WAVEGUIDE HANDBOOK



MASSACHUSETTS INSTITUTE OF TECHNOLOGY
RADIATION LABORATORY SERIES
Board of Editors

Louis N. RIDENOUR, Editor-in-Chief
GEORGE B. CoLriNs, Deputy Editor-in-Chief

BrittoN CHANCE, S. A. GoupsmiT, R. G. HErs, HuserT M. JaMmEs, JuLian K. Knirep,
JaMEs L. LawsoN, LEon B. LinForp, CaroL G. MoNTGOMERY, C. NEWTON, ALBERT
M. Stong, Lours A. TURNER, GEORGE E. VALLEY, Jr., HERBERT H. WHEATON

© 0 Ne ;00

DD bt ek et et ped ek ek ek ewd e
S O 00 DU A WN =D

21.
22,
23.
24,
25.
26.
27.
28.

. RADAR SYsTEM ENGINEERING—Ridenour
. Rapar Aips To NavicaTioN—Hall

RapAr BeEacoNs—Roberts
LoraN—Pierce, McKenzie, and Woodward
Purse GENERATORS—Glasoe and Lebacgz
MicrowavE MAGNETRONS—Collins

. KvrysTrRONS AND MICROWAVE TRioDEs—Hamilton, Knipp, and Kuper
. PrinciPLEs oF MicrROwWAVE Circurts—Montgomery, Dicke, and Purcell
. Microwave TransMmissioN Circurts—Ragan

. WaVEGUIDE HANDBOOK— Marcuvitz

. TeEcHNIQUE OoF MicrRowavE MEASUREMENTS— M ontgomery

. MicROWAVE ANTENNA THEORY AND DEsiGN—Silver

. PrROPAGATION OF SHORT Rapio WavEs—Kerr

. MicrowavE DupLEXERs—Smullin and Montgomery

. CryYsTAL RECTIFIERS—Torrey and Whitmer

. MicrowAvE MIXERs—Pound

. CompoNENTS HaNDBOOK—Blackburn

. Vacuum TuBt AwvPLIFIERS— Valley and Wallman

. WaverorMs—Chance, Hughes, MacNichol, Sayre, and Williams

. ELEcTRONIC TIME MEASUREMENTS—Chance, Hulsizer, MacNichol,

and Williams
ELeEcTRONIC INSTRUMENTS—Greenwood, Holdam, and MacRae
CaTHODE RaY TUBE DispLays—>Soller, Starr, and Valley
MicrowaveE RECEIVERs—Van Voorhis
TaresHOLD StaNaLs—Lawson and Uhlenbeck
THEORY OF SERVOMECHANIsMs—James, Nichols, and Phillips
RADAR ScANNERS AND RanoMEs—Cady, Karelilz, and Turner
CoMPUTING MECHANISMS AND LINKAGES—Svoboda
INpEX—Henney

P ]

LY




WAVEGUIDE HANDBOOK

Ediled by
N. MARCUVITZ ]

ASSOCIATE PROFESSOR OF ELECTRICAL ENGINEERING
POLYTECHNIC INSTITUTE OF BROOKLYN

OFFICE OF SCIENTIFIC RESEARCH AND DEVELOPMENT
NATIONAL DEFENSE RESEARCH COMMITTEE

First EpITION

NEW YORK - TORONTO - LONDON
McGRAW-HILL BOOK COMPANY, INC.

1951
/



. M
v, /O

)
[CATa

WAVEGUIDE HANDBOOK

CorymigHr, 1951, BY THE
McGraw-Hin Boor Company, Inc.

PRINTED IN THE UNITED STATES OF AMERICA
Al rights reserved. This book, or
parts thereof, may not be reproduced

in any form without permission of
the publishers.

SCIENCE LIBRARY

THE MAPLE PRESS COMPANY, YORK, PA.

APR 17 1951



Foreword

HE tremendous research and development effort that went into the

development of radar and related techniques during World War I1
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 chap-
ters or sections were chosen from among those experts who were inti-
mately 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 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. DuBRrIDGE
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Preface

HIs book endeavors to present the salient features in the reformulation
Tof microwave field problems as microwave network problems. The
problems treated are the class of electromagnetic ‘‘boundary value” or
“diffraction”’ problems descriptive of the scattering properties of dis-
continuities in waveguides. Their reformulation as network .problems
permits such properties to be calculated in a conventional network manner
from equivalent microwave networks composed of transmission lines and
lumped constant circuits. A knowledge of the values of the equivalent
network parameters is a necessary prerequisite to quantitative calcula-
tions. The theoretical evaluation of microwave network parameters
entails in general the solution of three-dimensional boundary-value prob-
lems and hence belongs properly in the domain of electromagnetic field
theory. In contrast, the network calculations of power distribution,
frequency response, resonance properties, etc., characteristic of the ““far-
field”’ behavior in microwave structures, involve mostly algebraic prob-
lems and hence may be said to belong in the domain of microwave network
theory. The independence of the roles played by microwave field and
network theories is to be emphasized ; it has a counterpart in conventional
low-frequency electrical theory and accounts in no small measure for the
far-reaching development of the network point of view both at microwave
and low frequencies.

In the years 1942 to 1946 a rather intensive and systematic exploita-
tion of both the field and network aspects of microwave problems was
carried out at the Radiation Laboratory of MIT by a group of workers
among whom J. Schwinger played a dominant role. By means of an
integral-equation formulation of field problems, Schwinger pointed the
way both in the setting up and solving of a wide variety of microwave
problems. These developments resulted in a rigorous and general theory
of microwave structures in which conventional low-frequency electrical
theory appeared as a special case. As is to be expected, the presenta-
tion of the results of these developments involves the work of many
individuals both in this country and abroad, as well as much material
which is now more or less standard in mathematical and engineering
literature. Unfortunately, it has not been possible to document ade-
quately these sources in the present edition. It is hoped that these and
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viil PREFACE

other omissions will be remedied in a subsequent and more up-to-date
edition.

Although the primary aim of this book is to present the equivalent-
circuit parameters for a large number of microwave structures, a brief but
coherent account of the fundamental concepts necessary for their proper
utilization is included. Thus there is summarized in the first three
chapters both the field and network theoretic considerations necessary
for the derivation and utilization of the basic transmission line-—equiva-
lent-circuit formalism. The mode concept and transmission-line formu-
Iation of the field equations are introduced in Chapter 1. This chapter
contains an engineering treatment of the transmission-line theory neces-
sary for the description of propagating and nonpropagating modes in the
more important types of uniform and nonuniform waveguides. The
field-structure, propagation, attenuation, etc., characteristics of the
transmission-line modes so described are compiled in Chapter 2, with
both quantitative and pictorial detail. The elements of microwave-
network theory required for the analysis, representation, and measure-
ment, of the equivalent circuits for N-terminal microwave structures are
outlined in Chapter 3; also contained in this chapter is a sketch of some
of the field theoretic methods employed in the derivation of the equiva-
lent-circuit parameters reported in Chapters 4 to 8. Although most
of the above material is written for the impedance-minded micro-
wave engineer, some of the sections should be of interest to the applied
mathematician.

The remaining chapters contain a compilation of the equivalent-
circuit parameters for a variety of nondissipative N-terminal microwave
structures. These results are presented usually both analytically and
graphically in individual sections having an intentionally concise format
to avoid repetition. Since the analytical formulae are frequently
cumbersome to evaluate, care has been taken to achieve a reasonable
degree of accuracy in the graphical plots. In Chapter 4 a number of
two-terminal structures, such as beyond-cutoff and radiative waveguide
terminations, are treated. Obstacle and aperture discontinuities in wave-
guides, gratings in free space, etc., are among the four-terminal structures
described in Chapter 5. Chapter 6 deals with six-terminal microwave
structures and contains the equivalent-circuit parameters for a number
of E- and H-plane T- and Y-junctions, bifurcations, etc. Several eight-
terminal structures are treated in Chapter 7. Chapter 8 contains the
circuit description of a number of typical composite microwave struc-
tures: dielectric-filled guides, thick apertures, etc. In contrast to the
relatively complicated field ealculations employed to obtain the previous
results, only simple microwave network calculations are required to find
the circuit parameters and properties of these composite structures.




PREFACE ix

The equivalent-eircuit results in the various sections of Chapters 4 to 8
involve the expenditure of considerable time and effort on the part of
many workers—often not at all commensurate with the space devoted
to the presentation of these results. Each section usually represents the
contributions of many individuals who unfortunately are not acknowl-
edged in each instunce. In addition to J. Schwinger, the following helped
with direct theoretical contributions to these sections:

J. F. Carlson, A. E. Heins, H. A. Levine
P. M. Marcus, and D. S. Saxon.

Indirect contributions were made by H. A. Bethe, N. H. Frank, and
R. M. Whitmer. The efforts of Levine and Marcus, who remained with
the office of publications until its close in 1946, are particularly acknowl-
edged; the latter correlated all the tabulated work reported in the
appendix. The continued interest and criticism of Levine and Schwinger
since the close of the laboratory are greatly. appreciated. Although a
great deal of experimental work on the measurement of equivalent-
circuit parameters was carried out, only that part which is not covered
by or in agreement with theory is included in Chapters 4 to 8. The
work of W. H. Pickering et al., of California Institute of Technology, and
of C. G. and D. D. Montgomery should be cited in this connection.

A considerable amount of technical assistance was rendered by many
others. Mrs. A. Marcus did most of the work on the mode plots pre-
sented in Chapter 2. C. W. Zabel correlated some of the theoretical and
experimental data on T sections in Chapter 6. Most of the numerical
computations were carried out under the direction of A. E. Heins by M.
Karakashian, R. Krock, D. Perkins, B. Siegle, and others. Finally, the
valuable editorial assistance, planning, and criticism of H. M. James
in the initial stages of preparation of this book should be mentioned.

Although conceived at the Radiation Laboratory of MIT, the greater
part of this book was written in the years subsequent to its close while the
author was a staff member of the Polytechnic Institute of Brooklyn.
The author wishes to thank Professor E. Weber, Director of the Micro-
wave Research Institute at the Polytechnic Institute, for use of the
technical and clerical facilities of the laboratory in the preparation of
this book; also various members of the Institute for their criticism and
proofreading of many sections of this book; and lastly his wife, Muriel, for
her continuous help and encouragement.

N. MarcuviTz

Brookryy, N.Y.
September, 1950
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