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Foreword

T HE 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.
1

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
r in any way to this great cooperative development enterprise, both in this

country and in England, these volumes are dedicated.

L. A. DUBRIDGE.
vii
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Preface

i

THE development and engineering of microwave radar equipment

[. required that considerable effort be spent on improvements in the

art of microwave measurements. New techniques had to be devised

which were suitable for laboratory use, and these had to be modified and

adapted for use in the field and in the factory. The necessity for the

maintainance and the repair of military equipment imposed other special

problems, and test gear had to be designed for these purposes also. A
large portion of this test equipment was highly specialized and suited

only for a particular purpose. No standard methods that were com-

f
monly acknowledged were available. Moreover, the precision and the

convenience of operation of various pieces of measuring equipment varied

widely. It has been attempted in the present volume to select for

description those techniques and apparatus which are most likely to

prove useful to future workers in the microwave field rather than to

attempt a compilation that approaches completeness. Emphasis has

been placed on laboratory equipment, since it is difficult to predict what
future applications will be important.

Most of the methods to be described are based on the wave character
of high-frequency currents, rather than on the low-frequency techniques
of direct determination of current or voltage. The techniques to be
described are grouped under four main headings:

I. Power Generation and Measurement.
II. Wavelength and Frequency’ Measurements.

III. The Measurement of Impedance and Standing Waves.
IV. Attenuation and Radiation Measurements.

Parts I and 11 need no further comment except that the measurements
peculiar to radiation from pulsed generators are included as Chap. 7 of
Part II. The numerous bridge measurements, so important in the low-
frequency region, cannot be easily modified for microwave work, but
analogous methods have been devised and show great promise for future
development. These methods are discussed in Chap. 9 of Part III.
The inclusion Qf the measurements of dielectric constant in Part III is
based on the fact that it is the dielectric constant which determines the
intrinsic impedance of a medium, since the permeability of nearly all

lx



x PREFACE

substances is very closely the same as that of a vacuum. Although
attenuation and radiation measurements are essentially measurements of
power, the special devicw employed make it convenient to consider such
measurements in a separate part.

It is a pleasure to acknowledge the cooperation of the many indi-
viduals who contributed to the preparation of this volume. In addition
to those specifically named on a preceding page in the list of authors and
editorial staff, acknowledgement is due to Miss Ruth Kaufman for
editorial assistance, to Mrs. Ruth Shoemaker who collated most of the
photographs, and to Dr. V. Josephson for his able direction of the draft-
ing staff.

CAROL G. MONTGOMERY.

NEW HAVEN, CONN,
February, 1947.

i



Conlenls

I
FOREWORD BY L. A. DUBRIDGE . . . . . . . . . . . . . . . . . . . . vii

. PREFACE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ix

CHAF.l. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . .1

l.l. Microwaves, . . . . . . . . . . . . . . . . . . . . . ,1
1.2. Microwave Measurements . . . . . . . . . . 2
1.3. The Detection of Microwaves. . . . . . . . . . 4
1.4. Microwave Cables and Connectors . . . . . . . . . 8
1.5. Rigid Coaxial Lines . . . . . . . . . . . . . . . . . . . . 11
1.6. Waveguide Transmission Lines . . . . . . . . . 13
1.7. Specialized Microwave Measurements. . . . . . . . . . 16

PART I. POWER GENERATION AND MEASUREMENT

CHAP. 2. POWER SOURCES.,.. . . . . . . . . . . . . . . . . . .

MICROWAVE OSULLATORS. . . . . . . . . . . . . . .

2.1. The Choice of a Microwave Oscillator. .
2.2. General Characteristics and Principles of Operation of the

Reflex Klystron . . . . . . . . . . . . . .
23. More Detailed Characteristics of the Reflex Klystron .
2.4. Frequency Multiplication in Detector Crystals
2.5. Specific Reflex-klystron Tube Types.
26. The 723 Family of Reflex Klystrons. .
2,7. The Type 2K28 Reflex Klystron .
28. The Type 417 Family.
2.9. The Types 3K23 and 3K2;. “. ‘, “. ; ; : : : : : : : : : : :
2.10. The Type2K45, . . . . . . . . . . . . . . . . . . . .
2.11. One-centimeter Reflex Klystrons
2,12. The Types 2K48and2K49.
2.13. Reflex-klystron Power Supplies. .

21

21

21

24
28
33
34
37
41
43
45
45
47’
50
51

FREQUENCY STABILIZATION OF ELECTRONICALLY TUNABLE MICROWAVE
OSCILLATORS . . . . . . . . . . . . . . . . .58

2.14. General Description of Stabilization Circuits . 60
2,15. The Microwave Discriminator 63
2.16. The D-c Stabilizer . . . . . . . . . .67
217. The I-f Stabilization System . 69
2.~8. Electronic Circuits for I-f Stabilization. 73
2.19. Results and Limitations of the Stabilization Systems 75

xi



xii CONTENTS

CHAP. 3. MICROWAVE POWER MEASUREMENTS . . . . . . . . . . 79

3.1. Introduction....,.. . . . . . . . . . . . . . . . . 7g

POWER MEASUREMENTS AT Low AND MEDIUM LEVELS. . . . . . . . . . 84

3.2. Bridge Circuits . . . . . . . . . . . . . . . . . . . . . . 84
3.3. Thermistor Parameters . . . . . . . . . . . . . 89
3.4. Operation of a Thermistor in a Bridge Circuit . . . . . . . . g7
3.5. Audio-frequency Response of Bolometers. . . . . . 100”
3.6. Temperature Compensation of Direct-reading Bolometer Bridges 103
3.7. The V-bridge . . . . . . . . . . . . . . . . . . . . ...105
3,8. Temperature Compensation with Two Thermistor Disks. . . . 108
3.9. The Calculation of R-K Curves for Temperature Compensation 113
310.TheW -bridge, . . . . . . . . . . . . . . . . . . . . . 118
3.11. The X-bridge, ...,... . . . . . . . . . . . . . ..I23
312. Self-balancing Bridges. . . . . . . . . . . . . 127
3.13. Thermistor Mounts ..,. . . . . . . . . . . . . . . . . 130
3.14. Untuned Coaxial-line Thermistor Mount. . . . . . . . . . 132
3.15. A Double Thermistor Mount. . . . . . . . . . . . . 136
3.16. Broadband Coaxial-line Thermistor Mounts . . . . . . . . 136
3.17. A>cm Thermistor Mount. . . . . . . . . . . 139
318. Waveguide Thermistor Mounts. . . . . . . . . . 139
3.19. Impedance Variations of Thermistor Mounts. . . . . . . . 147
3,20. The Fishtail Mount..,. . . . . . . . . . . . . . . . . 150
321. Thermistor Mounts for the l-cm Band. . . . . . . . . . . . 151
3.22. Thermistor Power Monitors . . . . . . . . . . . . . . . 155
323. Barretters . . . . . . . . . . . . . . . . . . . . . . . .156
324. The Theory of Operation of a Barretter . . . . . . . . . . . 161
325. Direct-reading Bridges for Barrettes . . . . . . . . . . . . 169
326. Barretter–amplifier Combinations. . . . . . . . . . . . . 171
3.27. Barretter Mounts . . . . . . . . . . . . . . . . . . . . 175
328. LoadL amps. ,. ...,. . . . . . . . . . . . . . ..I8o
3.29. Metalized-glass Bolometers, . . . . . . . . . . . . . . 184
330 Thermocouple Power Detectors. . . . . . . . . . . 187
331. The Use of Rectifiers for Power Indication. . . . . . . . . 191

MEASUREMENT OF HIGH POWER, . . . . . . . . . . . .

332.WaterLoads.. . . . . . . . . . . . . . . . . . . .

3.33. The Design of Water Loads for Coaxial Lines. . . . . .

3.34. Water Loads for Waveguide . . . . . . .

3.35. Flow Systems for Water Loads . . . . . .

336. Thermopiles for Water Loads. . . .

3.37. The Use of Power Dividers for High-power Measurements.
338.GssL ears. ..,,,... . . . . . . . . . . . . .

3.39. A Coaxial Wattmeter for Field Use . , . . . .

3,40, The Johnson Meter.... . . . . . . . . . . . . . .

3.41. Neon Tubes as Power Indicators . . . . . . .

. . 194

. . 194

. . 195

. . 199

. . 204

. . 211
213
214
215
216

. . 218

CHAP. 4. MICROWAVE SIGNAL GENERATORS . . . . . . 221

THE USE OF SIGNAL GENERATORS IN TESTING RECEIVERS , . . 222

41. Receiver Noise Figures . . . . . 222

4.2. Nois&figure Measurement with Cw Signal Generator. 224

b



CONTENTS
. . .

Xlll

43. N’oise-figure Measurement with Microwave Noise Source. . 225
4.4. Measurements on Pulse Receivers. 226
4.5. Mezsurernents with Pulsed Signal Generators. 228
46. Pulse-receiver Response to Frequency-modulated Signals 230

TriE DESIGN OF MICROWAVE SI~FJAL GENERATORS. 234

47. Microwave Design Considerations for C-w and Modulated
C-w Signal Generators.,,, , ...,,,...,..234

4.8. Pulse illodulation of Oscillators. 237
49. R-f Leakage and Shielding. 240
4.10, }fiscellaneous Features . 243
4.11, C!abbration Procedures. 245

PEACTICAL C-w AN-II>[OVULATED-C-W SIGNAL GENERATORS, 247

412. A C-w, Pulse-modulated or F-m Signal Generator for the 3000-
Mc/sec Region (the TW3-5BL S]gnal Generator) 247

413. A Pulsed-lighthouse-tube Signal Generator for the 2700- to 2900-
Mc/sec Region (TS-155). . . 253

414, An F-m and C-w WOO-Mc/sec Signal Generator (TS-147) 259
4.15. An F-m and C-w Signal Generator for the 24,000-Mc/sec Region 265

IIICROWAVE NOISE SOURCES.. . . . . . . . . . . . . . ... .270

4.16. N’oise Sources at hficrowave Frequencies, . . 270
4.17. Thermal Noise Sources . . . . . . .271
4.18. Shot-noise Sources. . . . . . . . .273
4.19. Crystal NToise Source . . . . .278

PART II. WAVELENGTH AND FREQUENCY

MEASUREMENTS

CHAP. 5. THE MEASUREMENT OF WAVELENGTH. . 285

CAVITIES AS CIRCCJITELEMENTS. 286

51. The Equivalent Circuit of a Single-line Cavity-coupling System 286
52. Transmission Through a Two-line Cavity-coupling System. 289
5.3. Frequency-pulling by Reactive Loads 291

NORMAL TVIODEFIELDS IN SOME CAVITIES OF SIMPLE SHAPE 293

5.4. Rectangular Parallelopiped, . . . . 294
55. The Right Circular Cylinder , . . 297
5.6. Coaxial Cylinders . . . . . . . . . . . . . . . . . . . . .303
5.7. Other Shapes..,,,,. . . . . . . . . . . . . . . .307
5.8. Cavities Containing Dielectric Materials, . 307
5.9. Scaling Theorems and the Principle of Similitude . 308

PRACTICAL WAVEMETER CIRCUITS. . . . . . . . 308

510. Transmission Cavity Wavemeter . 309
5.11. Reaction Wavemeter Terminating a Line. 311
512. Reaction Wavemeter on an Eplane Waveguide T. 314
5.13. Iris-coupled Wavemeter on Top of Waveguide 316
5.14. Reaction Wavemeter on a Coaxial Stub 318



xiv CONTENTS

PRACTICAL MICROWAVE WAVEr.iETEES . 319

5.15. Coaxial Wavemeter for the 2- and lo-cm Regions, 320
516. Right Circular Cylinder in TEO, l-mode for the hm Region 322
517, Right Circular Cylinder in TEo,,-mode for the lo-cm Region

(TS-270) 325
5.18. Right Circular Cylinder in TEL,~-mode for the l-cm Region 327
5.19. Hybrid TE~,l-mode Wavemeter for the l-cm Region. 328

MEASUREMENTS ON CAVITY-COUPLINQ SYSTEMS . . . . 33o

5,20, Transmission Measurement with a Two-line Cavity. . . 332
521, Standing-wave Measurements on Cavities . . . . . . . . . 333
5.22. Phase Measurements.. . . . . . . . . . . . . . . . ..336
5.23, Decrement Measurements . . . . . . . . . 34o

CHAP. 6. FREQUENCY MEASUREMENTS. . . . . . . . . . . . . . 343

PRIMARY FRECjUENCYSTANDARDS . . . . . . . . . . . . . 343

6,1. General Requirements. . . . . . . . . . . . . 343
6,2. Microwave Frequency Generation. . . . . . . . . 344
6.3. Design Considerations, . 345
6.4. Microwave Facilities at the National Bureau of Standards 347
6.5. Crystal-controlled Oscillators. . 350
6.6. Reception of Standard-frequency Broadcasts. . 353
67. Frequency Dividers and Clocks. . . 354
6,8. Tunable Oscillator.. . . . . . . . . . . . . . . . ...357
69. Audio Interpolation Oscillator . . . . 359
610, Comparison Oscilloscope. . . . . . 361
611. Variable-frequency Generation . . 365
6.12. Basic Types of Vacuum-tube Frequency Multipliers. 365
6.13, Frequency Multipliers from 50 kc/see to 5 Me/see 368
6.14. Frequency Multipliers from 6 to 24 Me/see 368
6.15. Frequency Multipliers from 24 to 96 Me/see. 371
616. Frequency Multiplier from 96 to 288 Mo/sec 371
6,17. Frequency Multiplier from 288 to 864 Me/see 372
6.18. Harmonic Generation by Crystal Rectifiers and Velocity-modu-

lated Frequency Multipliers, 373
6.19. Frequency Range and Accuracy. 375

RESONANT CAVITIES AS SECONDARY FREQUENCY STANDARDS . . . . . . 375

620. General Design Considerations . . . . . . 375
621. Partial-coaxial Cavities . . . 377
6.22. TEO1l-mode Cavities. . . . . . . . 379
6.23. Hybrid Z’Eo,,-mode Cavities . . . 382

TEMPERATURE AND HUMIDITY EFFECTS FOR S’rArmAmr CAVITIES . . . 384

624. TemperatureE ffecta., . . . . . . . . . . ,384
6.25, External Temperature Compensation . . . . . . . . 386
626. HumidityE ffects, . . . . . . . . . . . . . . . . . ...390

,

.

MEASURING EQUIPMENT AND TECHNIQUES . . . . . 392

627. Wa:ndard Measurement Conditions . . . . . . 393
628. Spectrum-analyzer Techniques . . . . . . 393



CONTENTS xv

6.29. Cavity Q-meter Technique. . . . . . , . . . . . . . . 396
6.30. Cavity-comparator Technique . . . . . . . . . . . . . . 403

CHAP.7. THE MEASUREMENT OF FREQUENCY SPECTRUM AND
PULSE SHAPE . . . . . . . . . . . ,.. ., . . . . . ..4o8

TEE PRINCIPLES AND DESIGN OF SPECTRUM ANALYZERS . . . . 409

7.1. Formation of the Spectrum. . . . . . , 409
72. GenerrJ Theory of Operation. . . . . 411
73. Determination of Sweep Frequency, Intermediate Frequency, I-f

Bandwidth, and Video Bandwidth, 416
7.4. Determination of the Sensitivity and I-f Gain Required for a

Given Application...,,.. . . . . . . . . . ...420
75. Stability Consideration+ in the Design of a Spectrum Analyzer 422

REPRESENTATWE SPECTRWMANALYZERS . . 423

76. The TSK-3RL l-cm-band Spectrum Analyzer, . . 423
77. The TS-148/UP &cm-band Spectrum Analyzer. . . . . 429
7.s, The TSS-4SE l~cm-band Spectrum Analyzer . . , 434
79. The TSX-4SE Spectrum Analyzer. 439
710. The TSK-2SE Spectrum Analyzer. 440
7.11. Low-frequency Spectmm Analyzers Using Microwave Oscillators 441
7.12. Other Instruments Using the Spectrum-analyzer Principle 446
7.13. Echo Boxes . . . . . . . . . . . . . . . . . . . . . . . 447

MEASUREMENTS WITH THE SPECTRUM ANALYZER . . . . . , . . . . 448

7.14. Interpretation of Spectra, . . . . . . . . . 448

7.15, Examples of Spectra of Pulses . . . . . 449

716. Frequency and Frequency-difference Measurements. . . . . 453

7.17. The Useofa Spectrum Analyzer asa Sensitive Receiver . . . . 455

THE R-F ENVELOFE VIEWERS AND OSCILLOSCOPES. . . . . . . . 455

718. The Camponentsof an R-f Envelope Viewer . . . . . . . . 456
7.19. Crystal Detector with Video Amplifier. . . . . . 457
7.20. Vacuum-tube Detector with Video Amplifier. . . . . . 458
721. Diode Detectors Used at High Level. . . . . . 461
7,22. Diode Detectors for Frequencies Higher than 3OOOMc/sec. 464
723. Microwave Oscilloscopes. . . . . . . . , . 468

PART III. THE MEASUREMENT OF IMPEDANCE

AND STANDING WAVES

CHAP. 8. MEASUREMENTS OF STANDING WAVES. . . . . . . . . 473

8.1. Fundamental Relations . . . . . . . . . . . . 475

82. The Slotted Section and Traveling Probe. . . . . . . . . 47S

83. The Properties of the Slotted Line. . . . . . . . . 480
8.4, The Properties of the Probe . . . . . . 483
85. The Design of Slotted Sections and Probes. . . . . . . . 488
86. Detectors and Amplifiers. . . . . . 496
8.7. Matched Imads and Other Accessories. . . . 503
8.8. Measurement of High Standing-wave Ratios 505
89. The Squeeze Section....,.. . . . . . . . . . . ...507



xvi CONTENTS

8.10. Standing-wave Measurements at High Power. 510
811. Continuously Indicating Standing-wave Detectors. 511
8.12. Measurements on Lossless Devices . . . . . . . 512

CHAF.9. IMPEDANCE BRIDGES. . . . . . . .515

BRXDGE ELEMENTS . . . . . .. . . . . . . . . . . . . . . . . . .. 516

91. TheSide-outletT ...,.. . . . . . . . . . . . . ...516
9.2. Analysis of the Operation and Properties of Side-outlet T’s 517
9.3. Analysis of the Directional Coupler as a Bridge Element . 522
9.4. T-construction . . . . . . . . . . . . . . . . . . . . . 524
9.5. Matching Techniques for T’s. . . . . . . . 525
96. Ring Networks and Coaxial T’s, . . . . . . . . . 527

BASIC MEASURING TECHNIQUES. . . . . . . . 530

97. The Single-frequency Bridge . . . . . . . . . . . . . 53o
98,T -asymmetry . . . . . . . . . . . . . . . . . . . . . . .532

99. Bridge Balance and the Sliding Match. . . . . 534
910.Magic-TAlignment. . . . . . .535

9.11, The Measurement of Large Reflections. . 536

9.12. Methods Which Provide Simultaneous Indications at Several

Frequencies . . . . . . . . . . . . . . . . . . . ...537

9.13. Line Components . . . . . . . . . . . . . . . . . . . . 54o

IMPEnANcE BmnGm UTILIZING MODULATION-FREQUENCY DISCRIMINATION. 543

914.Microwaves ounces . . . . . . . . . . . . . . . . .543

9.15. Line Components . . . . . . . . . . . . . . . . . . .544

9.16. Selective Ampli6ers. . . . . . . . . . . . . . .545
9.17. Range of Measurement. . . . . . . . . . . ,547

IMPEDANCE BRIDGES THAT EMPLOY PULSE MODULATION . . . . . 548

9.18. Microwave Sources ..,.... . . . . . . . . . . ...548

919.LineComponents,. ,,. . . . . . . . . . . . . .549

9.20. Pulse Amplifier . . . . . . . . . . . . . . . . . . . 55o

921.RangeofM easurement. . . . . . . . . . .55 I

IMPEDANCE BRIDGES UTILIZING PANORAMIC RECEIVERS . . . . . . . . . 552

9.22. Microwave Sources and Local Oscillators. . . . . . . . . . 552

9.23. Line Components .,... . . . . . . . . . . . . . . . .554

9.24. Receiver . . . . . . . . . . . . . . . . . . . . . . . . .555

9.25. Range of Measurement. . . . . . . . . . . . . .556

CALIBRATING DEVICES mm SOURCES OF ERROR . . . . . . . . . . 556

9.26. Adjustable Reference Mismatches. . . . . . . . . . 557
9.27. Fixed Mismatches and Calibrated Attenuators . . 557

928. Built-in Calibrators. . . . . 558

9.29. Sources of Error . . . . . ,559

CHAP. 10. THE MEASUREMENT OF DIELECTRIC CONSTANTS 561

INTRODUCTION . . . . . . . . . . . . . . . . .,561

101. Derivation of Relations for Proceeding from Data to Results 562

102. General Considerations Influencing Choice of Method. 568

. I

METHOnS DEPEimmG ON TRANSMISSION IN GUIDE 570

10.3. Techniques for Phase Measurement, . . 570



CONTENTS xvii

10.4. Techniques for Amplitude Measurement. . . . . . . . . . . 577
10.5, Details of Computation . . . . . . . . 584
106. Uses........,.. . . . . . . . . . . . . . . . . 591

MEASUREM~NT BY TRANSMISSION IN FREE SPACE. . . . . . . . . 591

107. Experimental Procedure for Normal Incidence . . . . . . . 593
108, Computations for Normal Incidence. . . . . . 597
109. Arbitrary Incidence. . . . . . . . 599
1010. Comparison with Optical Methods . . . . . . . . . . . 604
101l. Loses . . . . . . . . . . . . . . . . . . . . . . . . . . . 605

G~NEEAL k~mxons DEPENDING ON REFLECTION . . . . . . . . . 606

10.12, Interface Reflection. . . , . . . . . . . 606
10.13, Reflection Measurement in Free Space. . . . . . . . . 612
10.14. Change of Termination . . . . . . . . . . 616
1015. Short Circuit, Zero Reflection at Interface , . . . . , . 620

THE SHORT-CIRCUITED-LINEMETHOD . . . . . . . . . . . 625

1016. Theory, ...,.,. . . . . . . . . . . . . . . . .. 625
1017. Measurement Procedure. . . . , . . . . . . . 633
1018. AFewSources of Error. ., . . . . . . . . . . . .640
1019. Modified Procedure for Low Power . . . . . . . . . . 644
1020. Uses., . . . . . . . . . . . . . . . . . . . . . . ...654

CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . 656

1021. Resonant-cavity Methods . . . . . . . . . . 657
10.22. Summary. .Methods Tabulated. . . . . . . . 666

Bibliography .,,..,... . . . . . . . . . . . . . . . . .. 672

PART IV. ATTENUATORS AND RADIATION MEASUREMENTS

CHAP. 11. MICROWAVE ATTENUATORS. CUTOFF ATTENUATORS 679

INTEO~UcTION . . . . . . . . . . . . . . . . . . . . . . . . . .. 679

11.1. Definitions of Attenuation . . . . . . . 679
112. General Design Considerations . . . . . . . . . 682

CUTOFF ATTENUATORS. . . . . . . . . . . . . . . . . . . ...,.685

113. Principles of Cutoff Attenuators . . . . . . . 685
114. Purity of LTseful Lfode. . . . . 687
115. Separation of L’ndcsirable Modes . 689
116. Principle of Mode Filtering. 693
117. Variation of Input Impedance with Close Coupling 696
118. Impedance-matching Techniques 700
119, Examples of Wavcguide Attenuators for 3000 Me/see 707
1110. A Waveguide Attenuator for 9000 Me/see 715
1111. An .4ttenuator for 24)000 Llc/sec. 716
1112. The Design of Cutoff Attenuators Using the TMO1-mode. 719

CHAP. 12, MICROWAVE ATTENUATORS. RESISTIVE ATTENUATORS 720

MATrHED TRANS~ISSIO~-LINE TF,R.MINATIO~S. . 720

121. Low-power Coaxial-line Terminations 722
122. Low-power Waveguide Terminations with Polyiron 726



...
XVIII CONTENTS

123. Low-power Waveguide Terminations which Use Other Lcwy
Materials . . . . . . . . . . . . . . . . . . . . . ...728

12.4. Low-power Terminations Using Metalized Glass . . . 731
12.5. High-power Coaxial-line Loads . . . . . . . . . . . 732
126. High-power Waveguide Loads . . . . . . . . . , . . . 735

GENERAL LABORATORY ATTENUATORS . . . . . . . . . . . . . . . 743

127. Cables as Coaxial Attenuators . . . . . . . . . . . . 743

128.FixedCoaxialP ads..., . . . . . . . . . . . . . . . . 745

12.9. Fixed Waveguide Attenuators . . . . . . . . . . . . 747

12,10. Variable Waveguide Attenuators . . . . . . . . . . . . . 748

PRECISION METALIZED-GLASS AmENUATORS . . . . . . . 751

12.11. Electrical Design of Coaxial-pad Inserts . . . . . . . 752

12.12. Construction of Coaxial Fixed Pads. . . . . . . 757

12.13. Performance Characteristics of Fixed Coaxial Pads 763

12.14. Variable Metalized-glass Coaxial Attenuators. . . 769

12.15. Design of Elements for Wave~ide Attenuators, 774

1216. Waveguide Pads of Fixed Values . . 781

1217. Construction of Variable Waveguide Attenuators 784

1218. Performance Characteristics of Variable Waveguide Attenuators 790

POWER DIVIDERS AS ATTENUATORS . . . . . . . 799

12.19. Calibrated Pickup Probe . . . . . . . 799

12.20. Directional Couplers. . . . . . . . , . . . . . . 800

12.21. Bifurcated Lines.... . . . . . . . . . . . . . . . .. 801

1222.B ranchedLines., ,.. . . . . . . . . . . . . . . . .. 803

Cmm. 13. THE MEASUREMENT OF ATTENUATION . . . . . . . 804

13.1. Direct Measurement of Power Ratio, . . . . . 805

13.2. Substitution Methods 808

13.3. Measurement of Attenuation by Standing-wave Effects . 816

13.4. Measurement of Very Small Attenuation Values 821

135. Common Sources of Errors in Attenuation Measurements 824

13.6. Calibration of Attenuation Standards 832

137. Calibration with Absolute Power Measurement. 838
13.8. Calibration of Secondary Standards by the Substitution Method 841

139. Production Calibration . . . . . 848

CWP. 14. DIRECTIONAL COUPLERS. . . . 854

141.Introduction . . . . . . . . . . . . . . . . . . . . . .. 854

142. Equivalent Circuit of a Directional Coupler . . . . . . . 855

14.3. The Bethe-hole Goupler . . . . . . . . . . . 858

14.4. Branched-guide Couplers. . . . . . . . . . . . . . . 866

14.5. Two-hole Couplers . . . . . . . . . . . . . . . . . . ..873

14.6. Multiple-path Couplers . . . . . . . . . . . . . . 879

14.7. Reverse-coupling Types . . . . . . . . . . . . . 883

14.8. Long-slot Couplers. . . . . . . . . . . . . . .885

14.9. Resistive-loop Couplers . . . . . . 891

14.10. General Theoretical Considerations . 891

1411. Measurements of the Properties of Directional Couplers 894

14.12.The Reflectometer . . . . . . . . . . . . . . . . . . .. 896



t

r

.-

CONTENTS xix

CHAP. 15. R-F PHASE AND PATTERN MEASUREMENTS 898

15.1,
15.2.
15.3,
15.4.
155.
156.
15.7.
158.
15.9.
15.10.
15.11,

Terminology and Definitions 898
Pattern Intensity Measurements 900
The Measurement of Antenna Gain. 9(37
Effect of Antenna Scattering in Gain Measurements, 909
The Mirror Method of Gain Determination 911
Gain Determination by Pattern Integration 914
R-f Phase Measurements, 915
Phase Apparatus for Point Source~. , 916
Frequency Sensitivity of Phase% 917
Phase Apparatus for Line Sources,,. . . 918
Phase-modulation Method,, . . 919

APPENDIX. MAN[TFACTURERS OF MICROWAVE EQUIPMENT , 923

l. R-f Cables and Connectors. .923

2. Waveguide and Rigid Coaxial Line and Connectors 923

3. Amplifiers and Power Supplies 924
4. Crystal Rectifiers . . . . . . . ., . . . . . . . . . . ...924

5. Oscillator Tubes . . . . . . . . . . . . . . . . . . . . . .924

6.pDwer Measurements,. . . . . . . . . . . . . . . . ...924

7. Attenuators, .,,..... . . . . . . . . . . . . . . . 925

8. Spectrum Analyzers, ,.. . . . . . . . . . . . . . . . . .925

9. R-f Components, . . . . . . . . . . . . . . . . . . . . . . 925
10. Wavemeters . . . . . . . . . . . . . . . . . . . . . . ..925

MANUFACTURERS ., ..,,,... . . . . . . . . . . . . . . . . . .925

INDEX .,, ,, . . . . . . . . . . . . . . . . . . . . . . . . . . . 929



c

.


