pulsad Ph:ee;::~g output
oscil Iator

5k

FIG 4,62.—Circuit forsynchro phrnseshifter for 16-kc/sec pulsed oscillations.

(b)

FI~.4.63.—Waveforms produced by circuit of Fig. 4.62.

Figures 4.63a and 4.63b are photographs of the voltage waveforms
at the grids of Vb and Vs.

I The validity of this statement iediscusaedin Chaps. 8 and 12.



CHAPTER 5

GENEIUTION OF FAST WAVEFORMS

INTRODUCTION

BY DAVID SAYRE

The preceding chapter described the generation of sine waves, which
may be regarded as the “smoothest” oscillations possible. There are,
however, a great many uses for waveforms of precisely the opposite
nature-namely, waveforms that are as abru@ as possible-and it is the
generation of such waveforms that this chapter will treat. Such wave-
forms are useful primarily in timing applications because a definite
instant in time can be associated
much more accurately and un- ..r --- n n_
equivocally with the moment of (a) (b) (c)

“abruptness” in such waveforms
than with any portion of a L AA
‘i smooth” waveform. Speed, rel- (d) (e)
ative of course to the time scale
being used, is therefore a most
valuable property of such wave-
forms, and in general the purpose v~~
of this chapter will be to describe (9) (h) (i)

how to generate pulses of short FIG. 5.1.—Examplesof abrupt wave.
total duration and rectangles with forms: (0) step function; (b) rectangle; (c)

short rise and fall times. In an-
pulse; (d) fast-risingslow-failing pulse; (8)
triangle;U) trapezoid;(u) pulsedsine wave;

ticipation of later discussion, it (~) staircase; (i) triangle on a pedestal.

may be stated that under the best ccmditions the times involved can be

measured in hundredths of a microsecond.

A large number of abrupt waveforms can be imagined, a few examples
of which are given in Fig. 5“1. Of these only the simplest—pulses and
rectangles—will be discussed in this chapter; the more complex wave-
forms involve additional processes like differentiation, integration, modu-
lation, addition, etc., and will be discussed in other chapters.

5.1. Methods and Principles in the Generation of Fast Wa~eforms.—
The several types of circuit that can be used to generate abrupt wave-
forms will be classified somewhat arbitrarily as follows for the purpose of
later description:

159
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1.
2.
3.

GENERA TION OF FAST WAVEFORMS

Multivibrators and phantastron-type circuits.
Blocking oscillators.
Delay-line pulse generators.

[SEC. 51

Only the first of these methods will be described in this chapter;
blocking oscillators and delay-line pulse generators are treated in Chap, 6;
and certain pulse sharpeners and squaring circuits are described in
Chap. 9.

Since these circuits generate waveforms that differ so sharply from
sine waves, it is to be expected that they possess in common some property
that distinguishes them from sine-wave generators. This common prop-
erty is the utilization of a nonlinear element. Perfect sine waves could
be generated without any such element. Abrupt waveforms, however
cannot be generated without some operation with a nonlinear element’

‘EPP ‘~

+

FIG. 5.2.—Limiting amplifier.

and in general, the more abrupt
the nonlinearity, the more abrupt
the waveform which can be gen-
erated. For this reason the analy-
sis of any of these circuits, unlike
that of a sine-wave oscillator,
must take as its starting point the
nonlinearities of its elements.
Knowledge about the properties of
these elements, their utilization in
circuits, and the analysis of such
circuits will therefore be of prime
importance to the reader through-

out this chapter, and he would do well to have the material of Chap. 3
well in mind before reading further.

It has already been stated that the most important property of
abrupt waveforms is their speed at certain instants, but this is precisely
the property which is most difficult to obtain. The maximum speed
of the waveform at any point of a circuit is almost always limited by the
ability of the circuit to deliver a large current to (or remove a large
current from) that point in order to charge or discharge rapidly the
capacity which loads the point. Thus, if a circuit is to generate fast
waveforms, loading capacities must be small and peak currents through
them must be large.

These principles are illustrated by the simple limiting amplifier of
Fig. 5.2. In this figure tube characteristic c is inferior to characteristics
a and b because a longer time is required to turn the tube on and off.
C, should be kept as small as possible by using a tube with a small out-
put capacity, designing the succeeding stage to have a small input capac.
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ity, and wiring the circuit carefully. Rz should be small so that on the
trailing edge of the pulse there will be a large current recharging CZ.
The lower limit of RZ is determined by the required output amplitude,
and for this reason tube characteristic a is superior to characteristic b
since it permits a larger output pulse with an equally fast rise time, or an
equal pulse with a faster rise time. C, should be kept small, which is
more difficult to do with a triode than with a pentode because of the
Miller effect. Finally, RI should be as small as inconsistent with good
limiting in order that large currents be available for charging and dis-
charging Cl.

From these considerations can be gained, therefore, an accurate
conception of the problems involved in the generation of fast waveforms.
First, elements must be found whose nonlinearity is as abrupt as possible.
Modern triodes and pentodes’ exist which for ordinary plate voltages
cut off with —4 volts on the grid and which display a transconductance
of as much as 10,000 ~mhos at zero grid voltage. As stated in Chap. 3,
gas tubes and positive feedback circuits have a jump discontinuity in
their characteristic and hence display a very large transconductance at
one point.

Second, these elements must be capable of delivering high peak
currents although the average current may often be small. The vacuum
tubes just mentioned are capable of peak cathode currents of 1 amp or
more, z and the same figure holds for small thyratrons. Finally, capaci-
ties to ground from critical points must be small. Many of the miniature
tubes which have been developed during recent years have input and
output capacities whose sum is less than 5 p~f; regular size tubes usually
show approximately double these capacities.

5.2. Applications.—It has already been stated that abrupt waveforms
find important use as time indices, and that speed is an important prop-
erty of such waveforms if the order of time resolution is to be high.
Examples of such applications are: time modulation, measurement of
time intervals, pulse frequent y division, etc.

A related set of applications are those in which abrupt waveforms,
themselves the products of nonlinear elements, are used to alter the
behavior of other such elements during definite intervals of time. Such
“ gating” applications, as they are usually called, are exemplified by
intensity gating of a cathode-ray tube, sensitivity gating of a receiver,
time selection by means of a coincidence pulse, etc. In such applications
a second requirement is often placed upon the shape of the gating wave-
form: not only must its rise and fall times be short, but also its top must

1Triodes: 7F8, 6.J4. Pentodes: 6AC7, 6AG7, 6AK5.
ZSeeR. B. Woodbury, “ Pulse Characteristicsof Common Receiver-typeTubes,”

RL Report No. 704, April 30, 1945.
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be flat so that the performance of the gated element will be constant
during the whole gating period—that is, rectangles, and not merely
pulses, are required for such purposes.

6.3. Other Practical Design Considerations. -Shape of the output
waveform (including speed and flatness of top), although usually the most
important single consideration, is by no means the only one influencing
the choice of circuit for a given application. The following list of design
considerations is therefore included to provide a frame of reference by
which the reader can assess the merits of a particular circuit for a par-
ticular

1.

2.
3.

4.
5.

application.

Shape of the waveform. The importance of speed in timing
applications and of speed and flatness of top in gating applica-
tions has already been mentioned.
Amplitude of the waveform.
Load across which the output waveform is to be taken. Unless
the generating circuit has a very small internal impedance, the
output waveform will depend in both shape and amplitude upon
the nature of the load impedance across which it is to be taken.
For example, a circuit which can deliver a fast waveform across a
resistance may not be able to do so across a capacity, and one
which can deliver a fiat-topped waveform across a resistance may
not be able to do so across an inductance.
Polarity of the waveform.
Number of stable states, Fast waveform generators can be
designed to have O, 1, or 2 stable states. Typical waveforms

11I II I JT%FJ4U-LI-L
FIG.5.3.—Action of circuits with O, 1, and 2 stable states

for each are shown in Fig. 53. A circuit with (1 stable states,
called “ astable” or “free-running,” generates a continuous train
of waves and requires O triggers to execute a complete cycle; a
circuit with 1 stable state, called a “ monostable” or “flip-flop”
circuit, requires 1 trigger for each complete cycle; and finally a
circuit with two stable states, called a ‘‘ bist able” or “scale of
two” circuit, generates merely a step function for each trigger
and therefore requires two triggers for each complete cycle. An-.
astable circuit can sometimes be used as a quasi-monostable or
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quasi-bistable circuit by triggering it at a rate high compared
with its own natural frequency; likewise a monostable circuit
may be used as a quasi-bistable circuit.

6. Control over frequency, pulse duration, etc. In many timing
operations it is necessary to have control over the various time
relationships between the fast portions of the output waveform.
In pulse frequency modulation, for instance, the recurrence fre-
quency of a train of pulses is varied, whereas in time modulation,
the time interval between pulse pairs or the width of a pulse is
varied (see Chap. 13). The circuit control characteristics per-
taining both to accuracy and to -range of control are therefore
important considerations.

7. Recovery time. Rapid recovery is important in many applica-
tions where the circuit will be required to perform its cycles in
rapid succession.

8. Triggering. The necessary amplitude, duration, and polarity of
the trigger are sometimes important considerations. AlSO the
effect of variations in the trigger upon circuit performance may
be important.

9. Stability. Stability of the output waveform (in shape, amPli-
tude, and all its time relationships) against changes in line
voltage, tubes, etc. is often a prime necessity.

10. Economy, reliability, designability, etc.

MULTIVIBRATORS

The discussion of multivibrators will be arranged as follows. Because
the action of a multivibrator can be divided naturally into two parts—
the generation of the step function and the establishment of the time
interval—the first section 5.4 will describe circuits which perform only
one of these actions, - that is, bistable multivibrators, in which only the
generation of the step function is performed, and in which there is no tim-
ing process. The following section 55, describing monostable multivibra-
tors, will introduce the method whereby one of the formerly stable states is
rendered only quasi-stable and its duration is established. Section 5+3
will describe the basic astable multivibrators, in which both states are
only quasi-stable. In all three of these sections both plate-to-grid–
coupled and cathode-coupled varieties will be presented. The succeed-
ing two sections, 5“7 and 5“8, will discuss in greater detail the processes of
step-function generation and timing, as carried out in one representative
circuit. From this discussion will be obtained certain general conclusions
which are of considerable design value. Finally, the later sections, 5.9
to 5“14, will discuss ways of operating or modifying the basic circuits to
obtain certain desirable performance characteristics.
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5.4. Bistable Multivibrators. —The basic plate-to-grid-coupled bista-
ble multivibrator’ is illustrated in Fig. 5.4.

The operation of this circuit depends upon the fact that a stable
configuration can exist either with VI on and Vz off, or with VI off and
Vz on, and that a rapid change from one configuration to the other can
be initiated by suitably injecting a triggering pulse into the circuit. If,
initially, VI is on, its plate is at some voltage low enough to keep V2 off
and the plate of VZ is in turn at a voltage high enough to keep VI on.
When a negative trigger is applied .to the plate of Vz through the diode

-E,g ~

FIG. 5.4.—Basic plate-to-grid–coupled bi-
stable multivibrator.

VA, VI is cut off and VZ becomes
conducting. (It should be noticed
that the injected trigger will go to
the plate of Vz and not of VI be-
cause the plate of the diode VS is so
much lower than its cathode that
no conduction is possible even dur-
ing the trigger. ) Because of Cz,
which like Cl is called a “speed-
ing-up” condenser, the fast nega-
tive-going edge of the trigger is
brought to the grid of V,; V, is
thus cut off, its plate rises and
thereby raises the grid of Vs, and
this rise in turn augments the action
of the trigger by lowering the plate
of V! still farther. VI is thus rap-
idly turned off and V2 turned on,
and the net result of the trigger is

to carry the circuit from one stable configuration to the other. The
waveforms of this circuit are shown in Fig. 5.5.

These waveforms have two main uses. Since the waveform at one
of the plates has one-half as many rising edges as there are input triggers,
the circuit can be used to divide by 2 the number of triggers coming
from any source, Also, the two plate waveforms are useful for the
electronic switching of waveforms, when, for instance, it is desired to
display two different waveforms on alternate sweeps in a cathode-ray
tube.

Since the total current drawn by the circuit is approximately the
same throughout the cycle, the insertion of a moderately bypassed common
cathode resistor of the proper value will provide a suitable bias and will
permit the negative supply to be eliminated. Such a circuit is shown in

I Bistablecircuitshave alsobeen called “waling” circuits, “scale-of-two” circuits,
and in England ‘‘ lockover” circuits.
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Fig. 5.6. Because the cathode bias developed will accommodate itself
to the voltages and components being used, this circuit is considerably
less sensitive to changes in the operating conditions than that of Fig. 5.4.

The analogous cathode-coupled bistable multivibrator is illustrated
in Fig. 5.7. In this circuit, also,
two stable configurations are pos-
sible: one with VZ on, in ~vhich
case the cathode of VI is high
enough to cut that tube off; the
other with VI on, in which case
the grid of Vz is low enough to cut
that tube oR. The transition
from one state to the other maybe
initiated by injectinga trigger, or
by raising or lowering the grid
of V1.

It is this latter method of con-
trol which is illustrated in the
waveforms of l?ig. 58. Here Vs
is initially on and VI is off. As
the grid of VI is raised, there
comes a point where current begins
to flow in V,; the plate of Vi and
the grid of V!drop; consequently
the current through R~ decreases,
the cathode of Vl drops, andth.us
turns VI on more rapidly. At a
definite voltage of the input wave-
form, therefore, the circuit flips
over. Similarly, it will flop back
on the trailing edge of the input,
butata lower voltage. This dif-
ference in critical voltages is a
consequence of the “hysteresis
effect” which is always present in
relaxation oscillators, and which
is discussed in Chap. 3. The out-
put on the plate of Vz is thus a
square wave whose duration is

Fzc. 55.-Waveforms of the plate-to-grid-
coupled bistable multivibmtor of Fig, 5.4.
The trace was about 1250 usec long; the
amplitude of the plate waveforms about 130
volts.

equal to the time spent by the input between its two critical voltages.
Taking the output from the plate of V2 instead of from som~other point
has the advantages of speed and flexibility since the stray capacity from
that point to ground is small and since almost any type of load may be
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attached without seriously affecting the performance of the rest of the
circuit. These advantages can be increased, in this and all other cathode-
coupled types, by making Vt a heavy-current tube, reducing r-t, and
returning the cathode of V2 to a point only part way up Rk.

The uses to which this circuit can be put are easily inferred from its
waveforms. It has been used as a means of squaring an input pulse; as
a regenerative amplitude comparison circuit (see Chap. 3); and as a sort
of peak-reading voltmeter that indicates whether the input signal ever
attains the critical voltage at which the circuit will flip over.

In this and all other cathode-coupled multivibrators greater regenera-
tion can be obtained by also coupling the plate of V2 to the grid of VI

Input
triggers

s
[

+ Epp

+ EPP

FIG. 5.6.—P1ate-to-grid-coupled bktable FIG. 5.7.—Baeic cathode-coupled bistable
multivibrator with cathode bias. rmdtivibrator.

to obtain a circuit which is both plate-to-grid– and cathode-coupled.
This usually increases somewhat the speed with which the change of
state is accomplished, but does so at the expense of losing the “free”
plate of VC.

5.6. Monostable MultiVibrators.-If in the bistable circuit of Fig.
5’4 the a-c–d-c coupling from the plate of VI to the grid of Vz were
replaced by an ordinary a-c coupling, the negative square wave on the
plate of V1 would come through to the grid of Vt not as a square wave
but as the exponential wave shown in Fig. 5“9. Thus V2 could not remain
turned off indefinitely-that is, the state in which Vz is off and V] is on
would become a quasi-stable state, the duration of which would be
determined by the time necessary for the grid of Vz to recover exponen-
tially to a voltage where Vz can begin to draw current again and where
the circuit flops back to its other (stable) state. Because of its funda-
mental role in establishing the duration of the quasi-stable state, the
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exponential waveform is called the “timing waveform” and the coupling
condenser and resistor which determine its time constant are called the
“timing condenser” and “timing resist or. ”

From these considerations is derived the basic plate-to-grid-coupled
monostable multivibratorl shown in Fig. 5.10. It should be noticed
that the timing resistor R is returned not to ground but to the plate
supply. This ~s done, when R is
not too small, in order to increase

the slope of the timing exponen-

tial at the moment of pickoff and

thus improve the stability of dura-

tion of the generated rectangle.

Figure 5.11 illustrates the wave-

forms of this circuit. Initially the

circuit is in its stable state, with ~z

on because of R, and VI off because
of the drop in rg. When the nega-
tive trigger is injected at the plate
of VI it is coupled by C to the grid
of V2; V2 is cut off; the plate of V2
rises rapidly, and this rise which is

coupled by c1 to the grid of VI
turns VI on. As V, turns on, the

negative swing of the plate rein-

forces the effect of the trigger.

Thus, after a very short time, VI
has been turned on and Vj has been
turned ofi. This state, as pointed
out above, is only quasi-stable, how-
ever, because the charge on C
leaks away through R and conse-
quently the grid of VC rises expo-

nentially toward EPP until it

reaches the critical volts’ge — E.,
at which V2 begins to turn on again

and the circuit floPs rapicll~ and

FIG. 5S.-Waveforms of the cathode-
coupled histable multivihrator of Fig, 5.7.
The trace was about 1250 psec long; the
amplitude of the waveform at the plate
of V2 about 60 volts.

regeneratively back to its initial state, where it remains until another

trigger is injected.

A restatement of the timing mechanism might be that two processes

are involved: (1) the generation of a timing waveform (the exponential

on the grid of V2); and (2) the “picking-off” of the timing waveform at a

1Monostable multivibrators have also been called “flip-flops,” “one-shot multi-
vibrators,” and “ gating multivibrators.”



168 GENERA TION OF FAST WAVEFORMS [SEC. 5.5

definite voltage by a nonlinear element in order to provide the signal
marking the end of the desired time interval. This second process is
called “amplitude comparison” and is described in Chap. 3. In the
circuit of Fig. 5“10 VB is the nonlinear element and —E, is the pickoff
voltage.

The origin of the overshoots in several of the waveforms is to be
found at the grid of VZ. During the interval when Vz is off, the timing
condenser C is being discharged. During the other portion of the cycle,
therefore, it must be recharged, the electron current taking the path
from the cathode to the grid of Va, right to left through C, and up through
rl. Since the diode formed by the grid and cathode of V2 does not have
zero forward resistance, this current produces on the grid a small positive
signal which also appears amplified and inverted on the plate of VA and
the grid of V1. This flow of current, which will last until C is completely
recharged, is also the cause of the +EPP
slow rise in the waveform at the
plate of V,. Thus the recharging

! rl R T2
of C is a bothersome problem, es- C
pecially when very narrow pulses or

,
c,

~r’’~c~~~’c T : Ff ‘- ?
1

-L ‘ _E,.
=

FIG. 5.9.—Method of generating the FIG. 5 10.—Basic plate-to-grid-coupled
exponential timing waveform in a multi- monostable multivibrator.
vibrator.

very rapid repetition of the cycle is desired, and special provisions must
be made (see Sec. 5.11) for reducing the recharging time. A similar
effect may take place at the grid of VI when that tube is turned on if Cl
is made any larger than just sufficient to match the stray capacity from
the grid of VI to ground.

The usefulness of such a circuit is obvious; it is used when rectangles
of a predetermined duration are desired, one rectangle for each trigger
inject ed.

Figure 5.12 shows the corresponding cathode-coupled monostable
multivibrat or, and Fig. 5”13 its waveforms.

The initial and stable state is with Vz on and VI ofi. The diode V1
is used to define the initial level of the grid of Vz; this level would other-
wise vary greatly according to the electrode structure and cathode emis-
sion of V,. When a negative trigger is injected through V,, Vz is turned
off and the cathode of VI, dropping to within a few volts of the grid of VI,
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turns Vl on. Anegative rectangle is thus generated at the plate of V,
and, after differentiation inthetiming networkRC, becomes theexponen-
tial timing waveform on the grid of ‘- ‘ “’ ‘ “ “‘ “” “ “
therefore, the grid of Vz crosses the
grid base of Vz and the circuit re-
verts quickly to its original state.

The circuit has two very useful
properties. First, fast waveforms
can be obtained in either polarity,
positive from the plate of Ve and
negative from the cathodes of VI
and VZ.. Second, it is found that
over nearly the entire operating
range the duration of the rectangle
generated is a linear function of the
voltage impressed on the grid of VI,
Thus, by changing the setting of
the potentiometer P, the duration
of the rectangle can be increased
steadily from almost zero to its full
value, with a linearity which may
be as good as 0.2 per cent of full
range. 1 Qualitatively, the increase
in rectangle duration with the grid
voltage of VI is due to (1) the in-
crease in the amplitude of the nega-
tive rectangle at the plate of VI
with the consequent increase in the
negative voltage from which the
grid of Vz must recover and (2) the
decrease in the amplitude of theneg-
ative rectangle at the cathodes, with
the consequent increase in the volt-
age to which the grid of Vz must
recover. These facts are illustrated
by the waveforms in Fig. 5.13,

v 2. Alter a ciehmte time Interval,
~ . .. ,.....—. . . . . .

FIG. 5.11.—Waveforms of the plate-to-
grid–coupled monostable multivibrator of
Fig. 5.10. The trace was about 1250 ~sec
long; the amplitude of the waveform at the
plate of VI about 130 volts.where the photographs were taken

for two positions of the potentiometer P.
As in the previous circuit, the recharging of C is responsible for certain

overshoots and other defects of the trailing edges of the waveforms.

1The circuit of Fig. 5,12 shows poor design in one respect. The cathode of V,
should be returnedto the bleeder which containsP so that variationin the bleeder
resistanceswill tend to makethe grid levelsmove together.
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It should be noticed that the bistable circuit of Fig. 5“7 has two a-c–d-c
coupling paths, from the plate of VI to the grid of Vg, and from the

•1EPP

T 1 1 1 T

[,$

Input
trigger

y

4
FIG. 512.-Basic cathode-coupled monostable multivibrator (timing network

circuit).
m gnd

cathode of V2 back to the cathode of VI. The monostable circuit of

Fig. 512 was obtained by replacing the former of these a-c–d-c paths
.- -... ---- _. .,

r

Cathode of 1;

-~ ~~

L“
Plate cf.1{

~,_-’”

! /
Grid of V

1.
2

1 1

-
Plate of &

—— —

Cathodes of J;. and 1;

,,e-AA -.. ,. –- —.—.... -

FIG. 5.13.—waveforn1s of the cathode-
coupled monostable multivibrator of Fig.
512. The trace was about 1250 psec long;
the amplitude of the waveform at the plate
of VZ about 90 volts.

.,

to permit V, to come on again; the plate of V, falls and with it the gr~d
of Va; and Vz is cut off once more. The overshoots are caused by the

recharging of C through r and VI.

by an a-c path. As might be ex-
pected, a perfectly satisfactory cir-
cuit may be obtained by replacing
the second path instead of the first.
Figure 5.14 shows such a circuit,
and Fig. 5“15 its waveforms.

The stable state is with VI on
and V, off. The trigger permits the
plate of VI to rise and this rise is
coupled to the grid of V2. The
cathode of Vz is thus lifted; because
of C the cathode of VI is also lifted,
and VI is turned off still further.
The circuit is now in its quasi-stable
state. Electron current is flowing
up R, from left to right through C,
and up through Vz. This current
through C causes the cathode of VI
to fall exponentially toward – Ekk
with a time constant of RC seconds,
and it is this exponential which
times the duration of the rectangle.
Finally, the cathode falls far enough

I
I
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The unusual feature of this circuit is that the timing network is in a
cathode circuit and not in a grid circuit. Such an arrangement is

especially valuable for the generation of very short rectangles since R
can be made small. The circuit is also favorable for the generation of
short rectangles because the plate
of Vz is free; a fast waveform can
therefore be taken from it.

6.6. Astable Multivibrators.—
In Fig. 5.16 is illustrated the basic
plate-~o-grid-coupled astable mul-
tivibrator, * derived from the mono-
stable form in Fig. 5“10. By the
replacement of the one remaining
a-c–d-c coupling with an a-c cou-
pling both states are made quasi-
stable. The waveforms are shown
in Fig. 5.17.

+EPP

I I 1

-E~

FIG. 5.14.—Another form of cathode-
coupled monostable multivibrator (timing
network in cathode circuit).

FIG. 5 15.—Waveforms of the cathode-
coupled monostable multivibrator of Fig.
5.14, The trace was about 1250 #see
long; the amplitude of the waveform at the
plate of Vz about 50 vOlts.

A c@hode-coupled astable multivibrator can be obtained by combin-

ing the two monostable forms described in the last section. Such a

circuit is useful mainly as a highly unsymmetrical oscillator, with one

1Astable multivibrators have been called “free-running” or “self-running” types.
In England, the word mr.dtivibrator tends to be restricted to astable circuits.
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part of the cycle much shorter than
the other. It will be described in
Sec. 5.11, on highly unsymmetrical
astable multivibrators.

A symmetrical astable multivi-
brator,”which makes use of the same
condenser for timing both halves of
the cycle, is shown in Fig. 5.18 and
its waveforms are illustrated in Fig,
5.19.

It should be noticed that al-
though a-c cross couplings are used
from each plate to the opposite grid,
the time constants are made very
long compared with the period of
the multivibrator. There is, there-
fore, effectively no differentiation
or timing action in those networks,
and the ~iming action is confined to
the network consisting of C, R,,
and IL The advantages in using
a-c instead of a-c-d-c cross cou-
plings are ease of design and free-
dom from the necessity of using
accurate components.

Initially VI is off and V2 is on.
Electron current is flowing up
through R,, from left to right
through C, and up through Va to
the plate supply. This current

‘?-t-l-r

‘At3T WAVEFORMS [SEC. 5.6

&
Fm. 5.16.—Basic plate-to-grid-coupled

astable multivibrator.

FIG. 5.17.—Waveforms of the plate-to-
grid-coupled astable multivibrator of Fig.
516. The trace was about 1250 psec
long; the amplitude of the plate waveforms
about 1SOvolts.
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through C is causing the cathode of VI to fall toward ground along
an exponential with a time constant I?lC. Incidentally, the plate of
Vsandtherefore the grid of Vlarerising because theeurrent through Vz
decreases as Ccharges. Thusthe cathode andgridof V,are approaching
each other, and, aftera definite time, current can begin to flow in VI. A
regenerative action nowtakesplace, .. . ————
in which both the plate-to-grid
andcathode couplings areinvolved.

v

J
After a very short time, therefore, f
a new configuration is realized, in w u
which VI is on and Vz is off. The ,

*

;,.
action now takes place exactly as
before, except that the electron ;‘
current flows from right to left : . Catl

through C and the voltage across c ~ I

FIG. 5.1S.—S ymmetrical cathode-coupled FIG 5.19.—Waveforms of the cathode-
astable multivibrator, coupled actable multivibrator of Fig. 5,1S.

The trace was about 125 psec long; the
amplitude of the cathode waveforms about
SOvolts peak-to-peak.

interplay between the cathodes is important and may be a little confus-
ing; it may not at first be clear why, although at one time the cathode of
VI is capable of raising the cathode of VZ, at a later time it is incapable
of preventing itself from being raised by the cathode of Vz. The explana-
tion lies in the nature of the output impedance at the cathode of a tube;
speaking roughly, it is easy to pick up the cathode but hard to keep It
down.
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5.7. Analysis of the Transition between States. -In the preceding
sections the general features of operation of several basic types of multi-
vibrators have been discussed. The two most important processes that
multivibrators perform will now be analyzed in greater detail and with
quantitative results. The present section will describe the transi-
tion from one state to the other; the next section will treat the timing
operation.

It should be clearly understood from the start that an exact analysis
of a multivibrator, especially during that instant when it is changing
states, is practically impossible. So numerous are the elements involved.

EPP
EPP

n

t
. . .

t
I
I

1- V,~
i t

i
=

FIG. 5.20(a) .<ircuit of Fig. 516 re- FIG. 5.20(b) ,—Circuit approximately
drawn to show stray capacities and electron equivalent to that of Fig. 5,20(a) to be
currents. V, is coming on; VZ is being used in analysis. C,’ = CCL+ Cm +
turned off. (1 + .4,)C,,1 + (1 +A2)c@: C2’ = C,* +

C’pI + (1 + A,) CO, + (1 + A,)Cm,.

both those which are intentionally and those which are unavoidably
present, and so far-reaching are the effects of the nonlinearity of the
vacuum tubes, that every analysis must make several simplifying
assumptions and thereby lose its exactness. This is true both of those
analyses which concern themselves with the entire cyclel and those, like
the ones now to be presented, which break the cycle down into two parts
and treat the transition separately from the timing.

As a typical circuit” for analysis the ordinary plate-to-grid-coupled
astable multivibrator of Fig. 5“16 will be used. Figure 5.20a shows this
circuit redrawn to include the various stray capacities which form the
principal limitations on the speed with “which the change of state can take
place. The arrows represent the directions of electron flow during the
time when VI is coming on and V2 is being turned off.

1An excellent exampleof such an analysis.which uses as its basis an analytical
expressionapproximatingthe tube characteristics,is the Ph. D. thesisof S. C. Srrow-
don, Cal. Inst. of Tech., 1945.
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The circuit of Fig. 5.20a is difficult to analyze because of the presence
of COP,and C,P,, which prevent the circuit from being considered as two
separate loops. Figure 5.20b represents an approximately equivalent
circuit, in which those capacities, together with CP1and C=,, have been
absorbed into C; and C;. Essential y the circuit of Fig. 5.20a may be
regarded as a current source at point A (current supplied by VI) and a
current sink at B (current taken off through r2) with various associated
networks. The capacities which take current from A are C’,,, C,p,, Cz
in series with CO,,and Cz in series with C,,,;
those which give current to B are C,,, COP,,

A

*P

C, in series with CO,,and C, in series with C.p,.
Now if it is assumed that Cl and Cz are large 4 %
compared with the other capacities, and if it
is remembered that Cop, and COP,act effec- Slope =

tively like capacities of value (1 + A JC.P, - EC
eg

and (1 + AZ) COP,,where A I is the ratio of FIG. 521.-Iderd broken-
line characteristic assumed for

the speeds with which the plate and grid of v, ,nd v,,
VI are moving and A2 is the same for Vj,
then the capacitive load on A can be represented, as in Fig. 9“20b, as
C: = C,, + C=, + (1 + A J C,p, + (1 + A. JC,,,, and the capacitive source

for B can be represented as

C; = Co, + C., + (1 + A,)C,P, + (1 + A,) C,P,.

In order to simplify the analysis it is assumed that A 1and A,, and there-
fore C; and C;, are constant. However, it should be understood that
this is not strictly true and constitutes another departure from exactness.
It should also be noted that the above definitions of A, and Az imply
A, = I/A,.

On the basis of the equivalent circuit, Fig. 5.20b, the analysis can
proceed. The waveform at the grid of V, for the period after VI has
begun to come on is assumed to be some function, given as a power
series with undetermined coefficients, of the time t that has elapsed since
the grid passed the grid base at – E. volts. Both VI and Vz are assumed
to have the perfect broken-line characteristic shown in Fig. 5“21 with a
slope of g~ amps/volt and a grid base of E. volts. By means of this
characteristic the waveform at the grid of VI is translated into the current
through VI as a function of time. This current is integrated in C; (it is
assumed that rl draws negligible current) to give the corresponding wave-
form at the grid of VZ Use of the tube characteristic of Vz gives the
current through Vz as a function of time. If it is assumed that the
current through rz does not change appreciably during the change of
state, then the current available for C; is the amount by which the current
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through Vz has decreased plus the current IO flowing through RI. This
sum is integrated in Cl to yield the original waveform in a new power
series containing not only the undetermined coefficients but also 10, g~,
C{, and C;. This power series and the original one are set equal term
by term’ and the coefficients are easily found in terms of the four param-
eters just listed. The voltage v, at the grid of VI is then found to be

and the voltage U2at the grid of V2 is

Iogm

[ ‘ +NW’”+“1
19;4

v2=— —(2;(7; ;Itz+zlm
I If it is assumedthat UI= —E. + bt + Ctz+ dt3 + . . . , then il, the current

through V,, is
il = bgmt+ C9J + dgmtj + . . . .

If all of i, passes through C;, then the voltage o, at the grid of V, is specified by

( dg.
~2=—

)
* t +&+@’+...

2 2 2

Integrating:

(
1 bg~ 1 dg~

)
__t2+~c#~,+z~t4+. .’ -

“’=– 2C; 2 2

The current available for charging L’: is

Dividing by C: and integrating:

I, lb’ lC’ 1 dg’
ul=— Ec+—t+ i*, t3+fi*, t4+zo#5 +. . . .

c,, , 12 12

Equating the two expressions for u, term by term:

C=(J

From thesecoefficientscome the expressionsin the text for uIand oz.

For I, = 3 X 10-4, g“ = 10-3 C; = C; = 6 X 10-11,

t in microseconds,

VI = 5.6t + 258tj + 3580t6 + . . . .

U2 = 46.3t2 + 1075t4 + 9950t0 + . . .
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In order to illustrate the waveforms represented by these solutions, it
is necessary to assume a set of representative values for lo, g~, C;, and C;.
Such a set might be:10 =~ma;g~ = 1000 ~mhos; C{ = C; = 60ppf;
and E. = 15 volts. These might, for instance, be a fair set of values for
a multivibrator made of the two sections of a 6ShT7, with RI = 1~,
with each grid-to-ground and plate-to-ground capacity = 15 MLf, each
grid-to-plate capacity = 6 ppf, and A 1 + Aa = 3. Under these con-
ditions the waveforms at the two grids are calculated to be as shown in
Fig. 5.22. In calculating these waveforms it was necessary to include
the first seven terms of each series. Experimental rise times agree very
well with these calculated ones.

It may be worth while to point out very briefly those respects in
which this analysis would have to be improved before it could be con-
sidered accurate. Probably the most im-

Time in P sec
portant improvement would be to use the ~o 0.1 0,2 0.3
actual grid-to-plate characteristic for the
tubes instead of the highly idealized one of -Z
Fig. 5.21. Second, the variation of A, and O -4

E

v,

At during the action should not be ignored. Z -~
Third, the currents through rl and Rz should ~ _8
be considered, as well as the change of cur- ~
rents through RI and TZ The effect of hav- ~.- 10 ~
ing Cl and Cz finite should be considered. -12
The exact circuit of Fig. 5.20a should be -14
used instead of the approximately equiva- -16
lent circuit of Fig. 520b. Account should FIG.5.22.—Calculated wave-

be taken of the fact that during the very ~dtivib,ato,,forms for the grids of a typical

early part of the action the larger partof 10
is flowing not through C., but through Cl. Finally, the effect of the grid
current in VI upon the end of the action should be included.

The importance of this analysis is that it provides a figure of merit,
g~/C~Cj, for tubes to be used in multivibrator circuits and therefore
emphasizes, perhaps in a more quantitative manner than previously, the
necessity of keeping stray capacities small and of using tubes with high
transconductance.

6.8. Analysis of the Timing Process.-The purpose of this section is
to derive some results which will be useful in Sec. 5“13 on stabilization
of time intervals, and to make it possible to calculate in advance the time
intervals which will be established by a multivibrator.

For the purposes of analysis the plate-to-grid-coupled astable multi-
vibrator of Fig. 5.16 will be considered with the voltage VI on the grid of
VI as is shown in Fig. 5.23. The initial voltage from which the grid must
recover is – E~, Eti is the voltage to which RI is returned (Eti = E=. in



178 GENERA TION OF FAST WAVEFORMS [SEC. 5.8

Fig. 5.16), and – E. is the cutoff voltage of V, (that is, approximately the
voltage at which the transition of state occurs).

Then
t-—

VI = Eu — (Eu + .lL)e ~lc]. (1)

To find T,, the duration of the quasi-stable state during which V, is off,
o, is set equal to – E. and Eq. (1) is solved for t. It will be found that

(2)

If the circuit is symmetrical and E%, Ei, and E. are the same for both
portions of the cycle, then the duration T of a complete cycle is given by

Eu + E,T = T, + T, = (R,CL + RX,) in ~TC
.

(3)

This expression is slightly inexact for two reasons. First, it ignores
the presence of the various stray capacities shown in Fig. 5.20a. These

Eu
% _____________________________

h
T, //---

,0

Fxe. 5.23.—M ultivibrator grid waveform as FIG. 5.24.—Graphical method for calcu-
used in calculating the period. lating II; and E..

may be included by writing Cl + C~, + Co,, for Cl and CZ + c., + C,v,
for Cz. Second, it ignores the fact that there exists a large negative
overshoot at the start of the exponential waveform (see Fig. 5~17). The
effect of this overshoot will be to discharge the timing condensers some-
what, that is, to reduce the effective Ei. Therefore, if Ei is estimated by
the method given below, the calculated period may be slightly too long.

In order to use Eq. (3), estimates of E. and Et must be made. This
can be done very easily from the tube curves and with an accuracy suf-
ficient for most purposes. E. can be taken to be the grid base when the
plate voltage is E,P; E, is approximately the drop across the plate resistor
at zero grid bias. These relations are illustrated in Fig. 5.24. For a
typical triode like a 6SN7, with Ev = E,= = 250 v and r, = r, = 10 K,

Eu + E,
Ei = 130 v and Ec = 14 volts, so in E + E, = 0.36, If rl = TZ= 50 K,

.
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the last quantity becomes 0.53. In the latter case, if the circuit is
symmetrical so that RIC1 = R~C2 = RC, it will oscillate at a frequency
of about l/RC cps.

6.9. Obtaining Fast Transition.-In Sec. 5.7 it was shown that the
speed of transition depends primarily upon the quantity g~/C{Cj. On
the basis of this fact there arelisted the following practical methods by
which transition times of 0.5 ~sec are easy o obtain under most circum-
stances and by which transition times of 0.05 ~sec are possible.

1. Thestray capacities C{and C~should bekeptto a minimum-that
is, grid-t~ground, plate-to-ground, and grid-to-plate capacities
should be kept small. Miniature tubes in general have inter-
electrode capacities about one half as large as big tubes have, and
pentodes have smaller grid-to-plate capacities than triodes have.
The wiring should be done carefully and kept short. The ultimate
in this respect can be achieved with the use of sub-miniature
solder-in tubes. Any circuit attached to the multivibrator should
present as low a capacity as possible. This is true of the trigger
source, which should be disconnected from the multivibrator by
inserting the triggers through a diode. If the output must be fed
into a circuit with a large input capacity, it may first be fed into a
cathode follower and from there into the desired circuit.

2. The plate resistors r, and TZshould be kept fairly small so that the
tubes will be operating at high current and therefore at high g~.
Values from 3 K to 20 K are usual. Inductive compensation may
be used to increase the current available for C{ and C~.

3. High-g- tubes should be used. Among triodes are: 6J4, 7F8, 6K4
(SD834), 6J6, 6SN7. Among pentodes are: 6AC7, 6AK5, 6AG7.

6.10. Monostable Circuits for Very Short Pulses.-The principles dis-
cussed in the last section are most important when it is necessary to use a
multivibrator to generate very short pulses, whose length may be, for
example, from 0.1 to 2 ~sec. Obviously, the generation of such pulses
imposes very stringent limits on the time available for transition between
states. It should be remarked, incidentally, that multivibrators are not
usually the most satisfactory circuits for this purpose; blocking oscil-
lators and gas-tube circuits are generally superior because of their ability
to deliver very large peak currents during the instants when the circuit
is changing states.

Figure 5.25 illustrates a plate-to-grid–coupled monostable circuit,
modified from the basic circuit of Fig. 5.10 by returning R to ground
instead of to the plate supply voltage in order that a small value of
resistance may be used.

The major fault of this circuit is that every electrode is involved in the
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action; therefore, there is no free point which can be loaded with an
output circuit without slowing the action. Two general methods are
available for overcoming this difficulty: use of an electron-coupled
multivibrator, and use of a cathode-coupled multivibrator.

E~P +250v

27 10 k

I&l A,r

Input
tilgger 100b

=
110k

-Egg -105 v

Fm. 525.-Plate-to-grid–coup1ed monostable multivibrator for generating sbort pulse.

Figure 5.26 illustrates an electron-coupled monostable multivibrator,
in which V2 and the cathode, grid, and screen of VI act as an ordinary
circuit of thetype shownin Fig. 5.25. The plate of VI is then quite free
and from it can be taken a fast negative pulse.

+Epp +250v
T T T T

Fm. 5.26,—Electron-coupled monostable multiv]brator for generating short pulse.

Among cathode-coupled types, that of Fig. 5.14 is especially useful
since the timing resistor is in a cathode and can therefore be made very
small. Figure 527 shows a circuit of this type, suitable for generating
pulses of 0.5 psec.
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There exists one more rather novel cathode-coupled type which finds
use in generating pulses of stable and easily calculated duration. In

X7

001

m

Input 4
trigger ~

—

- Ekk-105V
Fm. b,27.—Cathode-coupled monostable multivibrator for generating shortpulse.

Input Timing Output timing
waveform circuit waveform

(b)
FIG. 528.- The generation of a timing waveform by (a) a differentiating network, and (b)

an integrating network,

every one of the rnultivibrators thus far described the timing operation
has been carried out essentially by an RC differentiating circuit, as
illustrated in the upper half of Fig. 5.28, An integrating circuit might



182 GENERA TION OF FAST WAVEFORMS [SEC, 510

be used equally well, however, as shown in the lower half of the figure,
and the circuit to be described makes use of timing of this type.

Figure 5.29 illustrates the circuit in question and Fig. 5.30 its wave-
forms. Initially l’, is on, the current through VI flowing through R2
and thus providing sufficient bias to keep Vz off. When the positive
trigger is injected at the grid of V2 through the diode Vs, current flows
through V2 and through Rz and RI. The effect of this is to raise the
cathode of VI rapidly; the grid of VI rises only slowly, however, with a
speed limited by RC, and therefore VI is turned off. Its plate rises, and
this rise is coupled back to the grid of VZ by a coupling circuit whose
time constant is made long compared with the duration of the pulse to

FIG,

Input
trigger
,,

-L

5.29.—Cathode-coupled monostable multivibrator using an integrating network to
generate the timing waveform,

be generated. The action is regenerative and after a very short time,

VI is off and V9 is on. The amplitude of the positive swing of the grid
and cathode of Vz is prevented from exceeding a certain definite value
by the diode V,. Now the grid of V, begins to rise along an exponential
determined by R and C. After a definite time, it will have risen far
enough to permit VI to begin conducting again and the circuit will
revert quickly to its initial state. The time T, the duration of the pulse,
is given by the approximate formula

where VZ is the voltage to which the cathode of VZ rises, il is the quiescent
current through VI, and E. is the grid base of VI.
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6.11. Obtaining Fast Recovery-Highly Unsymmetrical Astable
MuMvibrators.-Aftere veryabrupt change of state in a multivibrator,
some of the condensers have been
“left behind,” as it were, and re-
quire a certain time to become
charged to their steady voltages.
Until these transients have died
away the circuit has not recovered,
and in general is not ready to per-
form another change of state, at
least not in precisely the same way
as it would if it were fully recovered.
For instance, a bistable circuit,
acting as a scale-of-two pulse
counter, will not resolve two incom-
ing pulses whose separation is much
smaller than its recovery time.
Thus the problem of obtaining
fast recovery is often of great
importance.

The speed of recovery depends
inversely upon the size of the con-
denser to be recharged and directly
upon the amount of current which
is made to flow through it. In the
case of bistable circuits, usually
the only condensers present are the
strays and the “speeding-up” con-
densers, which in most circuits will
not exceed 50 p~f, with correspond-
ingly small recovery times (for ex-
ample, about 1 psec). Monostable
and astable forms, however, may
possess large timing condensers, the
recharging of which becomes a
serious problem when it is desired
to make the circuit repeat a long
quasi-stable state after a short time.
In fact, the problem becomes most
serious’ when it is desired to build
a highly unsymmetrical astable

—

I

Grid of 1;

1

—n’
Plate of t;

Plate of V7
t

L__ —.
FIG, 530.-Waveforms of the circuit

of Fig. 5.’29, The trace was about 125
paec long; the amplitude of tbe waveform
at the plate of l’~ about 60 volts.

multivibrator because then the large timing condenser, which established
the long part of the cycle, must be recharged during the short part of the
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cycle. Accordingly, the methods for making a multivibrator recover
quickly will be illustrated in this section by several highly unsymmetrical
astable circuits, from which can easily be derived monostable circuits
if they are needed.

As an illustration of the problem of designing a highly unsymmetrical
circuit, Fig. 5“31 shows a plate-to-grid–coupled astable circuit which
might, at first glance, seem to be so arranged that the part of the cycle
during which V, is off and V2 is on would last about 1000 psec (approxi-
mately ~ RICJ, while the other part of the cycle, since it depends only
on the product RL’2, could have any length down to zero, Closer
examination, however, reveals that since the time needed to recharge Cl

““~

RI
10k 300k l~k

c1
,,

‘ ‘0.01
4I

Fm. 5.31.—Incorrect highly unsymmetrical astable multivibrator.

will be several hundred microseconds for the circuit values given, there
is actually a very definite lower limit to the length of the short part of
the cycle.

Several methods are available for reducing the recharging time. If
Cl were reduced to 0.001 ~f and R, increased to 3M, the recharging would
occupy only 30 or 40 psec, and reduction of Cl to 100 wf, with RI equal
to 30M, would permit the short part of the cycle to be as little as 3 or
4 psec. One method, therefore, is to make the timing condenser as
small, and the timing resistor as large, as other considerations will permit.

The following methods of reducing the recharging time, which are
listed in the order in which they should be used, are also available:

1. The plate resistor r, may be returned to a higher plate supply
voltage, with a plate-catching diode inserted as in Fig. 5“32. The
charging current is thereby increased, and only the fast initial
part of the recharging is allowed to take place.
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2,

3.

4.

The plate resistor TZmay be lowered in value. In general, this
will require that a heavier

+E
current tube be used for Vz PP2

since TZwas presumably al- +E
ready as small as the tube PP~

ratings permitted.
After Steps 1 and 2 are car-
ried out the main limitation
upon the charging current is cl
the resistance of the diode
formed by the grid and cath-
ode of VI; a parallel diode

#, $-F

can be added to reduce this ~-
resistance.
Finally, the coupling from
the plate of V2 to the grid of
VI may be made through a II
cathode follower, in which-

4I
=

case the current available F1~.5.32.—Theuseof a plate-catching
for recharging is practically ,eChartingperiOddiode to eliminatethe slow portionof the

the entire current flowing
through the cathode follower.

‘E”2~

FIG. 533.-Highly unsymmetrical plate-to-grid–coupled astable multivibrator.

These methods areillustrated in the circuit of Fig. 5.33. - The use of
a pentode for VI provides a free electrode (plate) from which a fast
negative pulse of short duration can be taken. The complexity of the
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circuit illustrates, in a very convincing manner, the limitations in the use

+EPP2

I

! 1 f J

-=—L———
-.Ekk

FIG. 5 34.—Another form of highly
umyrnrmtticdplate-to-srid-cc.ude~multi-
vibrator

of the multi.vibrator in highly un-
symmetrical circuits.

A more economical way of ge~
ting Cl into the cathode circuit of
a tube (where it can be rapidly
recharged) is to put it directly into
the cathode of VI, as in the circuit
of Fig 5.34. Here VI is off during
the long part of the cycle, its cath-
ode dropping toward —E~ with a
time constant RICi. After a defi-
nite time V1 comes on regenera-
tively, and virtually all the cathode
current of VI is used to recharge
Cl. After a short time, of. course,
VU comes back on and the circuit
reverts to its initial state. A short,
fast, negative pulse is taken from
the plate of VI.

Among cathode-coupled types,
several varieties are useful. One is
the symmetrical circuit of Fig. 5“18,—

which can be made unsymmetrical by maksng F21larger than R2. This

form has the unique advantage that the timing condenser C cannot fail

+E PP2*

+E
PP,

~

FLG.5.35.—Highly unsymmetrical cathod~coupled astable mtdtivibrator.
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to be completely recovered since it determines not one but both portions
of the cycle. Another useful circuit is that of Fig. 529.

The other cathode-coupled type, already mentioned in Sec. 5.6, is
obtained by combining the two monostable cathode-coupled forms, one
with the timing network in the grid, and the other in the cathode, both
described in Sec. 5.4. This circuit is illustrated in Fig. 5.35. Here Cl and
R, time the short part of the cycle (during which V, is off), and C2 and Rz
time the long part of the cycle (when Vz is off). The condenser C2 is
the difficult one to restore; hence the cathode follower V, and the diode Vi
are included to present a low-resistance path for the recharging current.
The output is taken from the plate
of V2.

5.12. Triggering and Synchro- +En 1T
nization.-The ideal triggering ar- +300v Ik
rangement would include a switch +EPP1

I

which would be closed during the +250V
initial voltage step of the trigger,
but which would then open to dis- ~6AL5 $6AL5

connect the multivibrator from w
the trigger source. In this way
the multivibrator is freed from the
reversing tendency of the trigger,
which is now changing in the
wrong direction, and from what-
ever loading the trigger source &

may present.
A series diode is an excellent -E~~

i !

way to accomplish this decoupling. -105V
The stray capacity across most FIG. 5.36.—Theuee of diodes for both

trigger injection and reduction of recoverydiodes is very small, and by insert- ~ime
ing the diode in the proper direc-
tion triggers of either polarit y can be injected. Very occasionally the leak-
age between heater and cathode of the diode becomes a matter of concern.

Examples of the use of diodes for trigger injection maybe found in all
of the monostable and bistable circuits which have been discussed. It
should be noticed that the same diode can be used both for injecting the
trigger and for catching the plate below the plate supply to reduce the
recovery time; a bistable circuit of this sort, which makes the best simple
scale-of-two circuit available, is shown in Fig. 5.36.

Triodes may also be used for triggering (see Fig. 5.37). The trigger-
ing tube should normally be biased off so that it will not load the multi-
vibrator, and a positive trigger is placed on its grid, momentarily turning
it on and effectively injecting a negative trigger into the multivibrator.
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Where tube economy is so important that a diode cannot be afforded,
the triggers may be coupled into the multivibratmr directly through a
condenser. The danger here is that the trigger will be differentiated and
the resulting overshoot will turn the multivibrator off again as soon as it

* Epp

\

+

- Egg,
.

- Eggt

FIG.5.37.—Theuse of a triode to trigger a
multivibrator.

has begun to trigger. From this
point of view it would be desirable
to use a large coupling condenser
for the trigger. IIowever, a large
capacity must not be connected
to any point’ which will move fast
during the transition. Occasion-
ally there are grids or cathodes
which do not move during transi-
tion and these make very suitable
triggering points. An example is
the circuit of Fig. 5.14, where a
negative trigger can be placed
upon the grid of VI through an

RC-network with an amply long time constant. Similarly, a negative
trigger may be placed upon the suppressor of a conducting pentode.
Cathodes are often good triggering points—for instance, an ordinary
astable multivibrator can be mmchronized with a train of ~ositive mdses
by injeeting them at both cat~odes + ~
across a small common cathode PP

resistor, as in Fig. 538. This
method is especially useful if the
synchronizing pulses are the cath-
ode current pulses from a blocking
oscillator or gas tube since all three
cathodes w-m then be tied together
as shown.

As a last resort, the pulses can
be brought to almost any point
through a small condenser, for
example, one of 50 Auf. However,
the additional capacitive loading on

.&
FIG. 5.3S.—Synchrenizationof an

the multivibrator SJOWSdown both astablenrultivibrtztor with low-impedance

the transition and the recovery. positive p&e from a b)rxking oscillator

When the triggers are inserted in
(or similar pulse generator).

this way they should be shaped like those of Fig. 539(a) and (b), since
these waveforms wili give little or no overshoot even when passed through
a very small condenser. It will be recognized that waveform (b) is effec-
tively the waveform obtained when (c) is injected through a series diode.
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At this point will be discussed very briefly the details of the synchron-
izing action by which an injected synchronizing pulse brings to an end a
quasi-stable state in a monostable or astable multivibrator. This
action is of great importance in the question of phase lock in pulse
frequency dividers (see Chap. 16), can be discussed here with sufficient
generality to apply to other types of relaxation oscillator besides the
multivibrator, and is not so simple that it can be passed by.

The process of terminating a quasi-stable state in a relaxation oscil-
lator with a synchronizing p~lse “
is carried out essentially by adding
the synchronizing pulse to the rkll

timing waveform- on the grid of (a) (b) (c)
the ‘(off” tube; therefore the pulse Fr~, 5.39,—Good triggering waveforms

carries that grid above —E., the (a) and (b) and poor triggering waveform
(c) for insertion through a small condenser.

critical firing voltage, and initiates
the flipover. Yet the emwt moment of flipover is not usually at all well
defined-that is, even though the synchronizing pulse ultimately brings
about the transition, the exact time delay between synchronizing pulse and
transition depends upon both the amplitude and duration of the pulse and
may in fact vary so much as to render the circuit useless for an exacting
application.

That this is so can be understood by considering an ordinary plate-to-
grid-coupled astable multivibrator, so arranged that onto the grid of
whichever tube is off can be put perfectly rectangular synchronizing

,t!
pulses which will thus be added to
the exponential timing waveform at

7

--——-—- +----- ——— -- 0
~

that grid. Figure 5.40 shows a
./ closeup of the waveform at that

-- —------ —/ --;::: —- ‘E. grid, under such conditions that the

/

synchronizing pulse is just barely
able to bring about the termination
of the quasi-stable state. Before

FIQ.5.40.—Closeupof a barelysuccessful the pulse the grid is rising along ansynchronizingaction.
exponential curve. When the pulse

arrives the grid is suddenly lifted V volts, which will be sufficient to carry
it v volts above – E.. The quantity v may be called the “effective syn-
chronizing voltage, ” and depends upon the exact moment at which the
trigger arrives. The “off” tube is now conducting somewhat, stray
capacities are being charged, the grid of the” on” tube is dropping, and the
total effect is to cause the transition to begin. This is indicated bv
the short rising portion of the grid wavefo~m, which lasts until th~
synchronizing pulse ends. At this point the grid drops V volts. If now
it is still at —Ec or higher, the transition will continue; otherwise it
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will not take place until the waveform has reached point a,l at which
time the exponential itself reaches –E,. In the figure the grid rises
exactly V — v volts during the pulse; hence it returns just to —E. volts
and the transition is barely able to proceed. The voltage slopeat this
instant is not zero, but approximate y the slope of the exponential. The
total triggering time is t. Clearly the total triggering time could be
greatly reduced either if the effective synchronizing voltage v were
increased, or if the pulse duration were increased. Waveforms illustrat-

ing these cases are shown in Fig.

~::z::: 541
The situation is thus seen to be

a complicated one, with large varia-
tions in triggering time arising from

FIQ.5.41.—The reductionin triggering
very small variations, in effective

time obtained by increasing(a) effective synchronizing voltage and pulse
synchronizingvoltageand (b) synchronizing duration. Since v can scarcely be
pllk width.

controlled (because it depends upon

the exact moment when the synchronizing pulse arrives) it is generally

best to make the pulse duration long enough to permit complete flipover

even when v is small.

6.13. Stabilizing the Duration of a Quasi-stable State.-The duration

of a quasi-stable state in a multivibrator depends upon the following

four quantities:

1. The time constant r = RC of the timing network.
2. The initial voltage Ei from which the timing waveform begins.
3. The ultimate voltage E= which the timing waveform would reach

if it were permitted to do so.
4. The critical voltage E. at which the transition occurs.

Any effect which a tube change or change in temperature, plate supply,
or heater supply voltage, etc. may have upon the duration must occur
by one of these four quantities. Stabilizing the duration is thus equiva-
lent to stabilizing these four quantities, or at least making the effects of
their change cancel out.

When Eq. (3) from Sec. 5.8 is rewritten in such a way as to permit
E~, Eu, and Ec to take on either positive or negative values, the duration
T of the quasi-stable state is

1In practical frequency dividers it would be undesirableto have the transition
begin from the exponentialitself; therefore V is made large enough to insure that
anothertriggerwill arrivebefore point a.
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In this form the equation is valid both for plate-to-grid-coupled types, in
which Eu is positive and Ri and E. negative, and for cathode-coupled
types, in which Eu is negative (or zero) and E{ and E. are positive.
From this equation:

Eu – E,

( )

dEu – dE, dE. - dE,
dT=drln E_E+~ E_E – E

UC u, u -E, ‘

Study of this equation leads to the following observations:

1.

2.

3,

4.

5.

If ?, E., E;, and E. were independent of each other, the only
procedure which could stabilize- T would be the stab~ization of
those four quantities individually. Such a procedure, though very
difficult to carry out properly, would have the advantage of giving
stabilization against any type of initial fluctuation.
In general, however, -?3~,E,, and E. change together; consequently
it may be possible to stabilize by cancellation of their separate
effects, Such a method is usually feasible, but it supposes a
definite relationship between dE~, dE,, and dE~, which will probably
hold for only one type of initial fluctuation. Thus it must be
decided whether it is against tube change or supply voltage change,
for example, that stabilization is desired, since the relations
between dEu, dEi, and dl?t will be different for those two cases.
Any good stabilization will have dr ==O since there is no relation-
ship between T and the other variables. Stabilization of r against
temperature changes is usually most important; this is achieved
by making the temperature coefficient of R equal but opposite to
that of C.
Perfect stabilization by cancellation, described above in 2, is
obtained if dr = ~ and && d.??i dE.

EU=Z
= ~; that is, if r is stabilized

and Eu, Ei) and E. all vary proportion~tely. Fortunately there
is a tendency for this to happen when the line voltage changes, and
for this reason an ordinary astable muItivibrator can be made
frequency-stable, without any special stabilizing networks, to
better than 1 per cent against a 10 per cent change in line voltage.
h~evertheless, it is desirable to minimize the effect that a change in
flu, E,, or E, would have if left uncanceled, and this is clearly

accomplished by making ~ —
~ E, and Eu ~ E,

as small as pos-
.

sible. Eti – Ei and Eti – E. should therefore be large. This is
the reason for returning the grid in a plate-to-grid-coupled circuit
to +EPP instead of to ground, and for returning the cathode in a
cathode-coupled t~pe to –E~~ instead of to ground,

.-
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0th6r things being equal, dE~, dE~, and dE. should naturally be
kept at a minimum. The remainder of this section wilI discuss a
few practical ways of accomplishing this.

is usually either ground, +~pr, or —EM (or some voltage obtained
from these by division) and hence can be regulated to almost any desired
degree. It should be realized, however, that if a circuit is supplied with
both positive and negative voltages, regulating one supply against
changes in line voltage without regulating the other may do more harm
than good. In regulating both lines, a common voltage standard should
be used for both—for example, the standardized negative line may be
used as a reference for standardizing the positive line.

E,, for any given circuit, depends mainly upon the tube geometry,
heater voltage, and cathode condition of the timing tube, and is very
difficult to stabilize. Naturally, a tube with a short grid base should
be used to reduce the magnitude of all these effects, and the heater
voltage can be regulated, but these methods will not wholly eliminate
the effects of tube change and aging. The best solution is to make the
timing waveform as steep as possible at the moment of transition. This
can be accomplished in several ways:

1. The amplitude of the timing waveform should be made as large
as possible. This will require, in general, that the load resistors
of the tubes be large so that a large step function may be fed into
the timing network. There is accordingly the following dilemma
to plague the designer: for fast waveforms the load resistors should
be small, but for stability they should be large.

2. The voltage difference E. – E. should be made equal to

: (Eu – E,).

This relation is derived in Chap, 16.
3. For operation at fixed durations, such as pulse frequency division

to a constant frequency, tuned circuits of the desired frequency or
some multiple thereof may be placed in the circuit to increase the
effective slope at the moment of transition. Alternatively, delay
networks can be used. These methods are discussed in detail in
Chap. 16.

Stabilizing E~ may be accomplished either directly by placing a
diode at the timing grid or cathode to establish the level from which the
timing waveform starts out, or indirectly by stabilizing the amplitude
of the step function produced at the other Fide of the timing condenser.
An example of direct stabilization is shown in Fig. 5.42, where diodes
are inserted in the. grids of a plate-to-grid–coupled astable multivibrator
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to set the initial level of the timing waveforms accurately at – E,. volts.

Thus the stabilization of E, reduces essentially to the stabilization of
– Ego, which is an easy matter. Another advantage is that the negative
overshoots in the waveforms of the ordinary version, shown in Figs. 5.16
and 5.17, are eliminated by these diodes. The value of – E,, should be
so chosen that as little as possible of the grid waveforms is cut off in
order to permit the amplitudes of the timing waveforms to remain as
large as possible,

‘Diod& may be similarly used at the cathodes of a cathode-coupled
multivibrator, although the low output impedance of the cathode makes
this difficult.

+Epp

~

.Egg ~

FIG. 5.42,—Use of the grid-catching
diode to stabilizethe initial level of the
timingwaveforms.

+EDP

+Ew2
T T [ 1

-L.
FIG. 5.43.—Use of the bottoming char-

acteristics of pentcxfes to stabilize the
amphtude of the timing waveform.

Similar methods are available for indirect stabilization. One method
is to move the diodes in the circuit of Fig. 5.42 from the grid circuits
to the plate circuits so that the plates will be prevented from dropping
below a certain well-defined voltage. A stable negative supply is thus
unnecessary; another advantage is that variations in +EPP are part] y
compensated for if the plates of the diodes are returned to a voltage
obtained directly by division from +EDP. This voltage should be

sufficiently lower than +EPP to permit large timing waveforms to be
formed at the grids.

In a similar method, pentodes are used instead of triodes, and advan-
tage is taken of the “bottoming” of the plates against the knee of the
plate characteristics (see Chap. 3). Figure 543 illustrates the con-
nections for an astable circuit. Provided that the plate resistors are
large enough to permit bottoming, the plates will always drop to a fairly
well-defined voltage near ground. After the plate has bottomed, most
of the cathode current goes to the screen; hence screen dissipation con-
ditions impose a fairly low upper limit on E,o,. Using a low screen
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voltage also has the advantage of giving a smaller value of E., and
thereby reducing the changes in that quantity with tube change.

A comparable bottoming effect is possible with triodes only when
grid current is drawn and when the plate resistors are considerably
larger than is necessary with pentodes. Good stability can be obtained
with this sort of operation, but the recovery time of the various wave-
forms is long.

Jitter in the duration of the quasi-stable state, which is of special
concern in time-modulation with monostable circuits, is closely akin to
instability, though it refers to rapid fluctuations in duration instead of
to SIOWones. Ilsually, jitter will have two components: hum, arising
from the alternating current in the power supply and occurring at the
fundamental and harmonic frequencies of the line voltage; and micro-
phonics, caused by mechanical vibrations in the chassis and tubes.

Hum can be reduced by: (1) filtering the plate supply voltage or in
extreme cases using batteries; (2) using circuits in which the cathodes
are grounded, to avoid the effects of heater-cathode capacity and leakage
with a-c operated heaters, or in extreme cases using direct current for the
heaters; (3) shielding of tubes; and (4) shielding of components at
critical high-impedance points, especially in grid circuits. Occasionally
hum can be canceled by the injection at the proper point of small a-c
voltages at the line-voltage frequency. Also hum can be made harmless
by operating the circuit at a frequency equal to the line-voltage frequency
or some submultiple thereof. The fluctuations in value of high-resistance
composition resistors may be rapid enough to cause effects very much
like hum.

Microphonics can be reduced by: use of low-microphonic tubes;
shock mounting of the entire chassis and the individual tube sockets; and
packing of the tubes in Kimsul or some other deadening material.

6.14. Varying the Duration of a Quasi-stable State .-This process,
when it is carried out with any monostable circuit (multivibrator,
phantastron, or any other conceivable kind), is one of the methods by
which the very important operation of time modulation (see Chap. 13)
can be carried out, In the multivibrator it is clear that any of the four
quantities r, l?u, E<, and E. might be used to vary the duration of the
quasi-stable state. Examination will show that a similar statement can
be made about any other monostable circuit.

Control by means of r has the often desirable property that the
duration is a linear function of -r,and hence of either R or C, provided the
other variables are kept constant. By using a linear variable resistor or
condenser, therefore, linear control of duration by a shaft rotation is
possible. Capacity control is generally preferable to resistance control
because (1) it leaves the quiescent state of the circuit more nearly con-
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stant and (2) variable air condensers are smoother, more linear, and more
stable than variable resistors.

By returning R to a variable voltage, Eti can be made the controlling
variable but this method is rarely employed.

A satisfactory way to control the duration, although not linearly, is
to vary Ei. This is most often done with the stabilized plate-to-grid–
coupled circuits illustrated in the preceding section. In the circuit of
Fig. 5,42, for instance, the duration is varied by making = E., variable,
whereas in Fig. 5.43 the plate resistors are replaced by potentiometers,
the movable center tap of which is coupled by the timing network to
the grid of the other tube.

E. is not usually used, except in combination with 17i in the mono-
stable cathode-coupled circuit of Fig. 5“12. As explained in Sec. 5.5,
the duration of the quasi-stable state is found to be very nearly a linear
function of the voltage impressed on the grid of V1. This property is a
consequence of the fact that E<and E. happen to vary in such a way with

E,, – E,
increasing grid voltage of VI that the quantity In ––-— mm-easesE. – E.
almost perfectly linearly. The circuit is thus a useful and economical
voltage-controlled linear time-modulation circuit.

PHANTASTRON-TYPE CIRCUITS

6.16. Introduction: Miller Sweep Generation. —Work in recent years,
especially in England, has brought about the development of a very
important class of circuits, which have been given the names ‘‘ phantas-
tron,” “ sanatron, ” “ sanaphant, ” etc. These circuits can probably be
best described as relaxation oscillators similar to multivibrators, but
differing in this respect: whereas the multivibrator establishes its timing
waveform (an exponential) by the use of only an RC-differentiat or,
phantastron-type circuits generate a linear timing waveform by means
of the so-called “ Miller sweep generator. ” The use of a linear rather
than an exponential timing waveform leads to a very important advan-
tage, namely, the duration of the output rectangle can be made a linear
function of an input control voltage. Accordingly, phantastron-type
circuits are very useful for time modulation (see Chap. 13). Another
advantage arises from the use of a linear waveform-increased timing
stability—because the linear sweep (unlike the exponential) does not
lose speed as it progresses.

Because Miller sweep generation is so pertinent to these circuits, it
will be ‘described here very briefly, although a more complete treatment
appears in Chaps. 2 and 7. Special consideration will be given here to
the mechanism by which the sweep is started and ended. The operation
of the circuit of Fig. 5.44 is shown by the corresponding waveforms in
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Fig. 5.45. Resistors R and RI may be perhaps 1 megohm and several
hundred kilohms, respectively: C may have any value from 50 wf up.

+Epp

3R, R

c

Gating wave form

n + . . .------

6AS6

1 1
-1-—

-15V - J

FIG. 5.44,—Miller-type linear sweep gen-
erator,

Initially the grid is at ground, and
the suppressor at – 15 volts—a
sufficient negative bias, in a 6AS6, 1
to cut off the plate current. There-
fore the plate is at +13=P volts, and
all the cathode current is going to
the screen, which may beat perhaps
+60 volts. When a positive gate
is applied to the suppressor and is
sufficient to raise it to about +5
volts, current flows to the plate and
the plate voltage immediately drops.
Since the plate is coupled to the
grid by C, the plate voltage drops
only a few volts (about 5) before

the grid voltage is reduced and the plate current is reduced to just the
few hundred microampere that the plate load will permit. At the end
of this initial step, therefore, the total cathode current has been greatly

+5V
Suppressor

-,,v~

“’”‘“w
Grid ‘3

a f–4v
A

+.o~Screen

FIG. 5.45.—lT”aveform$ of the circuit of Fig. 544.

reduced; the screen current has been so greatly reduced that a large posi-
tive wave appears at the screen; and a small plate current is flowing.

l-A pentagrid converter, like the 6SA7, can also be used with the third grid taking

the place of the suppressor in controlling the plate current. Howeverj the 6.kS6,

having a higher suppressor-to-plate transconductance and more sturdy construction,
is the best Americantube for the purpose. The British VR116 is probably even
better.
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The next stage is what is properly called the ilfiller action. An
electron current (EPP + ti)/R is flowing to the plate of the tube, from
left to right through C,andupthrough R. Therefore, the left sideof C
falls relative to the right side at a rate of (E., + 5)/RC volts per sec.
This process continuesj the grid rising very slightly to permit the plate
to take the slightly increasing current needed for R,, until the plate
“Lbottoms’’-that is, runs against the’’ lmee’’in the plate curve. Ata
grid voltage of about –4 volts, this does not occur until the plate is
within a volt or two of ground, and further drop is impossible. Since
the necessary current through R can no longer pass through the tube,
the right side of C rises exponentially to~~-ardEpp at the same rate as the
plate was previously falling’ until the grid supplies the current. For
this reason, and because of the
transfer of the space current from
the plate to the screen at bottom-
ing, the screen current is again
increased and the screen voltage
returns almost to its initial le~-el.
This state will persist until the
gate on the suppressor is removed,
at which time the plate is released
and rises toward EPV with a speed
limited mainly by R,C. A more
careful analysis reveals that, under
typical circumstances, the depar-
ture from linearity in the rundown
of the plate during the Miller
portion of the operation is less
than 0.1 per cent.

““”~330’1i’ti’’k
c
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*6H6
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w1100k
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f
~ -20V
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FIG. 546.-Monostable screen-coupled

phantastmn.

5.16. The Screen-coupled Phantastron.—Examination of the wave-
forms of Fig. 545revealst hat the positive gate, whichint hecircuit of
Fig. 5”44isinjected externally at the suppressor, could be derived inter-
nally from the screen. Such a circuit, called a (monostable) “screen-
coupled phantastron, “z is shown in Fig. 5.46, and photographs of its
waveforms are shown in Fig. 5.47. Since it is internally gated, it requires

lNeglecting stray capacitiesfrom grid to ground.
2The British sometimescall this circuit a “}liller transition,” or some similar

name, reserving the name “phantastron” for what in this volume is calledthe
“cathode-coupledphantastron.” The presentcircuit is reminiscentof the transitron
family of circuits, which employ the screen-to-suppressorcoupling used here, but
whichdo not makeuse of the Llillerfeedbackfrom plate to grid. Thi&lack deprives
the transitronof two important properties: it has no timing waveform other than
the exponentialon the suppressor;and without the feedback from plate to grid, the
gainfrom suppressorto screenis so smallthat turnonand turnoffareslow.
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only a positive trigger on the suppressor (or a negative trigger on the
plate) to initiate the action. The turnoff of this circuit is somewhat
different from that of Fig. 544. Just as in that circuit, as the plate
bottoms, the screen current increases and causes the screen voltage to
fall, but now this fall is coupled to the suppressor so that the plate current
is reduced and the plate rises. This rise is transferred to the grid through
C and the action is regenerative. Therefore, both the turnon and turnoff
are regenerative, and the screen rectangle may have rise and fall times as

short as 0.5 ~sec.~.. .-_. ————

~ 7
The diode Vti in the suppressor

is not essential, but it insures that

~–
— ~ the suppressor will not be carried

Suppressor
so high that it may” stick” because

~—

r

of secondary electron emission, and
yet it permits the plate to be turned
on fully during the rundown. It
also permits a more rapid turnon
and turnoff since the total move-

~ “
ment of the suppressor is reduced.

Plate The small condenser between screen
and suppressor is a speeding-up
condenser. The diode VZ in the

Grid plate makes possible linear control
I of the rectangle and triangle length

‘~ ““
by the control, or signal, voltage
V,. The initial level of the plate
is V,, and the time necessary for it
to run down to +2 volts is there-

L fore approximately

1
Screen

~ (V8 – 2) RC/(EPP + 5) sec.
FIG. 5,47.—Waveformsof the circuit

of Fig. 546. The trace was about 125 Tube vsb is a trigger-injecting
sec long; the amplitudeof the suppressor
waveformabout20 volts. diode; V2 might be used instead to

inject a negative trigger at the plate.
For many applications the severest fault of the circuit as it is shown

in Fig. 5.46 is the long time necessary to recharge C through RI and
restore the plate to its initial voltage. This recovery time decreases
rapidly as V, is decreased because of the plate-catching action of the
diode VZ, but even if the plate is caught at only 63 ~. of E,,, the recovery
time will be about R,C sec. For shorter recovery the timing network
may be so arranged that the cathode follower Vs is wsed to provide a
low-resistance recharging path for C, as in Fig. 5“48. It should be men-
tioned that this method of speeding recovery is of great generality and
can be used with all circuits of this type.
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The screen-coupled phantastron, like all the Kfiller sweep circuits,

can exist inastable and bistable, aswellas rnonostable, forms. Generally
speaking, the bistable phantastrons offer no advantage over bistable
multivibrators because it is only in the

+250v
method of timing that multivibrators ~

are inferior, andthere isno timing opera- EPP2

tion in a bistable circuit. The astable
phantastrons are, however, of consider-
able interest. For instance, the circuit V5

of Fig. 5.46 can be made astable by ~6S147

leaving only a condenser between screen
and suppressor. The diode Vaaisessen- C

tialin this circuit. Onepartof the cycle
1/

is timed by the negative-going linear
sweep generated at the plate, the other 25 k

part by the positive-going exponential
sweep at the suppressor. The speed of ~ I
this latter waveform. and conseouentlv -E~~. .
the stability of the time interval which FIG.5.4S.—The use of a cathode-f ol-

lower to speed the recharging of C.
it establishes, is increased by returning—
the suppressor to +EVV instead of to ground. A further improvement
is to place perhaps a 5000-ohm resistor in the cathode and arrange a
diode in the grid to prevent the grid from rising above +50 volts. In

.:.EPP

I T T r 1 I [

t+t--+i u
1A---
U,,,-I+J I

‘r’

this way the screen current \VilI he stahilizmf at 10 ma, and therefore
the amplitude of the scrccn !i-aveform and of the timing exponential on
the suppressor \\-illbe stabilized.

Greater free-running frequency stability can be obtained by the use
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of two cross-coupled monostable circuits. Such a double screen-coupled
phantastron is illustrated in Fig. 5.49. Both parts of each cycle are
timed by linear sweeps. The cross coupling between the two circuits is
so arranged that each screen waveform is differentiated in a small con-
denser and applied to the other plate in such a way that the linear run-
down of one plate is initiated at the instant the rundown of the other
plate is finished. The potentiometer P provides a linear control over the
period of the oscillations.

5.17.
complex

The Sanatron and Sanaphant.—ldthough somewhat more
than the screen-coupled phantastron, the sanatron and sana-

- Eggs

F1~. 5.N-XIonohtahle sanatron.

phant’ can generate wa~-eforrns and, accordingly, rectangles as short as

1 ~sec whose length is ne~-ertheless accurately defined by a linear wave-

form. Examination of the basic circuit of Fig. 544 reveals that, given a

certain minimum value of C, the s\reep speed is limited by the current-
carrying capacity of the tube. The current is increased when R is made
smaller, but as R is made smaller the screen current increases during
both the quiescent and the active periods of the operation. Screen
wattage is therefore usually the limiting factor in an attempt to increase
the sweep speed. The purpose of the present circuits is to make possible
the use of tubes that have a screen dissipation greater than that of the
6AS6, but may possess less effective suppressor control. By using
another tube to amplify the gate before it is applied to the suppressor a

1See F. C. Williams and h’. F. 3100cl~-, “ Ranging (<ircuits, I,inear Time-Base

Generators, and Associated Qircuit s,” I.K, K. (’nn~ention Paper, \larch 1946,
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tube with a suppressor grid base of 60 volts or more can be used success-
fully. The 6AC7 has been used in this country in England the VR91
is usually employed.

The circuit illustrated in Fig. 5.50 is ‘EPP

called the (monostable) ‘‘ sanatron. ”
In the figure, VI is the 31iller sweep
generator and VZ amplifies the small
negative gate on the grid of VI into a
large positive gate which is applied to
the suppressor of VI to permit the ~,
linear rundown to take place. The
circuit may be triggered at any of sev-
eral points, including, as shown in the
figure, the suppressor of V2. The
initial level of the plate of V 1,and hence
the duration of the rectangle, is set by
the diode VS. The output rectangle (b
can be taken at an amplitude of one ~
hundred volts or more from the plate of FIG. 5.51.—One method for de-

VZ. The voltage to which the suppres- the ~ate~mPlifie,,rivinga suitablesignalfor the grid of

sor of VI is raised is defined by the
diode Vt. It is generally desirable to have V, completely cut off dur-
ing the linear rundown and this can be accomplished in several ways.

+Epp In the figure, the screen of V, is
not permitted to rise as far during

{{l
R {$

the rundown as that of VI; hence
the negative grid wave which will

~ +
c

~n— not quite cut off VI will cut off
output V,. Another method is to makeb

V, a different type tube from VI

and one with a shorter grid base.
G finally, the arrangement of
Fig. 5.51 may be used, in which

Y

~ the entire current through R and

+5V
C flows through R, and provides
the grid of V2 with a signal larger

. than that at the grid of VI by the
drop across R1.

- ‘kk
The sanaphant, illustrated in

Fig, 552, derives the signal for the
~r~.5.52.—Monostable sanaphant, grid of Vz in a slightly different

way: namely, by inserting in the cathode of V ~ an impedance across
which the desired signal can be taken. This procedure has both an
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advantage and a dkadvantage. The advantage is that the signal
which is produced at the grid of Vz can have both a larger amplitude
and a lower impedance than in the sanatron. Since the impedance
is lower, Va is turned off and on more rapidly and hence the output
rectangle has steeper edges. ‘I’he disadvantage is that the initial
negative step in the plate waveform is increased in amplitude with
the result that changes in operating conditions cause larger changes in the
amplitude and duration of this step, with larger consequent changes in
the duration of the generated rectangle. One other advantage which
should be noted is that there is a negative rectangular output available
on the cathode of l’] as well as the positive outputs at the screen of VI
and the plate of V2.

Other variations of the basic Miller sweep-generation circuit have
been made for specific purposes. For instance, both the sanatron and
the sanaphant suffer from the fact that there is always a small delay
between bottoming and the turning on again of Va. This delay is the
time required for the grid of V2 to come up and cross the grid base, and
because the grid base of different tubes varies somewhat, changing V%
may cause. a noticeable alteration in the duration of the output rec-
tangle, The following method has accordingly been used to minimize
this delay. A puke transformer is inserted in the screen of V], from
the secondary of which can be taken the screen waveform differentiated
and inverted—that is, a negative pulse at the moment of triggering and a
positive pulse at the moment of bottoming. If the positive pulse is
applied, through a diode, to the grid of VZJ V~ will be turned on very
shortly after bottoming, and the trailing edge of the output rectangle
will very nearly coincide with the instant of bottoming. A precision
sanatron using thk device is described in detail in Vol. 20, Chap. 5, of
this series.

Another variation, which has been used to produce rectangles with
extremely fast trailing edges, clifferentiates the cathode waveform of V 1
with either a transformer or a simple RC-network, and feeds the result,
through a diode, back to the plate of VI. The differentiated positive
pulse speeds the plate snapback after bottoming.

The fundamental purpose of the sanatron and sanaphant—to remove
as far as possible the limitation imposed on sweep speed by screen dissi-
pation---can be carried still further by the so-called “screen-coupled”
sanatron and sanaphant. The suppressor of VI is not used at all (in
fact, beam-power tubes with very high plate currents and rather small
screen currents should be used for this purpose), and the positive gate
generated at the plate of V2 is applied instead to the screen through a low-
impedance a-c–d-c coupling. Sweep speeds of more than 100 volts/wsec
are obtainable.
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Astable and even bistable variations on all these circuits can be

made.

6.18. The Cathode-coupled Phantastron.LThe screen-coupled phan-
tastron discussed in Sec. 5“ 16 is not the only practical one-tube circuit

of this general type. In the screen-coupled phantastron the po~itive

suppressor gate is supplied by the screen. However, all or part of the

positive gate on the suppressor may be replaced by a negative gate on the

cathode, generated, as in the sanaphant, by inserting a resistance in

the cathode. (Etymologically, the name “ sanaphant” indicates that

the circuit is halfway between a sanatron and a (cathode-coupled) phan-

tastron.) An examplez of a cathode-coupled phantastron is shown in

+—
FIG.5.53.—Monostable cathode-coupled phantastron.

Fig. 553. The diode V, serves the important role of stabilizing the
initial level of the grid and therefore the initial voltage across the timing
condenser C. Since the duration of the quasi-stable state is the time

necessary to discharge c through R, Vs is very effective in stabilizing the
duration of the output against changes in line voltage, etc. The diode

V, and the potentiometer P permit linear control over the duration of

the output. It is interesting to note that there is approximately the

same relation betlveen the screen- and cathode-coupled phantastrons as

between the plate-to-grid and cathode-coupled multivibrators.

The following are advantages that the cathode-coupled phantastron

possesses: a monostable circuit can be built without a negative supply or

without raising the cathode up on a bleeder; the rectangle on the screen

1See R. Kelner d al., “An adaptation of the PhantastronDelay Multivibrator
Circuitto the 6S.L7Tube,” RL Report Xo, 338 (.i,,g. 1943).

zAnotherexampleis discussedin detail in Vol. 20, Ch~p.5.
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is unloaded; outputs of both polarities are obtainable; and it is claimed
that the linearity of time modulation is better at short ranges t,han in the

screen-coupled phant astron. The main disadvantage is that the timing
accuracy is not so good as in the screen-coupled phantastron. This is
so partly because of the larger initial step in the plate waveform, and

+?T-T-m

tll-t---w n-m

! /-

FIG. .5,54.-Double cathode-couplecl phantastron.

partly because the gain of the tube from grid to plate during the linear
rundown is not so high as it would be if the degenerative effect of the
cathode resistor were not present.

The cathode-coupled phantastron als,o lends itself, as illustrated
in Fig. 554, to a very elegant analogue of the double screen-coupled
phantastron.



CHAPTER 6

BLOCKING OSCILLATORS
AND DELAY-LINE PULSE GENERATORS

BY E. F. MACNICHOL, JR. AND R. B. lVOODBURY

6.1. Blocking Oscillators.-Blocking oscillators are transformer-
coupled feedback oscillators in which plate current is permitted to flow for
one-half cycle, after which cutoff bias is imposed upon the grid to prevent
further oscillation. They are related to quenching or “ squegging”
oscillators which oscillate for several cycles before sufficient grid bias is
developed to prevent further oscillation.

Most blocking oscillators are designed to produce nearly rectangular
pulses of plate voltage or current, which are made possible by the special
characteristics of the feedback transformer. In the ordinary feedback
oscillator used to produce sinusoids, either the grid circuit, plate circuit,
or both are tuned to resonance at the frequency of operation. In the
blocking oscillator the resonant period of the transformer and associated
stray capacitance is short compared with the duration of the pulse
desired in the output and its “Q” is kept as low as possible. This results
in a rapid rise of plate current when regeneration is initiated. The dura-
tion of the pulse is limited by the low-frequency response of the trans-
former, but it may be terminated sooner by the action of a delay network
or feedback condenser.

The transformer is usually wound on an iron core of high permeability
so that the coupling in the feedback circuit is made as high as possible
to permit large grid currents. The high permeability which also permits
fewer turns for a given inductance minimizes distributed capacitance
and raises the resonant frequency. The coils are wound as closely
together as possible to reduce leakage inductance that causes a delay
in the feedback circuit and decreases the rate of rise and fall of the pulse.

The low-impedance feedback path and very short time lag in the
transformer permit the generation of rapidly rising and falling pulse
currents of very large magnitude. More than an ampere of current may
be obtained from circuits employing small receiving tubes at rated plate
potentials. Oxide-coated cathodes are entirely capable of emitting the
required current, but the ratio of pulse length to repetition period must
be kept small in order that the dissipation rating of the tube is not

205



206 BLOCKING OSCILLATORS [SEC. 6.1

exceeded. In no case should the average cathode current exceed that
for which the tube is rated, although the peak current maybe several
hundred times this value.

Blocking oscillators are used as low-impedance pulse generators for
triggering and switching where large currents are desired and tolerances
in pulse width, shape, andamplitude aresufficiently broad toperrnit their
use. It must be emphasized that the blockkg oscillator is not a pre-
cision device and the characteristics of its output are influenced markedly
by E,,, E.o, Ef, theresidual magnetism inthetransformer core, and the
age and condition of the tube. Like the thyratron pulse generator but
unlike the multivibrator in which one tube must always be conducting
and wasting power, it has the tremendous advantage of drawing plate
current only during the pulse. Unlike the gas-tube pulse generator,
which must deionize after each pulse, the recovery time of a blocking
oscillator can be made very short.

Types of Outputs.—A typical blocking oscillator using a transformer
with a 1 to 1 ratio and conventional plate-grid feedback is shown in
Fig. 6. la. The waveforms produced by this circuit are shown in Fig.
6. lb and c. Three types of output are obtainable: (1) A “voltage”
pulse may be taken from the plate or from one or more added transformer
windings. The number of turns on these windings may be adjusted to
produce desired impedance and voltage levels. (2) A “current” pulse,
that is, an IR drop, may be taken across a small resistor inserted in the
plate, cathode, or grid circuit. (3) The output may be the waveform
of the self-bias voltage.

The plate “voltage” pulse will have an amplitude of approximately
EPp/2 at an impedance level of approximately 1000 ohms. The voltage
and impedance of the tertiary winding are nearly those of the plate
circuit, except as modified by the turns ratio of the transformer and the
leakage inductance between windings. If the output winding is used to
invert the plate waveform so that adj scent turns of the plate and output
windings have large pulse potentials between them, the output pulse
will be slowed up by the interwinding capacitance. The amplitude
of the positive- or negative-” current” pulse from the cathode and plate
circuits, respectively, varies with the magnitude of the series resistor,
but it is generally impractical to make the amplitude of the pulse exceed
EpP/5. The output impedance is slightly less than the value of the
series resistor which is usually less than 100 ohms. An output of this
type owes its utility to its very low impedance and to the fact that the
waveform has no overshoot. The self-bias voltage waveform, that is, the
voltage across C, will have an amplitude of approximately Epp/3 when a
feedback ratio of 1 to 1 is used. During the pulse the impedance across
the condenser is low because of the large current flowing in the grid-
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+
~’”t$cathode circuit. When the tube is cut off, the impedance is merely th t.,1

of the RC combkation.

k

3The time during which the blocking-oscillator tube conducts coincide, ~
with the current pulse, the positive part of the voltage pulse, and t

~~+250V
( :)

T i.1
++—

—

T

(a)

(b) (c)
FIG. 6.1.—(a) Typical astable blocking oscillator using 1 to 1 ratio transformer and

conventiomd plate-grid feedback; (b) grid a, plkte b, and bias circuit c waveforms; (c)
output-voltage a, piate-current b, grid-current c, and cathode-current waveforms d.

duration of the steep portion of the bias waveform (see Fig. 6.lb and 6. lc).
This time may vary from Iess than one tenth microsecond to several
hundred microseconds, depending upon the transformer and other circuit
elements. With present transformer and circuit techniques the usual
range of pulse widths in which blocking oscillators are useful is from 0.1 to
25 ~sec.

L
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Types oj Circuits. —After the pulse has terminated, the grid is left
highly negative because the condenser is charged. The grid voltage rises
exponentially toward the potential to which the grid is returned. If
this latter potential is higher than that at which the blocking oscillator
will “fire,” 1the grid will eventually reach this point, and a new pulse will
be generated and cause a repetition of the cycle. A device operating in
this manner will be referred to as an “ astable” blocking oscillator. It is
equivalent to the astable multivibrator, positive feedback being obtained
from a transformer instead of from an amplifier stage. One time con-
stant is that of the feedback circuit which determines the duration of the
pulse. The other is the grid-recovery time constant. If the grid is not
allowed to reach the firing voltage, a monostable circuit results. An
external trigger must be applied to raise the grid voltage sufficiently to
initiate regeneration before the blocking oscillator will fire. The mono-
stable blocking oscillator is usually referred to as a “triggered” blocking
oscillator and is equivalent to the monostable multivibrator.

Bistable blocking oscillators cannot be made since feedback is pro-
vided by the transformer, and positive grid voltage cannot be maintained
unless current is changing in the transformer.

In blocking oscillators the RC grid-bias circuit may be replaced by an
LC-circuit or a delay network, but each circuit must always perform the
same function, namely, to maintain a negative potential on the grid
so that conduction cannot take place until the network has been recharged
or until the circuit is retriggered.

An astable blocking oscillator maybe “fired” by inserting an external
synchronizing pulse before the bias network has recharged. A blocking
oscillator operating under these conditions will be referred to as a ‘‘ syn-
chronized astable” blocking oscillator.

Applications.—A blocking oscillator is employed to perform three gen-
eral types of function. First, it may be employed to generate a pulse of
very short duration when a slowly varying trigger voltage is ~lied.
Appreciable spurious time modulation (jitter) of the output pu~se may
occur if the input waveform rises very slowly since the blocking oscillator
is not a very stable amplitude comparator. For this purpose it is more
economical than multistage squaring and differentiating circuits. Sec-
ond, a blocking oscillator may be used to generate a pulse of appreciable
peak power and a specified shape. It is most economical since plate
current flows only during the pulse. Third, a blocking oscillator may be
employed as a low-impedance switch. The circuit being switched is
usually connected in the self-bias circuit of the blocking oscillator. The

1The firingpoint is the potential attained duringthe onset of currentin the tube
at which the g~ has increasedto such a value that the gain aroundthe feedbackloop
is greaterthan unity and regenerationcommences.
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switching action is used in frequency dividers and step counters to dk-
charge the timing or counting circuits. The switch is closed when the
grid potential reaches the firing voltage, and remains closed while the grid
current is flowing. Circuits have also been developed in which the plate
or cathode circuits are used as low-impedance switches. They are used in
free-running time bases to replace the gas-tube switch. The blocking
oscillator is frequently used to furnish low-impedance pulses to actuate
external diode or triode switches for modulation, demodulation, or for
the initiation of waveforms. It is very suitable” for applying a ‘switch-
ing voltage between ungrounded points since a transformer would have
to-be employed for isolation even if another type of circuit were used to
generate the pulse.

Theory of Operation.—A complete explanation of a blocking oscillator
by means of exact mathematical analysis has not yet been given. The
tube characteristics in the positive-grid re~ion are highly nonlinear, and
the inductances of the windings of the pulse transformer are not only
nonlinear but are also dependent upon the duration and spacing of the
pulses. Most of the work with bloiking oscillators has been largely of an
empirical “cut-and-try” nature, and the mathematics developed has not
proved itself useful in low-voltage, small power circuits using receiving
tubes. In high-power applications where plate potentials in excess of 1 kv
are used, and where beam tetrodes which produce large plate-power out-
put with small grid-power input are used, assumptions may be made that
permit the use of simplified mathematics for design purposes (see Vol. 32,
Part III, of this series).’

The action of a blocking oscillator may be described qualitatively in
the following manner. Initially, the plate current is cut off by grid
bias. The giid potential is raised either by the application of a trigger
or by the recharging of the grid-bias network. When cutoff bias is
reached, plate current will start to flow. The changing plate current
in the transformer induces in the grid winding a voltage that causes
the grid potential to increase further in the positive direction. When
the gmof the tube has increased until the gain around the feedback loop
is greater than unity, regeneration occurs. The grid voltage and plate
current then increase more and more rapidly. The trigger is no longer
necessary to maintain the action although it often adds an important
component to the rate of rise of the grid voltage. Since there is very
little leakage inductance in the feedback loop, the rate of fall of plate volt-

IAlthoughan analystiof the preciseoperatingconditionsof theblockingoscillator
has not been achieved, satisfactory transformersmay be designedby the methods
givenin Vol. 32, Sec.13.2. Oncea transformerthatwill operatein thedesiredmanner
has been constructed, the exact pulse duration desired can be adjusted by experi-
mentallychangingtheoperatingconditions;for example,by the adjustmentof Ca.
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age becomes very rapid. When the grid has become positive with respect
to cathode, grid current starts to flow. When the grid has become posi-
tive by a few tenths of a volt, the grid impedance becomes of the order of a
few hundred ohms imposing a heavy resistive load upon the transformer.
Eventually, the power dissipated in the grid circuit, in internal losses, and
in the external load becomes equal to that which can be supplied by plate
circuit. This condition is accentuated by the fact that E, has dropped
to a value at which g~ is markedly less than it was in the earlier part of
the cycle. A state of temporary equilibrium is reached in which the grid
voltage is held constant by a linearly changing magnetizing current in the
transformer. If the tuned circuit consisting of the transformer leakage
inductance and stray capacitance has appreciable Q, it will be shock-
excited by the rapid rise of the pulse. This excitation will be evidenced
by a damped, high-frequency oscillation superposed on the flat top of the
plate voltage pulse. If this oscillation is small, it will have little effect on
the duration of the pulse.

The state of equilibrium is terminated by regenerative cutoff of the
plate current and by a drop in grid potential initiated by three effects acting
singly or in combination with one another. First, a delay network can
be inserted in the circuit. A delayed step is produced and tends to start
regeneration in the opposite direction.

Second, if a small grid condenser is used, the voltage across it

rises rapidly during the pulse. This voltage must be subtracted from the
transformer output to give the actual grid driving voltage. Eventually,
the voltage across the condenser becomes so large that the grid potential
decreases more rapidly than it can be supplied by the transformer, and
the grid starts to drop. As the grid drops, plate current is correspond-
ingly decreased; a further decrease in grid potential results, and regenera-
tion again takes place until the grid is driven beyond cutoff. At the
end of the pulse the grid will be negative by an amount equal to the
potential across C.. The charge on C, must be dissipated through a
grid leak before the blocking oscillator can be reactuate.

Third, if C, is very large, or if it is left out and bias is supplied from a
low impedance supply, the equilibrium state will continue for a time
determined by the transformer time constant in the following manner.
When the plate potential has dropped until the equilibrium condition
has been reached, the plate voltage cannot increase further and the grid
potential starts to decay. 1 As the grid drops, plate current is decreased

I It might be expected that the grid potential would decay with a time constant
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and the regenerative turnoff commences. When the tube cuts off,
theplate voltage rises above thesupply voltage asthecore demagnetizes.
Unless saturation has occurred, the area of the overshoot will be equal
tothearea of thepulse. Someshock-excited oscillations maybe observed
at the end of the pulse. These are due to the same cause as are the oscil-
lations near the front of the pulse. Oscillations due to the resonance
of the main inductance and stray capacitance are not observable since the
Q of this tuned circuit is too low.’

PULSE WAVEFORMS

6.2. The Transformer.-The most common types of pulse waveforms
desired from a blocking oscillator are those that are very short, as nearly
rectangular as possible, and that have high peak voltages or currents.
The actual output pulse obtained is determined by the transformer, the
tube and the constants, and the type of the circuit employed.

If it is desired to obtain an approximately rectangular waveform
from a blocklng oscillator, it is common practice to generate nearly the
maximum pulse length by making COvery large. A decrease in the dura-
tion of the transient periods relative to the duration of the equilibrium
state results. Under these conditions the pulse length determines the
selection of the proper pulse transformer. This transformer must have
high- and low-frequency response sufficient for the desired pulse shape.
The high-frequency response determines the rates of rise and fall of the
pulse and the low-frequency response determines the pulse duration.

First the effects of the transformer will be considered. There are
two salient characteristics of the transformer, its pass band, and its turns
ratio. The high-frequency response of the transformer determines the
maximum possible rates of rise and fall of the output pulse and is deter-
mined by the leakage inductance, stray capacitance, and core losses. To
minimize the leakage inductance the transformer should have a large
coefficient of coupling and as few turns as possible. The primary and
secondary of the transformer should be on the same leg of the core. If
windings must be wound on both legs of the core, both the grid and.plate
windings should be split. z

L/R whereL is the effective inductance of the transformerand R is the effective
combinationof grid, plate, and load impedances. Actually the waveformsindicate
thatthe situationis more complicated. It can only be said that the pulselasts for a
thnethat is proportionalto L/R.

: It is possible under some conditions to tune one of the windings by plaoing a
largecondenseracross it. The result is a nearly sinusoidaloscillation which may
havea largeenoughsecondovershootto retriggertheoscillator,and therebyproduce a
trainof oscillationsthat continueuntil quenchingbias is built up.

zTo producethe most rapidly risingand fallingpulsesthe grid, plate, and output
windingsshouldeach be a singlelayerwinding.
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The capacitances may be kept down by increasing the thickness of
insulation between windings or between the windings and the core.
This procedure, however, increases the leakage inductance and causes
very little change in pulse shape within reasonable limits-except for the
increase in the amplitude of the shocked oscillations on the PUIS+
since the relevant LC ratio is increased. The core losses may be reduced
and the effective permeability increased by decreasing the thickness of the
core laminations. The present, limit is one roil, which is as thin as it is
possible at present to roll the steel and maintain the proper crystalline
structure for high d-c permeability.

TARLE6.1.—SOMECOMMONLYCSEDLOW-POWERBLOCKING-OSCILLATOR
TRANSFORMERS

\

Manufacturer Type Number of Range of
windings pulse widths

—. —.———

{

OA-15(X-154-) 4 1–30~sec

Utah Radio Products Co.*
series

OA-18(X-1Z4-) 6 0.2-15 $lSec
series

I

132 AW 3 0.2–5@ee
132 BW 4 (0.2–5,usec (has ex-

Westinghouse Electric tra low-impedance
and ManufacturingCo. output winding)

132 DW 3 0.1-2 psec
145 EW 3 1–20Jlsec

Gener81E1ectricCo. 68&627 4 1–20psec

* UtE+hRadio FroductaCm is no longer producingthem trim.forrnem They may now beohta,ined
from DunifomEngineeringCo., 3649Waveland Avenue, Chicatzo18,111.

The primary and secondary inductances are the determining factors
in the low-frequency response of the transformer because the magnetizing
current increases directly with time and in~erse!y with inductance. This
requirement necessitates a high effective permeability if the number of
turns is to be kept to a minimum for maximum high-frequent y response,
and the provision that the iron does not saturate. In some transformers
the insertion of an air gap actually appears to increase the duration of the
pulse. This effect is paradoxical and has not been satisfactorily explained.
It is probable that without the gap a residual flux is built up from pulse to
pulse. This flux biases the core toward saturation and reduces the effec-
tive inductance. 1 The difference in the pulse length produced by identical
ci~cuits with transformers that difler only because one has a wrapped

I Anotherexplanationhas been given. In some transformersthe core losses are
very high which makestheeffectiveL/R time-constantsmall. Insertionof an air gap
reducesR to a greaterextent than it reducesL.
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core while the other has a butt joint core are shown jn the figures of
Sees. 8, 9, and 10.

If maximum peak pulse current through the tube is desired, the turns
ratio of the transformer should be adjusted to give an approximate
impedance match betu’een the plate output impedance and grid input
impedance at the desired peak pulse amplitude. With low-p triodes oper-
ating under pulse conditions, thk implies a voltage stepup into the grid.
If, however, maximum peak pulse voltage at the plate is required, the
voltage should generally be stepped down going to the grid. With
tetrodes and pentodes the grid current becomes equal to the plate current
at small positive grid potentials so that a stepdown is necessary to obtain
an impedance match,

A stepdown is also advisable
if maximum pulse duration is de-
sired from a given transformer
since it permits the use of more of
the available turns in the plate
winding, and thus increases in-
ductance of this winding and low-
ers the magnetizing current.

6.3. The Tube.—The tube em-
ployed in a blocking oscillator is
a major factor in determining the
characteristics of the output wave-
form. For positive-grid pulsed
characteristics of a 6SN7 see Fig.
62. In general if a high-energy
output pulse is required, the tube
should exhibit a large value of l?,

to m volts
FIG. 6.2.—Positive-grirJ pulsed character-

istics of a 6SN7.

l,/l., dEq/dI., and a small value of Ye over the portions of the
characteristic curves corresponding to the peak of the pulse. There
is a fundamental dMerence between triodes and pentodes or beam
tetrodes operated as blocklng oscillators. Med~um-p triodes exhibit
large power gains in the positive grid region. W’ith a 6SN7, for exam-
ple, dlP/dI. = 3 when the grid is driven from +50 to +75 volts, and
E, = 150. At low plate potentials it is necessary to operate in this
region to obtain large current outputs, and this is a. most favorable
tube for operating in the far positive-grid region, The peak current,
obtainable is limited by the point at which more power is dissipated in
the grid circuit than can be supplied, a condition brought about by the
lowering of the plate potential and the raising of the grid potential until
aIp/dl, < 1 (when a 1 to 1 transformer is used). hlore cw;rent can, of
course, be obtained by raising EPPuntil safe values are exceeded.
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With beam tetrodes and pentodes the operation of the blocking
oscillator is quite different. As soon as grid current starts to flow,
dIP/dIO becomes small; in the case of the 6AG7, which is one of the least
favorable-tubes for positive grid operation, as shown in Fig. 63, it is
much less than unit y when the grid has reached +25 volts. Therefore,
the peak currents obtainable with tetrodes and pentodes are limited to
those obtainable near zero bias. This means that if currents as large as
those obtained with triodes are desired, the plate and screen potentials
must be raised considerably above those for which tubes of the receiving
type are normally rated. Since the voltage difference between zero bias
and the potential at which limiting takes place is small, the regenerative

1.2

[

region is passed through rapidly,

i~(PO=lCO) and a steeper pulse than is obtain-
.. _-- . -- —-------------------

1.0 able with triodes results. In fact,

I the most rectangular pulses can be
: 0.8 produced with a given transformer.
~

I-&eez
75 ______________ by using type 6AC7 or 6AG7 eon-

m0.6 netted as pentodes. The peak cur-.s
--
.-. 0.4 ---m -___ -__ —---------- . rents will be much less than with

6SN77’s—usually below 100 ma if
–------–—-–+:&}–— lt,--

.#9 25 rated potentials are applied to the
25 50

----- —-- _—— —----- plate and screen. Pentodes such
o 50 100 150 200 250 300 as types 6A C7 and 6AG7 are fre-

e~in volts cmently used as triodes to produce. .
Fm. &3.-Positive-grid pulsed character- very rapidly rising and very short

istics of a 6AG7,
pulses because their gn is higher

than that of most triodes, and the?e is consequently sufficient gain to
produce regeneration even when transformers with very small inductance
are used.

Pwer Limitations.—Beam tetrodes such as types 6L6, 6Y6, and 6V6. .
are frequently used as triodes when the duty ratio is large since their
dissipation ratings are the highest of the receiving tubes. It is possible
that the 6AS7 high-current regulator tube will give very high peak
currents though no data are yet available.

The permissible peak current and voltage of a single pulse is set by the
maximum voltage breakdown of the plate and grid of the tube. It must
be remembered that the peak positive plate voltage is the sum of the
positive supply potential and the inductive overshoot of the transformer,
and that the peak negative voltage of the grid is the sum of the inductive
overshoot, the charge on Cg, and the negative supply voltage.

For continuous operation, neither the maximum rated plate or grid
dissipation nor the maximum cathode-current specifications should be
exceeded. The grid-power rating of receiving tubes is seldom given
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by the manufacturer, but is found to be roughly 0.2 watt for type 6SN7.
If the grid-dissipation rating is exceeded, the grid may emit electrons
which cause it to remain positive after the pulse. When the grid remains
positive, very large steady plate current is drawn which soon ruins the
tube.

Oxidecoated cathodes are capable of enormous emission, as shown
in Fig. 6.2, and even with small tubes emission limiting of plate current
is rarely obtained. If average emission ratings are exceeded, the struc-
ture of the cathode material is altered and loss of emission soon results.
This loss shows up as a decay in the plate current during the pulse, and
may also appear as a loss of average
emission when measured by an
ordinary commercial tube tester.

The shape of the pulse depends
upon the type of limiting action
that causes the quasi-stable state.
If the state is brought about by
heavy grid current when rp is still
high (current-limiting), a rectangu-
lar current pulse will result. If
limiting takes place by “bottom-
ing” of the plate (voltage-limiting),
a rectangular voltage pulse will
occur. In general, rectangular cur-
rent and voltage pulses are not
produced simultaneously in the
same circuit.

A rectangular voltage pulse may
be obtained with a 6SN7 if a large

1.6~
lco

1.4-

1.2.

$ 1.0-
g

:o.t3-

:>
..$s0.6. . ---------

0.4-
_______

0.2: ----

50 100 150 200 250 300
ep in volts

FtG. 8.4.—Positive-grid pulsed character-
istics of 6Y6.

condenser is placed in the grid circuit. The rP of the 6SN7 is small
in the positive-grid region and the g~ is large.

The conditions for a rectangular current pulse are well met by a
6Y6 tetrode with 300 volts on the screen (see Fig. 6-4); it will be noticed
that g~ is small and rmis large over a large portion of the characteristic
curves.

C’apacz”tamein~the Grid Circuit.—In a simple blocking oscillator having
only a condenw Cc, in the grid return, the effect of reducing C~ is to
shorten the voltage pulse with the injtial slope remaining nearly constant
and the final slope decreasing. This effect is shown in Figs. 65a and
6.5b. Conditions in the two cases are identical in all respects other than
the 400-fold change in CU.

The shape of the current pulse undergoes similar changes as Co is
reduced; but in addition current decreases during the pulse, and the pulse
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will become trapezoidal. lf Coismade so large that itpresentsanegli-
gible impedance to the frequency components making up the pulse, or if
it is omitted altogether, the pulse duration is determined by the low-
frequency response of the transformer. In operation of this type the
magnitude of the air gap in- the core has a very marked influence on the
tmlse since it affects the inductance and the saturability of the core (see.

‘+--?--

RI
+

OA18

+- Wlco

6SJU---

Rg Cg

f 4s
E!39

FIG. 6.5.—Monostable
blockingoscillatorwithplate-
grid feedback. Vertical de-
flection 25 VOIts/division.
Connection: two windings in
grid circuit; two windings in
pIate circuit. (a) Butt-joint
core, CO = 250 ~~f; &, E~,
and 1~ waveforms; sweep
speed 0.15 psec/division. (b)
Butt-j oint core, CO = 0.1 pf;
EP, Ea, and 1* wav~f?~ms;
swesp speed 1.4 ~sec/d~v~sion.
(c) Leading edge of pulse:
butt-joint core, Cg = 0.1 #f;
EP, EO, and ~.k waveforms,
sweep speed 0.15 ysec/diti-
sion, (d) Failing edge of
pulse: butt-joint core, C“ =
0.1 uf; ,!?&,E& and [k wave-
forms, sweep speed 0.15 psec/
division. (e) Continuously
wound core, Co = 250 .u&f,
E, waveform, sweep speed 0.3
psec/division. (f) Continu-
ously wound core, 0.1 pf, Ep
waveform, sweep speed 0.3
psec/divisiOn.

Sec. 6.2). In the Westing~ouse “radio ‘C”
cores the butt joint produces a small but very
uncertain air gap which results in character-
istics that cannot be controlled in transformer
manufacture. Operation with Cc very large
or omitted altogether produces pulses with the
highest possible ratio of duration to rise and
fall time. The choice of a transformer that
wH1 give the desired pulse width when oper-
ating under these conditions will also permit
the largest peak currents, provided the opti-
mum turns ratio is used, since the impedance
of the transformer will be a minimum. Un-
fortunately, the overshoots of the voltage
pulses are at a maximum in this mode of
operation since the core of the transformer
becomes completely saturated by the end of
the pulse and must demagnetize before another
pulse can be produced.

The maximum duration obtainable from a
particular transformer may be reduced by the
residual magnetism in the core. In trans-
formers employing very small air gaps (or
none at all) the residual magnetism may ac-
cumulate from pulse to pulse and cause oper-
ation in a region of reduced permeability.
The effective permeability may also be de-
creased by operating with such large mag-
netizing currents that the core actually is
driven to saturation during the pulse. The

I

d-c component of plate current increases this effect an> may” be reduced
by employing parallel feed as shown in Fig. 66. The d-c plate current
is applied to the tube through a separate inductance which is large com-
pared with that of the transformer. The a-c component of plate current
is applied through a condenser which is large enough to present negligible
impedance to the frequency components of the pulse.

A direct current may also be introduced into any winding of the trans-




