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ABSTRACT OF VOLUMES I AND II

This book presencs design techniques for a wide variety of low-pass,
band-pass, high-pass, and band-stop microwave filters; for multipiexers;
and for certain kinds of directional couplers. The material is orgenized
to be used by the designer who needs to work out a specific design quickly,
with & minimun of reading, as vell as by the engineer who wants a deeper
understanding of vhe design techaiques used, so0 that he can apply them to

ne¥ and unuaual situations.

Most of the design pricedures described make use of either a lumped-
element low-pass prototype filter or a step-transformer prototype as a
basis for design. Using these prototypes, microwave filters can be ob-
tuined which derive response characteristics (auch as s Tchebyscheff
attenuation ripples in the pass band) frem their prototype. Prototype
filter designs are tabulated, and data is given relevant to the use of
prototype filters as a basis for the design of impedance-matching networks
and time-delay networks. Design formulas and tables for step-:iransformer

prototypes are also given.

The deaign of microwave filter structures to serve as impedance-
matching networks is discussed, and examp 2s are presented. The iechniques
deacribed should find application in the design of impedancs-matching net-
works for use in microwave devices such as tubes, purametric devices,
antennas, etc., in order to achieve efficient broad-band operation. The
design of microwave filters to echieve various time-delay (or slow-wave) ‘

properties is also discussed.

Various equations, graphs, and tables are collscted together relevant
to the design of coaxiel lines, strip-lines, waveguides, parallel-coupled
lines between common ground planes, arruys of lines between ground planes,
coupling and junction discontinuities, and resonatora. Techniques for
measuring the Q's of resonators and the coupling coefficients between
resonators are also discussed, along with procedures for tuning filtera.
Equations and principles useful in the analysis of filters ure collected
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together for easy reference ond to aid the reader whose background for
the subjsct matter of this book may contsin some gaps.

Directional filters have special advantages for certain applica-
tions, and ure treated in detail in a separste chapter, as are high-
power filters. Tunsble filvters of the kind that might be desired {cor
preselector applicatious are also treated. Both mechanically tunable
filters and filtere using ferrimagnetic resonators, which can be tuned

by varying a biasing magnetic f{ield, are discussed.
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PRPFACE T:) VOLUMES I AND II

T+ organizatic « of hi: book hes three genersl objectives. Thse
first oijective is t pre ent fundamental concepts, techniques, and data
that are.’of general 1se i tie design of the wide range of microvweve
structu.»s discussed in t.is book. The second objective is to present
:peciuiized data in ore :r less handbook form so thst a designar can
work out practical d: sign: 'or structures having certain specific con-
figuratinus, without naviig to recreste the design theory or the deriva-
tion of the equation:. (lowever, the operati.n of mose of the devices
discnased herein is s 1ffi.iently complex that knowledge of some ol the
basic concepts and tc:hnijues is usually important.) The third objective
is to present the the vy pon which the various design procedures are
based, so that the de¢ ign - r can adapt the various design techniques to
new aus unusual situva ion-, and so that researchers in the field of
micrwave devices may use some of this information as a basis for deriv-
ing addrticual technicues. The presentation of the material so that it
can Le adapted to new anc unusual situations is important because many
of thz micrawave filter echniques described in this book are potentially
useful for the design 1l sicrowave devices not ordinarily thought of as
having anyihing to do +irh filters. Some cxamples are tubes, parametric
devices, and antennas, wiare filter structures can serve as efficient
impedance-matching net ':rks for achieving broad-band operation. Filver
structures are also ua« ful as slow-wave structures or time-delay struc-
tures. In addition, microwave filter techniques can be applied to other
devices not operating in the microwave band of frequencies, as for

instance to infrared and :ptical filters.

The three objectivs: i Yove are not listed in any o.der of importance, nor
is this book entirely - p.rated into parts according to theae objectives.
However, in cecrtain cha t:rs where the materisl lends itself to such
organization, the firsi s ction or the first few sections discuss general
principles which a desi;n:r should understand in order to make best use

of ihe design data in 1le chapter, then come sections giving design data
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for specific types cf structures, and the end of the chapter discusses:
the derivations of the various design equations. Also, st numerous places
crcss references are made to other poriions of the book where information
1seful for the design of cvhe particular structure under consideration can
be found. #or exempla, Chapter 11 describes procedures for measuring the
unloaded Q and »xternal Q of resonstors, and for measuring the coupling
coefficients between resonators. Such procedures have wide application

in the practical development of many ty, 1 of band-pass filters and
impedance-matching networks.

Chapter 1 of this book describes the broad range of applications for
which microwave filter structures are potentially useful. Chapters 2
through 6 contuin reference data and background information for the rest
of the book. Chapter 2 summarizes various concepts and equations that
are particularly useful in the analyais oi fiirar structures. Although
the image point of view for filter design is mac: use of only at certain
points in this book, some knowledge of image deaoi n mithods is desirable.
Chapter 3 gives & brief summary of the image d s:ign concepts which are
particularly usetul for the purposes of this book. Chapters 1 to 3 should
be especially helpful to readers wh - Lackground ‘or the m.:erial of this
book may have some gaps.

Most of the filter and impedance-matching network design techniques
described later in the book make use of a low-pass prototype filter as a
busis for dexign. Chapter 4 discusses various types of lumped-element,
low-pass, prototype filters, presents tables of element values for such
tilters, diascusses their time-delay properties, their impedance-matching
properties, and the effects of dissipation loss upon their responses. In
later chapters these low-pass prototype [ilters and their various proper-
ties are employed in the design of low-pass, high-pass, band-pass, and
band-stop microwave filters, and alco i1n the design of microwave impedance-

wmatching networka, and time-delay networks.

VYarious equatio.s, graphs, and tables relevant to the design of
couxial line, strip-line, waveguide, and a variety of resonators, coupling
structures, and discoutinuities, are summarized lor easy reference in
Chapter 5. Chapter 6 discusses the desiyn of step transformers and pre-
sents tables of deaigns for certain cases. The step transformers in

Chapter 6 ere not only for use in conventional impedance-transformer
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applications, but also for use as prototypes for certain types of baand-
peas or pseudo high-pass filters discussed in Chapter 9.

Design of low-pass filters and high-pass filters from the ;eni-
lumped-element point of view are treated in Chapter 7. Chapters 8, 9,
and 10 discuss band-pass or pseudo-high-pass filter design using three
different design approaches. Which approach is best depends on the type
of filver structure to be used and the bandwidth required. A tabulation
of the various filter structures discussed in all three chapters, a
summary of the properties of the various filter structures, and the
section number where design data for the various structures can be found,
are presented at the beginning of Chapter 8.

Chapter 1] describes various additional techniques which are useful
to the practical development of microwave band-pass filters, impedance-
matching networks, and time-delay networks. These techniqu:s are quite
gereral in their application and can be used in conjunction with the
filter structures and techniques discuased in Chapters 8, 9, and 10, and
elsewhere in the book.

Chapter 12 discusses band-stop filters, while Chapter 13 treats
certain types of directional coupiers. The TEM-mode, coupled-transmission-
line, directional couplers discussed in Chapter 13 are related to certain
types of directional filters discussed in Chapter 14, while the branch-
guide directional couplers can be designed using the step-transformer
prototypes in Chapter 6. Hoth waveguide and strip-line directional filters
are discussed in Chapter 14, while high-power filters are trcated in Chapter 15.
Chapter 16 treats multiplexers and diplexers, and Chapter 17 deals with
filters that can be tuned either mechanically or by varving a biasing
magnetic field.

It is hoped that this book will fill a need (which has become in-
croasingly apparent in the last few years) for a reference book on design
data, practicel development techniques, and design.theory, in & field of
engine.ring which has been evolving repidly.

vii



- e ——

The preparation of this book was largely supported by the Signal Corps,
under Contract DA 36-039 SC-87398; its preparation was also partially -uﬁ-
ported by Stanford Research lnstitute, and by off-work time contributed by
the authors. Many of the design techniques described in this book are the
result of research programs sporsored by the Signal Corps under
Contracts DA 26-039 SC-63232, DA 36-039 SC-564625, DA 36-039 SC-74862,
and DA 36-039 SC-87398.

Mr. Nuthan Lipetz oi the U.S. Army Electronics Research Laboratory,
Ft. Monmouth, N. J., because »f his belief in the importance of research
work in the area of microwave filters and coupling structures, and in the
potential value of a book such as this, did much to make .his bock possible.
Mr. John P. Agrios and Mr. William P. Dattilo, both of the U.S. A.my
Electronics Research Laboratory also were of great help. Mr. Agrios main-
tained a close interest in this project throughout the preperation of this
book, as did Mr. Dattilo, who reviewed all of the chapters as they were
prepared. He made numerocus suggeations which have resulted in valuable
improvement in the clarity and usefulness of this book.

Dr. S. B. Cohn, formerly of StanTord Research Iastitute and presently
of the Rantec Corporation, led the microwave filter and coupling structure
research at Stanford Research Inatitute during the earlier Signal Corps
filter programs at SRI. In many blaces this book presents research results,
or reflects pointa of view, which are due to him.

The authors’ colleagues at SRI, and numerous researchers elsewhere
have made many valuable contributions to the subject area of this book,
and many results of their work have been incorporated into this book.

The authors thank the various journals, book publishers, and elec-

tronics firms who huve given permission for the use of numerous figures
and tables

ix



- e @

And finally, the authors thank the many people at SRI who took a special
interest in the huge job of preparing this Look. Mrs. Edith Chambers
spent countless painstaking hours supervising the preparation of the
atuggering number of illuatrations in thia book, and helped greatly in
insuring illustrations of high quality andclarity. Mrs. Mary F. Armst-ong
supervised the Varityping of the text. ‘fhe authors' thanks also go to
the editors, secrevaries, and report production staff at SRl who all

were very cooperative in the production of this book.



Came 5 o yr———

CONTENTS .

VOLUME I1
ABSTRACT OF VOLUMES T AND I1 . . . . . .« . v v v v v v i v e e e s e s
PREFACE TO VOLUMES [ AND il. ’
ACKNOWLEDGMENTS. . . . . . . . . v v vttt et v e

CHAPTER 9 BAND-PASS FILTERS, CONTINUED (WIDE-BAND AND NARROW- BAND
BAND-PASS FILTERS CONSISTING OF TRANSMISSION LINES 'l1ﬂ
REACTIVE DISCONTINCITIES). . . . . e .

Sec. 9.01, Introduction .

Sec. 9.02, Filters with l-pedlnce btepl nnd llpednnco
Inverters, .

Sec. 9.05, Synchronously Iuned Heuctance coupled Hnlf-
Wave Filters . . . . . . .

Sec. 9.04, Narrow-Uand Half-Wave Fllter- Coe e
Sec, .05, Practical Realization of Reactive Couplings.

Sec. 9.06, Some Standardized Pneudo~ngh plll Fllter
Designs.

Sec. 9.07, An Experimental W:de Bnnd V-vogu:de F\lter ..

Sec. 9.08, Design for Specified Blnd kdge- and Stop—
Band Attenuation .

Sec. 9.09, Examples of Filters annng Medlu- lnd Llrgo
Bandwidths . .

Sec, 9.10, Derivation of the Datn for Bnnd-ndth Lontructnon
and Pass-Band Diatortion . e e e e e

Sec. 9.1), Optimizing the Line Impedances . N
Sec. 9.12, Reactance-Coupled Quarter-Wave Filters

k-]

References

CHAPTER 10 DBAND-PASS FILTERS, CONTINUED (BAND-PASS AND PSEUDO HIGH-
PASS FILTERS CONSISTING OF LINES AND bTUBS OoR PARALLEL-

COUPLED ARRAYS OF LINES) . . . . AN
Sec. 10.0l Concerning the Fllterl nnd De-x;n Procednrol
in this Chapter. . . . e e e .

Sec. 10.02, Parallel-Coupled t\llers v-th A°/2 Relonatorl SN

Sec. 10.03, Filters with Shunt or Series A°/4 Stubs, . . . .
Sec. 10.04, Filters with A°/2 btnb- and A /4 Lonnectlux

Lines, . . e e e

Sec. 10.05, Filters Uu\ng both Setlel lnd ﬁhunt Stubl N

Sec. 10.06, Interdigital-Line Filters of Narrow or
Modevate Bandwidth . . .

Sec. 10.07, Interdigital-Line Filters annng 'ldc
Bandwidths ., . . . . . . S e e e e e s e e e e s

Sec. 10.08, Dervivation of the Design tqnut:onn for
, Parallel-Coupled and Stub Filters.

Sec. 10.09, Derivation of the Design Equationa for

Interdigital-Line Filters. . . . . . . . ¢« o
Sec. 10.10, Selection of Mapping Functaons . . . . . . . . . ..
References . . . . . . . . . . .. o h o e e e

xi

iii

517
517

518

524
528
532

537
S41

543
553
560
565

572
578

579
519
a8l
591

601
604

610
622
628

638
643
646



CONTENTS

- ARYFETN IT U

610 SFSUCIAL PROLEDUMES TO AID IN THE PRACTICAL LEVE LOPMENT
O QUUPLED- RESONATOR BANL-PASS FILTERS, IH.’!DAN.L-
MATCHING NETWORKS, AND TIME-DELAY NETWOWKE . . e .. 647

Sec. 11.01, Introduction . e e e e e 647

Sec. 11.02, Measirement of U, Q . n-ld .j of s Singly
Loauded Hesonator®. . A e e e e e e e .. 647

Sec. 11.03, Tests on Single Meuunul.or» w‘('- Loacing

at floth Ende . . . . . e P -1
Sec. 11.04, Tests on Symmetrical Pnrn ot Resonstors . . P 659
Sec. 11.05, Tuning of Mulnple ~Hesonatur Bani-Pay

CHAPT,

‘ Filters, . R A 664
‘)‘.\ Sec. 11.06, Calculati - of e Mx-l‘uud lh‘u: stion
Lo s of Vuni Puaw b lters, . . e e e e e e e . 670

Se . 11 07, Demre. of Narrow-Band Fi.ters for Minimum
Midbund Loss and Specifi~d lligh ‘ttenuation

!')l‘ ut some Nearby Freguency |, | . e e e e e o7l
i Sec. 11.08, Vesign of Hand-Pass Impe Jance-Ma. (h:ng Net -
v works U'sing the Methods f Chapt:r 8 . . e e e 617
(.f Sec. 11.09, Uesign of HBand-Pass imprJunce-Ma ching
s Networks by the Methods of Chapt:r 10, . ., . , . . 695
At Sec, 11.10, bDesign of Wide-Band Cour Ling Strictures for
2 Negulive-Besistance Amp ifiers e e e e e . 109
NSec. 1l.11, Hand-Pass Time-Delay Fi.ters . . . . . . . . . . .. 712
N ferences . . ., ., L, . . .o NN . e Tle
D HAND-STOP FLLITERS, e o P . e 717
Sec. 12.01, Introduction . . . . . . e e e e e e 117
Sec. 12.02, Lumped-Element Band-St.p "Illt‘lu [rum low-
Paxs Prototypes, . . . . . . . L L oL L0000 L L 119
Sec, 12.03, The Effects of Disxipe 1on Loss 4 Band-
Stop Filter Performand.. | . . e e e e e e e 723
See, 12 34, An Approximate Design i'tocedure 1)r Microwave
Vilters with Very Nar:sw Stop Baelds, . . . . . . . . . 125
ser . 10O Practical Realvzation of Band-Sto, Hesonators
for Natcow-Stop-Band Filters . e e e e e 129
Sec. 12, bepesimentul Adjustment of the Ce upl\nuu und
luulng of Hand-Stop ke sonators . e e e e e e e e 733
sec 10,07, tixample of & Strap-l: e, Narrow-» n|--|hnd
Filter besagn, . . . - . e . P 730
Seo. 12.08, Narrow- \lup-lhnd Wave uwide }||[gr l)f-v”‘("
Conntderations, sund ¢ Example . . o . 742

e .2 09, A Design Procedure Wh ch Is Accur te fur hllell

with Wide (and Narresi Stop-Band ddths, . . . . ., . . 749
See 12,10, Nome Exsmples Lllust.oating the Pe formance

Obtainable Using vhe Fquation: in Nec. 12,09 . . . | | . 760
Heferences RN e e e . Lo . .o 7658

ka1 TEM-MODE, COUPLED- TRANSMISSTON -1 :NE DITRECTION 1. COUPLERS

AND BRANUCH-LAINE DERECTIONAL COUW ERS . . . . A e PN 767
Sec. 13,01, Introductyon . . . N e e e e . 767
Sec, 13.02, Design Relutions fo. TEM-Mode, (o 1led

Transminaion-lane 1o ectronal Cou, eras R
of One Sectian , . Ve e e e e e e 770

sec. 13,03, Design Relucrons [0 TEM - Mode, Cor 1led-
Transmissian-Line It rectional Couw, ers
of Three Sections, e e e e e e e e e 713

CHA



e e o -

CHAPTER 14

CHAPTER 15

Sec,

Sec,
Sec,

Sec,
Sec.
Sec,

Sec.

13,04,

13.06,

13.07,

13.08,

13.29,

13.10,
13.11,

13.12
13.13,

13.14,

References

CONTENTS

Relutions for YEM-Mode {ounled-Transmission-
Line l)u-ect.ionnl Couplerl of l"ive and More
Sections . . .,

Typical l)engnu for I‘LM Mode Coupled-
Tranumission-Line Dirertional Couplers of
One Section with Approxuutely 3 db Averlge
Coupling . . . .
Typical Designs l'or '!‘I-.M Mode. Coupled-
Transmission-Line Directional Couplers of
One Section und with Weuk Coupling . .

Derivation of Design Formulas for TEM-Mode,
Coupled-Transminsion-Line Couplern of
One Section.

Quarter-Wave Filter Prototype Circuits for
TEM-Mode, Coupled-Transmiasion-Line
Directional Couplers . N
Considerations and General lornulll for
Branch-Line Couplers .

Periodic Branch-Line Couplers,

The Characteristics and Performance uf
Synchronous Hranch-lane Couplers . . .
Tablea of Immittances o. Synchronnul Branch-
Line Couplers. e e e
Fxamples Illustrating the Dellgn nnd Perfor-~
ance of Synchronous Branch-Line Couplers .
Design of an Experimental Branch-Line Coupler
in Waveguide . N . .

DIRECTIONAL, (HANNEl-SPPARATlUN llllth AND TNAVbLlNG
WAVE RING- RESONATORS . .

Sec.
Sec.
Sec.

Sec.
Sec.
Sec.

Sec.

Sec.

14.01,
14.02,
14.03.

14. 04,
14,08,
14.06,

14.07,

14.08,

References

HIGH-POWER

Sec.
Sec.

Sec,

Sec.
Sec.

15.01,
15.02,

15.03,

15.04,
15.05,

Introduction . .

Waveguide Dlrecl\onnl Fllterl . .
Strip Transmission Line Directional Filters
Usivg Half- or Full-Wavelength Strips.
Traveling-Wave-loop Directional Filter . .
Traveling-Wave Ring Resonator

Derivation of Forrulas for Vlu-suide
Directional Filters, . e

Derivation of Formulas for Truvellnu Wave

Loop Directional Filters and the Traveliag-
Wave Ring Resonator. e e e
Derivation of Formulas for Strip-Transmission-
Line Directional Filters Using Half-Wavelength
und One-Wavelength Strips. . . . . . . . . .

FILTERs . . . . . e e e e e e e e e e e

Introduction and Genernl Conllderltlonl

Power-llandling Cepacity of Various
Transmisaion-Lines .

Theoretical Pulase-Power (npncn.y of Dlract-

Coupled-Resonator Filters, . , .
A High-Power Tunable Narrow- Bmd Tl-.o“-Mode F:ltar
High-Power Waffle-Iron Filters . . . I

xiii

.

‘e

.

781

185
792
794

197

801
807

811
817
825
827
834

835
835
839
856
859
864

866
872
876
879

881
881

887

902
913
929




CHAPTER 16

CHAPTER 17

Sec. 15.06,
Sec. 15.07,
Referencss

Dissipative Waveguide Filtera . . . . . . . . .
Dissipstive Coaxial-Line Filters. . . . . . . .

L L T S S I R T R S S ]

MULTIPLEXER DESIGN. . . . . . . . . . . « o v o v o v

Sec.
Sec.
Sec.

Sec.
Sec.

16
16

16.
le.

.01,
.02,
16,

03,

04,
05,

Refarences

Introduction, . . . P e e e e e e

Multiploxers Using Dl octnonnl Fllt.rn ..

Multiplexers Using Reflecting Narrow-Band
Filters, -with Guard Bands Betweea Channels. .

Multiplexers with Contiguous Pass Bands .
Diplexers with Contiguous Pass Bands. .

MECHANIUALLY AND MAGNETICALLY TUNABLE MICROWAVE FILTERS .

Sec.
Sec.
Sec.
Sec.
Sec.
Sec.

Sec.

Sec.

Sec.

Sec.

Sec.

17.
17.
17.
7.
17.
17.

17.

7.

17.

17.

17.

01,
02,
03,
04,

0§,
06,

071,

08,

M9,
10,

11,

Heferences

Introduction. . . . . . . . . . . . ...
Theory of ldeal, Tunable Band-Pass  ilters.
Mechanically Tunable Coaxial Bend-Pass Filters.

Waveguide Mechanically Tunable Band-Pass Filters.

Praperties of Ferrimagnetic Resonstors.

Determination of the Crystal Axes of bphorncul
Ferrimagnetic Resonstors.

Design of Magnetically Tunable Band Plll Fllteru

with TEM-Mode Inputs and Outputs, and a
Discussion of Genersl Design Principles .

Hesults of Some Trial Magnetically Tunable Band.

P~ss Filter lh-n;na Havnng \trlp Line lnpu\l
and Qutputs . .

Meguetically Tunable H.nd Plll Flltern ulth
Waveguide Inputs and Outputs,

Megnetically Tunuble lirectional Flllerl
Having Circulator Action.

Magnetically Tunable Hand- btop tlltorl

xiv

944
949
953

957
957
958

960
9635
983
992

993
993
998
1005
1012
1019

1032

1035

1048
169

1064
1071
1078



CHAPTER 9

BAND-PASS FILTERS, CONTINUED
(WIDE-BAND AND NARROW-BAND BAND-PASS FILTERS COMSISTING OF
TRANSMISSION LINES WITH REACTIVE DISCONTINUITIES)

SEC. 9.01, INTRODUCTION

The band-pass filter design techniques discussed in this chapter
are based on the quarter-wave transformer prototype circuit (Chapter 6).
They apply to band-pass filters with transmission {ine resonators
alternating between coupling elements which are series capacitances or
shunt inductances, The design bandwidths may range from narrow-band on
up to such wide bandwidths that the filters can be used for microwave
high-pass applications. Filters of these general types were also
discussed in Secs. #.05 to 8.08, using the design view point of Chapter 8,
which is applicable to narrow and moderate bandwidths., The design view
point of this chapter wus developed to obtain a design method which would
hold for wider handwidths, and for smaller pass-band Tchebyscheff ripplesa,

as well,

Section 9.02 introduces the quarter-wave transformer prototype
circuit, und Sec. 9.03 gives basic design formulas for synchronously

tuned filters.

Section 9.04 treats narrow-band filters from the view noint of this
chapter, showing the connection with the lumped-constant low-pass
prototype used in Chapter 8. [t has been found that the design technigue
of Sec. 9.04 and Chapter 8 for narrow-band filters generally works weli

up to fractional bandwidths of ubout 20 percent or more (compare Sec. 8.01),

provided that the pass-band ripple is not too small: the ripple VSWR
should exceed about 1 *+ (2vw)?, where w is the fractional bandwidth of
the narrow-band filter, if it is to be derivable from a lumped-conatant

low-pass prototype.

The remainder of this chapter, from Sec. 9.05 on, is concerned
mainly with the design of wide-band and pseudo-high-pass fiitera, for
which the method of the quarter-wave transformer prototype is principally
intended,
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Section 9.05 deals with the realization of the reactive discontin-
uities (for filters of any bandwidth). In Sec. 9.06 some standardized
<esigns are given which can be adapted for many high-pess applicastions,
and experimental results are given in Sec. 9.07.

The basic theory, deaign data, and examples will be found in
Secs. 9.08 through 9.11. Finally, Section 9.12 deals briefly with
reactance-coupled quarter-wave filters.

In this chapter the {requency is introduced everywhere as the
normalized frequency, usually denoted by !/fo, the ratio of the frequency
f to the synchronous frequency f,. For waveguide filters the “‘normalized
freouency" po/Mgs the ratio

of the guide wavelength K.o at the frequency of synclhronous tuning, to

is to be understood to refer to the quantity /

the guide wavelength K.. (For example, an experimental waveguide filter
is described in Sec. 9.07.)

SFEC. 9.02, FILTERS WITH IMPEDANCE STEPS AND
IMPEDANCF. INVERTERS

Stepped-impedance filters (querter-wave transformers and half-wave
filters) have been treated in Chepter 6. This section points out their
equivalence to filters with impedance inverters, and, serves as an
introduction to the design of wide-band reactance-coupled half-wave
filters.

An impedance (or admittance) step [Fig. 9.02-1(a)] can always be re-
placed by an impedance (or admittance) inverter [Fig. 9,02-1(b) and (c)]
without affecting the filter response curve, provided that the input and
nutput ports are properly terminated. Thus the two types of circuit in
Fig. 9.02-1 are entirely equivalent as a starting point for the design
of filters. The impedance-inverter (or admittance-inver er) point of
view [Fig. 9.02-1(b) and (c)] was the more natural one to udoy: in
Chapter 8 to couvert the lumped-constant low-pass prototype of Chapter ¢
into a transmission-line filter; whereas in this chapter a stepped-
impcdance-filter point of view is more convenient to utilize directly the

design data of Chaprer 6.

The stepped-impedance filter is turned into a reactance-coupled filter
by replacing each impedance step with a reactance having the same

discontinuity-VSWR and :pacing the reactances to obtain synchronous tuning
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(Sec. 9.03). The step-VSWRa will generally be obtained from Chapter 6.
For narrow-band filters £q. (6.09-2) may be used. This is equivalent
(through Fig. 9.07-1) to tie formulas in Fig. 8.05-1 for the normalized
inverter parameters K, ;j41/2,. Other equivslent circuits for impedance
inverters suitable for narrow-band filter design are given in Sec. 8.03,
but we shall be concerned in thic chapter only with the shunt-inductance
of Fig. 8.03-1(c) and the series-capacitance of Fig. 8.03-2(d).

One importent difference in approach between this chapter and
Chapter 8 is that in this chapter the starting point or prototype circuit
is one of the circuits in Fig. 9.02-1 (whose synthesis is precisely con-
trolled), whereas in Chapter 8 the exact aynthesis is pushed back one
stage to the !unped;conltnnt prototype circuit of Chapter 4. For example,
the performance of the circuits shown in Fig. 9.02-1(b), (c), having ideal
inverters, would not give exactly the preacribed response if designed by
the methods of Chapter 8 (although the approximations would be very close
for narrow or moderate bandwidths). However, the circuits in Fig. 9.02-1(b),
(c) have tranamission characteristics identical to those of the half-wave
fileer in Fig. 9,02-1(a).

The other important difference over the previous chapter is that the
frequency-behavior of the reactive discentinuities {shunt-inductances or
series-capacitances) is examined in detail. The hehavior of the discon-
tinuities leads to increasing distortion of the filter response (e.g.,
pass-band bandwidth and stop-band attenuation), as the frequency spread
is increased., This type of consideration can be left out in the design
of narrow-band filters thereby simplifying the design process considerably.
However, it is important to predict the distortion for filters having

large bandwidtlis.

A quarter-wave transformer and the notation associated with it is
shown in Fig. 9,02-2. The characteristics of maximally flat and
Tchebyschefl quarter-wave transformers are sketched in Fig. 9,02-3.

Closely related to the quarter-wave trunsformer is the stepped-impedance
half-wave filter (Sec. 6.03) sketched in Fig. 9.02-4. 1Its characteristics,
shown in Fig. 0,02-5 are similar to those of the quarter-wave transformer,
shown in Fig. 9,02-3. 1If the impedance steps or junction VSWHs

V.(r = 1,2, ..., n t 1) of u quarter-wave transformer and a stepped-
impedance half-wave filter are the same, then the characteristics of the

latter can be oblained from those of the former by a linear change of
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scale on the frequency axis; the stepped-impedance half-wave filter
bandwidth becomes one-half the quarter-wave transformer bandwidth,

The parameter R is again defined as the product of the discontinuity
VSWRs [compare Eq. (6.03-4)):

aetl (9.02-1)

If the fractional bandwidth v 1s less than about 2(-percent, and if, by
Eq. (6.09-}),

l n
RS (—)_ (9.02-2)

then the filter may bLe considered narrow-band; this case will be treated
tn Sec. 9.04.

The quarter-wave transformer prototype circuit is suitable for de-
signing reactance-coupled {ilters up to very large bandwidths. As a re-
sult, it is subject to certain limitations that do not complicate narrow-
Land design-procedures. It is well to understand these differences at the
outset. Basically they arise from the fact that it is not possible to
convert the specified performance of the filter into the performance of
the appropriate prototype transformer over large frequency bands by means
of simple equations or tabulated functions. Instead, the frequency vari-
ations of the reactive couplings have been used to modify the known response func-
tions of quarter-wave transformers to predict the performance of the
derived filters (Fig. 9.02-1) over large frequency ranges. Thus it is
possible from the graphs to quickly calculate the principal filter char-
acteristics from the transformer characteristics, but not the other way
around, as would be more desirable, [In the case of wide-band designs
where the variation of reactive coupliﬁg across the pass band is appre-
ciable, it is necessary first to guess what prototype should be used, and
then to match the predicted filter performance against the specified
filter performance; if they are not close enough, the process must be re-
peated with another prototype. What makes this method feasible and prac-
tical is the speed with which, by means of the design graphs, this
prediction can be made, Most of these design graphs will be presented
in Sec. 9.08.
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SEC. 9.03, SYNCHRONOUSLY TUNED REACTANCE-COUPLED HALF-WAVE
FILTERS

Band-pass filters of the two configurations shown in Fig. 9.03-1
are of considerable practical importance since they are easily realized
in practice, These two circuits are duals of each other: the first,
showr in Fig. 9.03-1(a), consists of a number of series capacitances
alternating with a number of transmission-line sections; the second,
shown in Fig. 9.03-1(b), consists of a number of shunt inductances alter-
nating with a number of transmission-line sections. Both filters shown
in Fig. 9.03-] will be called reactance-coupled half-vave filters, in
the sense that all line lengths between reactances approach one-half
wvavelength (or a multiple thereof) as the couplings become weak. Each .
line length between discontinuities constitutes a resonator, so that the
filters in Fig. 9.03-1 have n resonators. Notice that the series elements
in Fig. 9.03-1(a) are stipulated to be capacitances, that is, their sus-

ceptances are supposed to be positive and proportional to frequency.

SERIES

REACTANCES: X, X2 L] Xa X
T —] p——— P} .- nls aly
CHARACTERISTIC
IMPEDANCES: 2, z, 2, Iy .. Tan z, Zaet
ELECTRICAL
LENGTHS: L— e, —.L— 8, ~—J [ L_.‘n _J
N I | I .
X, T CJy 1,2, X2}
(a) With Series Capacitances
SHUNT
SUSCEPTANCES 8, 8, By ., 8o,
== T
CHARACTERISTIC
ADMITTANCES v, Y, Y, Yy ... Yau Yo Yaer
ELECTRICAL
LENGTHS. L- ] ——L- L2 -—J - L~‘« J
, =l -
8, e '—_x--»,i (iey, 2, X2}
(b) With Shunt Inductances aossar-356

FiIG. 9.03-1 REACTANCE-COUPLED HALF-WAVF FILTERS
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Similarly, the shunt elements in Fig. 9.03-1(b) are stipulated to be in-
ductances, that is, their reactances are supposed to be positive and
proportional to frequency. (If the transmission line is dispersive, these
statements are to be modified by replacing frequency by reciprocal guide
wavelength.) )

All the filvers described in this chapter are synchro-.ously tuned as
defined in Sec. 6.01; that is, all discontinuities are so spaced that the
reflections from any two adjacent discontinuities are phased to give maxi-
mum cancellation at a fixed frequency (the synchrounous frequency) in the

pass band. At the synchronous frequency the filter is interchangeable

with a stepped-impedance half-wave filter (Sec. 6.03), and the ith reactive

discontinuity has the same discontinuity VSWR, V , as the ith impedance
step.!? Impedances are shown for the series-reactance coupled filter in
Fig. 9.03-1(a), and admittances for the shunt-susceptance coupled filter
in Fig., 9.03-1(b); then, let

Z, Y,
h, - ET?: or 7Tt: (9.03-1)
and
Xl BI
u o= i or - (9,03-2)
Most frequently h - 1, since usually this is mechanically the most con-

venient. Sometimes it may Le advantageous for electrical or mechnical
reasons to make some of the characteristic impedance ratios h, different
from unity. For instance, it may be desirable to combine the filter with
an impedance transformer instead of cascading a filter with a separate
transformer; also, in some cases the filter performance can be improved

appreciably when the values of h, are selected carefully, as in Sec. 9.11,

“The u, of the reactunce-caupled filter are obtained from the V, of

the stepped-impedance filter (Chapter 6), and the h , from

u . V(V‘ ; —l)hi - (1A (9.03-3)
v
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The graph of Fig. 9.03-2 gives some solutions of this =quation. Generally
it will be most convenient to select h, = 1 (that is, all Z or Y.. equal),
and then Eq. (9.03-3) simplifies to

1
u, = VV - — . (9.03-4)
V3

The spacings ¢, in Fig. 9.03-1 are determined as follows:!? A single
discontinuity of a series-reactance coupled filter is shown in Fig. 9.03-3,
(A similar notation, but wi..h ¥ for Z and B for X, applies to a shunt sus-
ceptance coupled filter.) 1t represents the ith discontinuity of the
filter (Fig. 9.03-1). 1If the reflection coefficients of this discontinuity
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in the two reference planes
shown are to be pure imaginary

quanticies,™ then one has to set

1 uf +hi-1
g, = -2-|rc tan T
(9.03-5)
1 up +1-h
y' = — arc tan
v 2 2h u,
(9.03-6)

v J

l‘ 1%t

|
P
Y
REFERENCE PLANES ON EITHER
SI0E, WHERE THE DISCONTINUITY

REFLECTION COEFFICIENTS ARE
PURE IMAGINARY

FIG. 9.03-3 SERIES-REACTANCE COUPLING

OF TWO LINES WITH DIFFERENT
CHARACTERISTIC IMPEDANCES

The spacings 6, in Fig. 9.03-1 are now given (in radians) by

o, - 12'-+ R (9.03-7)
When h = 1, these equations reduce to
b ‘ 2 (u) (9.03-8)
g, = ¥, ¥, 9 arc tan 5 (9.0
and then* 3
n
HI - -; + l#i + wl’l
LA v “an-l
» — +—larc tan |— ) + arc tan y  (9.03-9)
2 2 2
1 (2) ( 2\
= 7 =~ larc tap| =}t arc tan .
2 u, Biey
L - J

* These equstions ere aquivaleant to Eqe. (5) of Figs. 8,05-1 and 8,06-1.

v -
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SEC. 9.04, NARROW-BAND HALF-WAVE FILTERS

The main application of this chapter is to wide-band filters. How-
ever, since the design of narrow-band filters is simpler, it will be
convenient to use the narrow-band case to illustrate the method in-itl
simplest form,

When the impedance-steps of a narrow-band (Sec. 9.01) scepped-
impedance hal f-wave filter (Sec. 6.03) are replaced by reactances hayving
the same discontinuity-VSWKs, and the filter is again synchronously
tuned (Sec. 9.03), then there is little change in the characteristics of
the filter in and near the pass-band region. All the formulas necessary
to carry out this conversion have been given in Sec. 9.03. It is not
neceasary to maintain uniform line impedance (all 7, or ¥ the same),

but 1t is usually convenient to do so.

For narrow-band filters, both quarter-wave transformers and lumped-
constant low-pess filters will serve as a prototype, and the conversion
from either prototype into the actual filter is equally convenient. The

choice of prototype depends on two factors: !

(1) Which prototype results in a filter that meets the design
specifications more closely, and

(2) Which prototype desiga is more readily available.

The quarter-wave transformer is better as regards Poiat (1), but the
difference in accuracy 1s usually negligible for narrov-band filters;
the lumped-constant low-pass filter, on the other hand, is geherally
more convenient as regards (2). The reason for this is that explicit
formulas exist for the lumped-constant low-pass filter of n elements
(Chapter 4), whereas the numerical design of transformers demands great
arithmetical accuracy, and becomes convenientsonly for those cases where

the solutions have been tabulated (Chapter 6).

A lumped-constant low-pass filter (Chapter 4) can serve as a proto-
type circuit for a narrow-band stepped-impedance half-wave filter.

Fquations (6.09-2) with the substitution w = 2w, reduce to

2 #1)
i Yaa LT T
(0.01-1)
N -
V‘ B ~; ——; £, 18, when 2 < ¢ < a
n v
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where v is the fractional bandwidth of the narrow-band half-wave filcer.

"“The reactances are then obtained from Eq. (9.03-3) or (4.03-4) and the

spacings from Eq. (9.03-5) through (9.03-9). The low-pass prototype
filter is here assumed to be either symmetric or antimetric (Sec. 4.05),
and element values for maximaliy flat and Tcheébyscheff prototypes of this
type can be found in Sec. 4.05. The parameter w) is the cutoff frequency

of the low-pass prototype filter,.

Example-~It is desiced to design a reactance-coupled helf-wdve filter
to have a pass-band VSWR of better than 1,10 over a 10-percent bandwideh,
and to have at least 25 db of ucttenuation at a frequency 10 percent above

band center (i.e., twice as far out as the desired band-edge).

This filter can be considercd narrow-band, and may be based on a low-
pass prototype circuit (Sec. 4.05), since the ripple VSWR of 1,10 exceeds
the quantity 1 + (20)? = 1.04, as mentioned in Sec. 9,01

We must next determine the minimum number of resonators with which
these specifications can be met. Selecting a quarter-wave transformer of
fractional bandwidth w, = 0.20, since w = 0,10, and with V_ - 1.10, the
attenuation at twice the band-edge frequeacy-increment (see the first
example in Sec. 6.09) is 24,5 db for n = § sections and 35.5 db for
n =6 sections, Since the [ilter attenuation at the corresponding fre-
quency above the pass-band will be somewhat less thun it was, n = §5 is
certainly not enough resonators. We then tentatively select n = 6. It
will be shown in Sec. 9.08 that the attenuation in the stop band of the
narrow-bund reactance-coupled half-wave filter of Fig. 9.03-1 differs
from the attenuation of the narrow-band stepped-impedance half-wave filter

of Sec. 6.09 by approximately

f
A, = 20 (n ¢ 1) loglo<f%> db (9.04-2)

wheve f/fo is the normalized frequency (the ratio of the frequency f to
the center frequency [ ). This AL, has to be added to the attenuation
of the stepped-impedunce filter to give the attenuation of the reactance-

coupled filter.

l.et ws, for instance, calculate the attenuation of the filter at
f/f, “1.10. Using Eq. (9.04-2), with n = o,

AL, = =20% 7 % log,, (1.1) = =5.8 db (9.04-3)
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which shows that the filter attenuation is 5.8 db lezs than the atten-
uation of the half-wave stepped filter at f = 1.1 f,, that is, -

35.5 - 5.8 = 20,7 db. This exceeds the 25-db attenuation specified,
which confirms our choice of n = 6. The discontinuity VSWRs ure then
given by Eq. (6.09-4). Taking the s' .at-inductance-coupled filter of
Fig. 9.03-1, with all Y equal to ¥, , yields

Bl B'I )
—y—o - To- = -1.780
—Bi - -’-;L = -6,.405
Y° yo
> (9.04-4)
B, Bs
70- = To— = —9.544
i" -10.154
Yo
J

and from Eq. (9.03-9),

¢, = 6, = 147.16 degrees
v, = g = lo5. 4l degrees (9.04-5)
¢, = ¢, = 168.5]1 degrees .

This filter was analyzed and its computed response is shown-in
Fig. 9.04-1 (solid line) together with the computed response of the
stepped-impedance half-wave filter (broken line). (The stepped-impedance
half-wave filter has the same characteristics as the quarter-wave trans-
former, except for a linear change of scale, by a factor of 2 aloug the
frequency axis.) It is seen that the band edges of the filter and its
stepped-impedance half-wave filter prototype very nearly coincide, and

that the peak ripples in the two pasxs bands are neatly the sume heigit.
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The VSWR ripple in the pass band is very close to 1.10. The quarter-
wave transformer design is itself only approximate, and the ripple heights
(broken line, top of Fig. 9,.04-i) are not exactly the same, since the trans-
former was designed from a lumped-constant low-pass prototype (first ex-
ample in Sec. 6.09). The causes

of imperfection in the filter

response in Fig. 9.04-]1 may in

this“case bé ascribed partly to .
(1) the imperfect quarter-wave /
transformer response, since the /4

transformer was derived by an

approximstion from a lumped- ——— REACTANCE - COUPLED
HALF -WAVE FILTER [/
——— sTEPPED HALF-wave /
FILTER PROTOTYPE /

/

constant circuit, and partly to
(2) the further approximation

La—®
8
I

involved in deriving the filter
with its unequal spacings and

frequency-sensitive couplings

from the transformer. aﬁ_
With regard to the imper-

fect quarter-wave transformer

response, there is clearly

little room for improvement, as o lb er
can be seen from Fig. 9.04-1. NORMALIZED FREQUENCY — /1,

As for the further approxima- o-aoar-am
tions involved, one could ad- FIG. 9.041 CHARACTERISTICS OF A SIX-

just the line characteristic RESONATOR FILTER AND ITS

STEPPED-IMP EDANCE HALF-
WAVE FILTER PROTOTYPE

impedances to improve the per-
formance (as is explained in
Sec. 9.11), but this would also result in only a very swall improvement.

These adjustments were not considered further in the ptesent example. .

The attenuation of the filter at f/f, = 1.1 had been predicted from
Eq. (9.04-2) to be 29.7 db. This gives one of the circle points in
Fig. 9.04-1, and falls very close to the curve computed by analysis of
the filter (solid line); other points predicted using Eq. (9,04-2) aiso

fall very close to this computed curve.
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SEC. 9.05, PRACTICAL REALIZATION OF REACTIVE COUPLINGS

Series Capacitances®-—Series-capacitive coupling can be realized
easily in coaxial line or strip transmission line by breaking the inner
conductor as shown in Fig. 9.05-1. The gap-apacing is controlled to pro-
duce the desired capacitance. When air dialectric is used, filters

coupled by series capacitances should have lower dissipation lossea than

MELECTRIC
DIELECTRIC NO. I/OllLICTRIC NO. 2 SPACER

«)

A-3827- 300

SOURCE: Quarterly Progress Report 5, Contract DA 36-039, SC 87398, SRL;
rapeinted in the Microwave Journal (See Ref. 4 by Leo Youag).

FiG. 9.05-1 REALIZATION OF SERIES-CAPACITANCE
REACTANCE-COUPLED HALF-WAVE FILTERS
(a) Filter in Coaxial Line
(b) Filter in Strip Transmission Line
(c) and (d) Series Capacitance in Coaxial Line
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filtera using shunt inductive bolts or irises (considered below).,be;
cause of their nhmic losses.

The gap spacing that will produce the desired coupling can be deter-

i mined either experimentally or theoretically, Experimentally one can

{ proceed as follows: The desired VSWR of each diacontinuity is, by def-
inition, equal to the junction VSWR of the corresponding step of the
prototype transformer. The VSWR-versus-gap-spacing curve can be deter-
mined experimentally by direct measurement, or by measuring attenuation,
or by using two identical gaps to obtain resonance and measuring the 3 db
bandwidth. The curve can then be plotted for the particular transmission
line at the synchronous frequency of the pass band. The deaired gap
spacings are read off from this curve,

In general it would be difficult to calculate the capacitance of a
gap for arbitrary cross-sectional shape. However good approximations
for the circular inner conductor inside a circular outer conductor

(Fig. 9.05-1) can be obtained in the following two ways.

The first approximation is as follows: The inside diameter of the
outer tube is b inches; the diameter of the concentric inner conductor

is a inches; and the gap spacing i1s s inches, as shown in Fig. 9.05-2.

H 5 O

p——

o o INNER CONOUCTOR DIAMETER
» = OUTER CONDUCTOR DIAMETER

s = QA UPRCING-

¢, + DIELECTRIC CONSTANT IN GAP

€3 DHLECTRIC CONSTANT M COAXIAL LINE

A-027- 300

SOURCE: Quarterly Progress Report 5, Comract DA 36-039, SC 87398, SRI;
coprinted in the Microwave Journal (See Ref. 4 by Leo Young)

FIG. 9.052 NOTATION FOR SERIES CAPACITIVE GAP IN
COAXIAL LINE



The following formula is adapted from an approximste formula given by
Marcuvitz® which is valid when (b - a) <A, & << A, and s << (b - a),
where A is the free-space wavelength. Then

C = c' + C’ (9.05‘1)

where

2
0.1764 €,,0

C’ Y picofarads (9.05-2)

is the parallel-plate capacitance,

b~-a

C, = 0.2245 ¢,,0 In ( ) picofarads (9.05-3)

14 the fringing capacitance, and ¢ , and €,, are the relative dielectric
constants of the materials (Fig. 9.05-2). Equations (9,05-2) and (9,05-3)
are given also in mks units in Ref. 4,

Second, a more accurate, but still approximate, estimate of the
capacitance in Fig. 9,05-2 can be obtained® by Fig. 5.05-9: use the
curve for t/b = 0 and determine the quantity AC/€ using the same s/b
(Fig. 9.05-2) on the abscissa. 1In Fig. 5.05-9 € is our present €.
which ia the absolute dielectric constant for Dielectric 2 in Fig. 9.05-2.
Then the capacitance is given by Eqs. (9.05-1) and (9.05-2) but with
Eq. (9.05-3) replaced by

aC
C, = 0.383 ¢ ,a (——) picofarads {9.05-4)
€/

where (AC/€), is the quantity AC/e in Fig. 5.05-9. Both Eqs. (9.05-3)
and (9.05-4) tend to underestimate the true capacitance. For d/b<0.1,
the two approximate formulas for the total cagp.citance C agree to within
5 percent,

Numercical data for a rectangular strip trunsmission line with a
atrip crosa section 0,184 inch by 0.125 inch is given in Fig. 8.05-3.

Example-—Find the cupacitance of a gap in a coaxial line whose
dimensions (Fig. 9.05-2) are b = 0.575 inch, a = 0,250 inch, s = 0.025 inch.
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The relative dielectric constant in the gap is €,, = 2.0 and the relative
dielectric conatant between the conductors is €, , = 2.5. Then find the
normaliszed reactance st a frequency of 1.3 Ge. From Eq. (9.05-2),

C’ = 0.882 picofarad (9.05-5)

and from Eq. (9.05-3)
C;, = 0.371 picofarad . (9.05-6)
Thus the total capacitance is
C = C + €, = 1.253 picofarads . (9.05-7)

The line iwpedance is

2 - 690 l b 31.6 oh 9.0
0 = n s .6 ohms (9.05-8)

and therefore the normalized reactance at 1.3 Gc 1s

X 1012
0 2n x 1300 % 10% x ].253 x 31.6

N

(9.05-9)
= 3.08

In this case, by Eqs. (9.05-5) and (9.05-6), about three-tenths of
the total capacitance is due to the fringing fields; as the gap is reduced,
both C’ and C, increase, Lut an increasingly higher proportion of the total
capacitance is due to C',

Filters with series-capacitance couplings were also treated in
Sec. 8.05, and have been discussed by Cohn,’ ﬁ.gln,' and Torgow.® The
sleeve-like coupling shown iu Fig. 9.05-1(d) is a short, open-circuited
stub rather than a lumped capacitance. When its length is increased to
one-quarter wavelength at center frequency, and the connecting lines are
also made one-quarter wavelength long at center frequency, then a differ-
ent type of filter, although still with somewhat similar electrical char-
acteristics, results from this change. This type of filter has been
treated by Matthaei, ®and constructional details have also been given by
Bostick. ! 338
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Shunt Inductences-=Shunt-inductive couplings can easily be reslized
in coaxial line, strip transmission line, and waveguide. Some of the
common structures are shown in Fig., 9.05-3, Numericul data on some of
them have been given in Sec. 8.06, and a few further references will be
mentioned here.

)

(e)

A- 32 0

FIG. 9.05.3 REALIZATION OF SHUNT-INDUCTANCE
REACTANCE-COUPLED HALF-WAVE FILTER
(a) In Coaxial Line; (b) and {c) In Waveguide

As long as the obstacles are thin in an axial direction, their re-
actances are nearly proportional to frequency, or reciprocal guide wave-
Jength in dispersive waveguide. In addition, short-circuit stubs also
behave approximately as inductances when their lengths are well below
one-quarter wavelength. In this case, however, the astub equivalent cir-
cuit is more complicated than a simple shunt inductance, since the T-

junction reference plane positions and the coupling ratio sll change
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with frequency, and the stub can then be spproximated by a single in-
ductance only over a limited frequency band.

Numerical data are available for a single post, for double posts,
and for four posts in coaxial line,® aa ghown in Figs. 9.05-3(a) and
9.05-4. Data on shunt-inductive irises [Fig. 9.05-3(b)) and a single

center post in waveguide are graphed in Figs. 8.06-2 and 8.06-3. As

shown in Fig. 9.05-3(c), one can also use double symmetrical posta ¥

equally spaced triple poats,®

posta¥ in waveguide. Data on strip-line shunt-inductive stubs are

given in Figs. 8.08-2(a), (b) to 8.08-4(s), (b).

and even more than three ‘equally spaced

(o) X (b) ()
.-3827-

FIG. 9.05-4 CROSS-SECTIONAL VIEW OF ROUND SHUNT-
INDUCTIVE POSTS IN COAXIAL LINE
(a) Single Post, (b) Two Posts, (c) Four Posts

As long as all of these discontinuities can be represented by shunt
inductancea—that is to say by positive reactances whose reactance values
are proportional to frequency or to reciprocsl guide wavelength—the de-
sign data reported here apply up to very large bandwidths.

SEC. 9.06, SOME STANDARDIZED PSEUDO-HIGH-PASS FILTER DESIGNS

K problem frequently encountered is the design of a high-pass Ililter
with capacitive couplings of the type shown in Fig. 6.03-1. Actually,
this filter is not high-pass but band-pass; however, for large bandwidtha
the upper stop band becomes vestigial, because the series reactences di-
minish rapidly with increasing frequency. Such a filter may therefore be
called pseudo-high-pass. In the past it has usually been designed on am
image-impedance basis (See Chapter 3), often leading to increasing ripple
amplitude in the pass band near the cutoff frequency (lower band edge).
An equal-ripple characteristic would generally be preferable; a .yato-atic‘
design procedure for equal-ripple wide-band filters is given in thischapter.
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The fractional bandwidth, v, of nondispersive filters is definedv

as in Chapter 6, by
’ 2(fz - fn) :
» = e— -
1, * 1, (9.06-1)

Ay T Ay
2(——‘—') (9.06-2)

Y

+

where f, and f, are the lower and upper pass-band edge frequencies, and
A,, and A, are the corresponding wavelengths. For dispersive filters,
guide wavelength has to be subatitutad in Eg. (9.06-2), and then

A=A
v = 2(—5-'——'—') : (9.06-3)

A‘l + A.’

The design of an eight-resonator (i.e, n = 8) filter with 0.1-db
pass-band ripple and fractional bandwidth 0.85 is treated in the last ex-
ample of Sec. 9.09. (A fractional bandwidth of 0.85 corresponds to f,/f, = 2.5.)
Its normalized series rcactances X /Z, (or shunt susceptances B./Yy) were
tound to be -0.2998, -0.4495, -0.613, -0.700, -0.725, -0.700, 0.613,
“0.4495 and ~0.29098. Since the three central elements were so nearly
alike, they were each set equal to 0.710 for the present purpose. The
responses of several filters with normalized series reactances (or shunt
suscepLances) -0,2998, -0.4495, -0.613, -0.710, -0.710, .... -0.710,
0.613, -0,4495, -0.2998 were then analyzed numeficully on a digital
computar. Since all Z are the same, then by Eq. (9.03-9) the line
lengths are 100.60, 104.85, 108.29, 109.54, ..., 109,54, 108.29, 104.85.
and 100.60 electrical degrees. When eight or more resonator lines are
used, involving three or more identical central elements, the filter may
be thought of as u periadic structure with three (instead of the usual
one) impedance-matching resonators at each end. The performance of five
such filters with eight, nine, ten, twelve, and fifteen resonators is
shown in Figs. 9.06-1 and 9.06-2. 1t is seen that the computed perform-
ance closely meets the predicted one: only in the fifteen-resonator filter
(which contains ten identical coupling reactances) are there any ripples
appreciably greater than.o.l db, and even then there are only two lurge
ripples, ovne just inside each band edge (Fig. 9.06-1).
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SOURCE: Quarterly Progress Report 5, Gontract DA 36-039, SC 87398,
SRI; reprinted in the Microwave Journal (Nee Ref. 17 by
Leo Young and B, M. Schiffman),

FIG. 9.06-1 PASS-BAND RFSPONSE OF FIVE PSEUDO-
HIGH-PASS FILTERS
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FIG. 9.06-2 STOP-BAND RESPONSE OF FIVE PSEUDO-HIGH-PASS FILTERS

reprinted in the Microwave Journal (See Ref. 17 by Leo Young

and B. M. Schiffman).
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The rate of cutoff (skirt selectivity) improves as the number of
resonators is incre}ned, as can be seen from Fig. 9,06-2, increasing by
approximately the same number of decibela per resonator added. Since the
upper stop band ‘is not particularly useful, these filters will find appli-

cation as high-pass rather than as band-pass filters,

SEC. 9.07, AN EXPERIMENTAL WIDE-BAND WAVEGUIDE FILTER

In order to test the performance of the pseudo-high-pass filter
described in Sec. 9,06, a six-cavity filter derived from the eight-
cavity design of Sec. 9,09 was constructed in waveguide. Recause all
of the central cavities have been removed, the six-cavity design is the
smallest possible filter of the group of periodic structures with three
matching resonators on each end. The end three shunt susceptances, the

single shunt suscsptance in the center, and the line lengths areunchanged.

A photograph of the waveguide filter is shown in Fig. 9,07-1. For
this design, WR-137 waveguide (1.372 inches X 0.622 inch 1.D.) was used
and the lower cutoff frequency was chosen to be 5.4 Gc, which is well
above the waveguide cutoff frequency of 4,3 Gc. The upper band edge is
9.0 Gc and the design center frequency is 6,8 Gc. The shunt susceptances
are symmetrical irises 0.020 inch thick designed with the aid of graphs
in Fig. 8.06-2(b).

An empirical adjustment was made to allow for the iris thickness,
- amely, the aperture d (Fig. 8.06-2) was increased by 0.020 inch (an
amount equal to the iris thickness). It is known that the shunt suscep-
tance of a waveguide iris is not an exact linear function of guide wave-
length; the iris inductances cannot therefore be treated as constants
independent of frequency. Since the‘most important single frequency of
a high-pass filter is the lower cutoff frequency, the iris susceptaunces
were made to coincide with the values of the design susceptances at 5,4Ge
(the lower band-edge or cutoff frequency) rather than at 6.8 Gc (the band
center). The response of the filter was then computed using the curves
in Fig., 8.06-2(b) to obtain the numerical values of the shunt susceptances
at each frequency. It was found that the computed difference in perform-
ance between the physically more realistic filter [based on Fig. 8.06-2(b)]
and the one assuming constant iris inductance (i.e., suaceptance propore-
tional to guide wavelength) could hardly have been detected experimentally.
We therefore conclude that the irises might equally well have been designed
to havc the correct values at the band center.
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AP-3327-444

FIG. 9.07-1 EXPERIMENTAL WAVEGUIDE FILTER FOR C-BAND

The widths of the iris-openings for the experimental six-cavity

filter (starting at one end and going towards the center) are 1,026,

0.958, 0.898, and 0.870 inch, respectively. The cavity lengths (again

sctarting from one end) are 0.626, 0.653, and 0.674 inch'respectively.

Insertion loss and VSWR measurements were made, and the results were as

shown in Fig. 9,07-2. While the general shape of the computed response

curve* was followed remarkably well by the measured points, a slight shift

toward the higher-frequency region is evident. This may be due in pare

to the fact that cavity lengths were measured hetween center lines of the

0.020-inch irises with no allowance for iris thickness.

* The computed curve shown was programmed for conatant 1nductance, 1.¢., suaceptance darectly
proportional to guide waveleagth,
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FIG. 9.07-2 COMPUTED AND MEASURED PASS-BAND RESPONSE OF
SIX-RESONATOR EXPERIMENTAL FILTER FOR C-BAND

SEC. 9,08, DESIGN FOR SPECIFIED BAND EDGES AND STOP-BAND
ATTENUATION
Typical characteristics of a quarter-wave transformer and the reac-
tively coupled filter derived from it are shown in Fig. 9.08-1. The
transformer prototype has a synmetrical response (broken line) on a fre-
quency scale. Nenoting its band edges by f; and f; (Fig. 9.08-1), the
frequency of synchronous operation (Sec. 9.03) is also the mean or center

frequency,
B
fo Ce——— . (9.08-1)
The response is symmetrical about f,. When the impedance steps of the
transformer (Chapter 6) are replaced by series capacitances or shunt in-

ductances, then the new response is us indicated by the solid line in

Fig. 9.08-1. The following general chunges should be noted:
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— FILTER

QUARTER—WAVE
TAFR. PROTOTYPE

'
| FREQUENCY

SYNCHRONOUS FREQUENCY : oo (1, + 13)

FILTER MEAN FREQUENCY : fod (1,41, )
A-3807-00%

FIG. 9.08-1 GENERAL CHARACTERISTICS OF REACTANCE-COUPLED

(1)

(2)

(3)

HALF-WAVE FILTER AND QUARTER-WAVE TRANSFORMER
WITH SAME DISCONTINUITY VSWRs AND SAME
SYNCHRONOUS FREQUENCY

The bandwidth has contracted. (For small bandwidths this
is the only change of major concern.) .

The lower band edge has contracted (f; to f,) more than the
upper band edge (fy to f,). 1f both the transformer and
the filter have the same synchronous frequency f,, then
the new mean frequency (defined as the arithmetic mean of
f, and f,)

i * 1,

f. Z (9.08-2)

is greater than f;, the frequency of synchronous tuning.
Also, the two curves in the upper stop band cross each
other, and the response is not symmetrical about f,.

The ripple amplitude inside the pass band, for a
Tchebyscheff filter, has not changed appreciably. (This
is not indicated in Fig. 9,08-1.)
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Bandwidth Contraction--We shall define the fractional bandwidth »
of the filter in the usual way by »

v 5 ———— (9.08-3)

The fractional bandwidth v, of the transformer is

f: - fo
" = '—2-'?'— N (9.08“‘7-

The bandwidth contraction factor S is then defined by
v
ﬁ - —— (9.08'5)
Yy

and can be obtained from the graphs given in Fig. 9.08-2 as a function

of R, the ratio (greater than one) of the output impedance to the input
impedance of the transformer prototype. For narrow bandwidths, the pass
band is nearly symmetrical on a frequency scale, and so the bandwidth
alao determines the band edges. (For narrow-band filters, 8 will be close
to 0.5, as in the example in Sec. 9.04.) For wide-band filters, the band-
width contraction does not give the whole story, and one has to consider
the movement of the two band edges separately, as will now be shown.

Pass-Band Distortion--It will be shown in Sec. 9.10 that one would
expect the response to be approximately symmetrical when plotted not

against frequency, but against the quantity

f~-f
. S 2 (9.08-6)

(/f,F (f/f P

as shown in Fig. 9.08-3, and that for highly selective filters (filters
corresponding to large transformer output-to-input impedance ratio, R),

the exponent @ is given npbroximltely by

¢ = 1 +‘l (large R) (9.08-7)
n
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where n is the number of transformer sections or filter resonators. (The
case G ~ 1, corresponding to large n, leads to a symmetrical response on

a wavelength scale, &s previously noted by Coln,® using different
arguments. )

When R approaches unity, o will approach zero for synchronous filters
for all n, regardless of the frequency dependence of the couplings. Thus
any curve in Fig. 9.08-4 must pass through the origin. Similarly,

Eq. (9.08-7) supplies the asymptotes for the graph of Fig. 9,08-4.
Equation (9.08-6) can be made exact for the two band-edge frequencies,
f, and fqs by defining

tog (Af,/Bf))

. (9.08-8)
log (f,/f))
teeied NN R RESE S PR I T 10 o ¢ REDRESER I 2SN BRESS N
-34-;—:‘ ne s \ JT-—- Ceseraeaes z
SRR} FYREE 20 PR K A BT B 54 o < SRARER :
i@ n2 3 . o - IREE - E IR v
o nel S e R ERER T
i A EEESLE! S SRR S N I g & H
KRS RSN DUSY B } " N
2 -

.........

s

i

) * : i

NG ,

PASS~BAND DISTORTION FACTOR —aea

100

- — {n+l}
AVERAGE DISCONTINUITY —VSWR—V,,*R a-ss2r-3r2

FIG. 9.08-4 PASS-BAND DISTORTION FACTOR, Y, VERSUS AVERAGE DISCONTINUITY VSVR,

V,,+ SHOWING THE SOLUTIONS FOR FOURTEEN PARTICULAR CASES JOINED
BY A SMOOTH CURVE
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where

AI, - fg-fo
(9.08-9?}
bfy = fo - 1,

Equation (9.08-8) will henceforth be used as the defirition of a. The
parameter @ was thus calculated for fourteen widely different filters
whose response curves had been computed, having from n = 3'to 8 res-
onators plus one with n = 1 resonator, and for bandwidths varying from
narrow (10 percent) through medium to wide (85 percent). These fourteen
points are plotted in Fig. 9.08-4 against the average discontinuity VSWR,

v,, = RY/(rt12 (9.08-10)
It is seen that eleven points can be joined by a smooth curve running
through or very close to them. The three exceptions are explained as
follows: One is for n = )} (see Sec. 9.10), and then by Eq. (9.08-7) one
would expect @ =~ %, which is indeed the case The other two points,
shown by triangles, correspond to non-uniform-impedance filters, to be
dealt with in Sec. 9.1]1. It may beconcluded that the curve inFig. 9,08-4
can generally be used to obtain the pass-band distortion factor a for
filters with uniform line impedances (all 2, squal to Z, in Fig. 9.03-1).

and having more than sbout n = 3 resonators.

.t can be shown from Eqs. (9.08-8) and (9.08-9) that the frequency
displacereat f_ - f, is given by '

3

P Ofy - B, (A-l)-»
f. ' 2f, VERYE)

wvhere
\ (9.08-11)

log (Af,i0f) |
a 105 (IR/II)

2 +
a log E-j—; .
‘ /
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This equation is exact when Eq. (9.08-8) is regarded as a definition as
it ia here. Equation (9,08-11} is plotted in Fig. 9.08-5, showing the
relative mean-to-synchronous frequency displacement, (f, - f,)/f, an a
function of the fractional bandwidth, », for several values of the
parameter a. [When a = 0, the displacement (f, = fq) is zero.)

. This completes the discussion of the effect on the pass-band edges
of changing the discontinuities from impedance steps to reactive elements.

We shall now show how the stop-band attenuation is affected by this change,
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FIG. 9.08-5 RELATIVE DISPLACEMENT OF MEAN FREQUENCY
FROM SYNCHRONOUS FREQUENCY, 5, AS A FUNCTION
OF FRACTIONAL BANDWIDTH FOR SEVERAL VALUES
OF a
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Stop-Band Attenuation--A simple procedure will be developed for pre-
dicting the skirt of the filter response. The approximations made are
such that this prediction holds closely over most of the riaing portion
of the skirt, but will be relatively less accurate very close to the band
edge, as well as past the first attenuation maximum above the pass band;
these are not serious limitations in practice. (The accuracy obtaipable

will be illustrated by several examples in Secs. 9,09 and 9,11.)

The excess loag, £, of a stepped-impedance half-wave filter is (see
Sec. 6.03)

Pireitenie R - 2 T¥(sin O/u,)
£ . asveiledl -1 . ( 1) " 0 (9.08-12)
Floss 48 T2(1/u,)

where R is the product of the discontinuity VSWRs

R oo VWV, o Vo, (9.08-13)
Here, T, is a Tchebyscheff polynomial of order 1 and y, ias a constant
(Sec. 6.02),

11.'
Ky = lin(—;—) . (9.08-14)

The response of the reactive-element filter is also given by
Eq. (9.08-12) except that B is no longer constant, since the V., become
functions of frequency, as a reault of the changing susceptances or re-
actances.. Therefore at any frequency f [and for the shunt-susceptance
filter of Fig. 9.03-1(b)]

' (4 + (B, /Y)(f /)% + (B, /Y ) (fo/f)
v.if)y = - " (9.08-15)
L4+ B, /YD S/ N = (B /Y ([o/1)

when all the line impedances are equai. [For the series-reactance filter
of Fig.9.02-1(a), subatitute (X /Z)) for (B./Yo).] For large enough V, wid
B , Eq. (9,08-15) reduces approximately to

V) = (B /NP (9.08-16)
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This equation is accurate to within 20 percent for |B| > 3; 8 percent
for |B| > 5; 2 percent for IB| > 7; and 1 percent for |B| > 8. For
smaller |B|, Eq. (9.08-15) should be used. The numerical solution of
Eq. (9.08-15) for f = f, is the curve mwarked h = 1 in Fig. 9.03-2.

The attenuation of the filter on both skirts of the response curve
way be estimated simply and fairly accurately from the known attenuation
of the tFtanaformer prototype. Using Eq. (9.08-16), R becomes a function
of frequency such that approximately

R (fy/f)2 o)) (9.08-17)

and by Fq. (9.08-12) the attenuation will be multiplied by the same factor
when R is large. ([More accurately Eq. (9.08-15) rather than Eq. (9.08-16)
should be used when some of the V, are small.] Thus to estimate the filter
attenuation at a specified frequency not too close to the band edge, we may
first find the tranaformer attenuation in decibels at the corresponding
frequency and then add 20(n + 1) log,, (f,/f) decibels, as already stated
in Eq. (9.04-2).

By the corresponding frequency, we here mean that frequency on the
quarter-wave transformer characteristic, f', (Fig. 9.08-1) which is ob-

tained from a linear scaling

o

Lo . =i (9.08-18

mt T, !
or

£

AR & 9.08-19

f; 7, ( )

depending on whether the frequency f is below the lower band edge, f,,
or above the upper band edge, f, (Fig. 9.08-1).

The stop-band attenuation of the filter can thus be predicted fairly
accurately from the prototype transformer characteristic. More often the
reverse procblem has to be solved. Thus the quantities apecified may in-
clude the stop-band attenuation of the filter at some frequency, besides
(for instance) the pasa-band ripple and bandwidth; it is then-required

to find the minimum number of resonators, n, to meet these specifications,
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This problem can be solved explicitly only for the prototype circuit
(Chapter 6). To find the number of resonators, n, for the }onctively
coupled half-wave filter to meet a apecified paanbihd ripple, band-
width, and skirt selectivity (stop-band sttenuation) requires trial
solutions in which numbers are assumed for n until the filter meets the
specifications. Where Eqs. (9.08-17) and (9.04-2) are valid, this can
be worked out quickly, as illustrated in the example of Sec. 9.04.
Othervise Eqs. (9.08-13) and (9,08-15) should be used; the numerical
solution is facilitated by the graph in Fig. 9.03-2. Usually it is not
necessary to solve for all the V., but to solve only for one average
discontinuity VSWR, V__, given by Eq. (9.08-10), which saves time in
waking the calculations; this method is used in the last exsmple of
Sec. 9.09.

This completes the necessary background material required for the
selection of transformer prototypes which will lead to filters of speci-

fied characteristics. The design procedure will now be summarized.

Suamary of Design Procedure--The design procedure to be followed

then consists of the following steps:

(1) From the filter specifications select a quarter-wave
transformer prototype that msy be expected to yield
a filter with nearly the desired performance. (The
selected transformer will have the same pass-band
ripple as specified for the filter,)

(2) Determine B from Fig. 9.08-2, and so estimate
v s ﬂv'. If w is not as specified, repeat with
enother transformer with di fferent bandwidth v,
until this specification is met.

(3) Determine a from Fig. 9.08-4, and then 3 = (f - fJ)/f,
from Fig. 9.08-5. 1 (f_ - f,) is small enough to be
neglected (as will generally be the case for filters
below about 10-percent bandwidth), omit Steps 4 and 5.

(4) 1f (f, - f,) is significant, find f, from
fo = U -0f, . (9.08-20)

This is the synchronous frequency, which is also the
center frequency of the transformer.
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(5) The upper and lower band-edges, f, and f,, are next
found from

wenfed) )

and > (9.08-21)

hened)

(6) The values of the reactances or susceptances and their
spacings are given in Eqs. (9.03-1) through (9.03-9),
and must be determined at the synchronous frequency f,.

SEC. 9.09, EXAMPLES OF FILTERS HAVING MEDIUM AND LARGE
BANDWIDTHS

In this section, two further examples will be given, illustrating
the design of a medium-bandwidth (20 percent), and a large-bandwid:h
(85 percent) filter (all of the type shown in Fig. 9.03-1). Their pre-
dicted and analyzed performances will be compared to show how accurate the
wethod may be expected to be.

A 20-Percent-Bandwidth Filter--It is required to design a filter with
four resonators to have a pass-band VSWR of better than 1.10 over a 20-
percent bandwidth.

Thus n = 4, »w = 0,20, V = 1.10.

Here V = 1.10 is less than 1 + (2¢)? = 1.16, but not very much less;
reference to Sec. 9.01 suggests that this is a borderline case, for which
the low-pass prototype will not work too well, but is worth trying. Using
Eqs. (9.04-1) and (9,03-4), one obtains*

® These results could elsc be obtained using %gs. (1) to (5) of Fig. 8.06+]1 with B end
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_B.a_ = =3,758
y - DY
with

6, = 6, = 127.67 degrees
(9.09-2)

g = Oy = 147.24 degrees

which also corresponds to a quarter-wave transformer or half-wave filter

that would hsve

V, = ¥, = 2,27
V ~ V. = 8.67 (9.09-3)
Vs . 16.07

The product R = V,V,...V, is equal to 6215 which is only about ten times
(1/w)® = (1/0,2)* = 625, which confirms that this is a borderline case,
(See Eq. (9.02-2) and Sec. 6.09.)

The analyzed performance curves of the filter defined by Egqs. (9.09-1)
and (9.09-2), and the stepped-impedance half-wave filter defined by
Eq. (9.09-3), are plotted in Fig. 9.09-1. Neither characteristic meets
the specifications very closely, because the narrow-band condition,
Eq. (9.09-2), is not satiafied well enough.

Let us re-design the prototype quarter-wave transformer, or stepped-
impedance half-wave filter, and derive the reactance-coupled filter from
the quarter-wave transformer prototype. Selecting n = 4, w = 0.40,

V, = 1.10, which by Table 6.02-1 gives R = 5625, yields

V, = ¥V, = 2.398
V, = V, = 8.45 (9.09-4)
vy = o131
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These VSWRs do not seem to differ greatly from those in Eq. (9.09-3),

yet they will be enough to turn the broken-line characteristic in

Fig. 9.09-1 into an equi-ripple prototype response and greatly improved

filter reaponse.

From Fig. 9.08-2 for n™~ 4 and R = 5625, one obtains 8 = 0.52, so
that we would expect the reactance-coupled filter bandwidth to be

»ew ﬂv' = 0.52 % 0.40 = 0.208. From Fig. 9.08-4, for

V.. = RUMV/s*1) o (5625)'/% < 5,65

(9.09-5}

we read off @ = 0.65. Hence, from Fig. 9.08-5, & = 0.0064. Then, from

Eq. (9.08-21)
fqg = 1.110 f,
fi = 0.902 f,
where f, ia the synchronous frequency.

(9.09-6)



For the reactance-coupled filter derived from Eqs. (9.09-4) using
Eqs. (9.03-4) and (9.03-9) (which assume that A, = 1)

B

: : 0.90
T T = 0= =V. ¢
yo Y.
B, B,
T - T L] '2.563 P (9.09'7)
[} [ ]
i’- -3.436
yo . 7

and therefore

(9.09-8)

6, = 6,

6, = 6, = 128.15 degreeo}
145,92 degrees

The analyzed response of the atepped-impedance half-wave filter pro-
. totype corresponding to the exact Tchebyscheff transformer design

Eq. (9.09-4) is shown by the broken line in Fig. 9.09-2, and the
reactance-coupled filter response is shown by the solid line in that
figure. This is an appreciable improvement on the performance of the
preceding filter and transformer design based on the firat procedure using
the lumped-constent low-pass prototype. The . alyzed performance of the
filter shows that f, = 0.909 f, (compare 0.902 f  predicted) and

fqg = 1.103 f, (compare 1.110 fo predicted). The fractiona! bandwidth w
is 0.193 (compare 0,208 predicted), and the relative wean-to-aynchronous
frequency displacement & = (f - f,)/f, is 0.006 (justi as predicted).

It is clear, comparing the solid and broken lines of Fig. 9.09-2,
that there is atill room for improvement. The main discrepancy between
predicted and analyzed performance is in the bandwidth, which is 1.5 per-
cent less than predicted. The reason for this is the difference in the
frequency sensitivities of the resonator lengths; this difference is
typical of filters in which some of the discontinuity VSWRa are in the
neighborhood of 2.0 and others differ appreciably from the value 2.0 [see
Eq. (9.09-4)]. The reason for this will be explained in Sec. 9.10.
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F1G. 9.09-2 CHARACTERISTICS OF A FOUR-RESONATOR
FILTER AND ITS EQUAL-RIPPLE STEPPED
HALF-WAVE FILTER PROTOTYPE -

This example will then be continued in the first cxample of Sec. 9,11,
where it will be shown that the line-length frequency-sensitivitiea can
be equalized by optimizing the line impedsnces (instead of setting them
all equal to each other). This generally leads to a very nearly equal-
ripple characteristic with slightly more than the predicted bandwidth.

An 85-Percent-Bandwidth Filter—A pseudo-high-pass filter of eight
sections is to be designed to have a pass-band frequency ratio, f,/f,,

of approximately 2.5:1, and a pass-band attenuation (rcflection-loss) of
less than 0.1 db. '

Since f’/fl -« 2.5,

2(”-“) 0.85 (9.09-9)
» fz +f' ~ . . . -

We design a quarter-wave transformer prototype by the modified firat-
order theory of Sec. 6.07, specifying v, = 1.40, and a 0.2 db pass-band
attenuation ripple. (This approximate method always gives slightly less
bandwidth, and slightly less 1ipple, than specified.) The modified firsat.
order theory gives
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V, = ¥V, = 1.348 )
Vg = ¥, = 1.561
Vy = ¥V, = 1.829 (9.09-10)

vV, = . = 1.985

Ve = 2,034 -

The computed response is shown by the broken line in Fig. 9.09-3,
and it is seen that it has a pass-band attenuation of less than 0.12 db
over a 135-percent bandwidth (w' = 1.35). The quarter-wave transformer

output-to-input impedance ratio, R, is

R = V,V,..V, =« 1li8.4 . (9.09-11)

MR AR
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TRANSFORMER PROTOTYPE
R R s

R iitH h IR Hi it :

G o) 02 Q3 04 05 06 OF 08 09 10 U 12 13 14 18 o7 Cle 19 20
NORMALIZED FREQUENCY —— t/1,

8-3827-377

FIG. 9.09-3 CHARACTERISTICS OF AN EIGHT-RESONATOR FILTER AND ITS
QUARTER-WAVE TRANSFORMER PROTOTYPE
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From Fig. 9.08-2, the bandwidth contraction factor ia £ = 0.63, and the
expected fractional bandwidth of the filter is therefore » = ﬂv' = (.85,

which is the specified bandwidth.

We also find from Fig. 9.08-4 that for V_,

= (118.4)'/* = 1.70,

a = 0.36. Then, from Fig. 9.08-5, one obtains & = 0.06. Therefore, by

Eq. (9.08-21), we shall expect
fa = 1.52f,

f, = 0.61 f, -

(9.09-12)

For the reactance-coupled filter derived from Eq. (9.09-10) by use

of the equations in Sec. 9,03 with h =1,

B B
. — = == . -0.299

v, © 7,

B, B,
2. L. -0.4405

yo yﬂ

B, B,
=2 . L. -0613

yo Y°

B B
L . =2 . -0.700

Y, Y,
R -0.725

yo

and

6, = 6, = 100,60 degrees

6, = 6, = 104.85 degrees
6, = ¢, = 108,17 degrees

g, = O, = 109,61 degrees

> (9.09-13)

> (9.09-14)




It B s o 100 oo, 0+ i . . .

! The response of this filter was analyzed and is shown by the solid line
in Fig. 9.09-3. It is seen that the attenuation in the pass band is
everyvhere less than 0.1 db, the fractional bandwidth v is 0.85, the
band edges are f, = 1.53 and f, = 0.62, and the relative mean-to-

synchronous frequency displacement is 0.075; al) of these are very close
to the predicted values.

The stop-band attenuation was worked out at two frequencies, as ex-
plained in Sec. 9.08; Fig. 9.03-2, based on Eq. (9.08-15), was utilized
in this calculation. These twe points are shown by the amall rings in
Fig. 9.09-3, and fall very close to the curve obtained by analysis on a
digital computer.

This filter was used to obtain the “standardized’’ pseudo-high-pass
filters of Sec. 9.06. The three central elements, which are nearly equal
(0.700, 0.725, 0.700), were averaged and each set equal to 0.710. This
element was then repeated periodically as explained in Sec. 9.06, with the
results shown in Figs. 9.06-1 and 9,06-2.

SEC. 9.10, DERIVATION OF THE DATA FOR BANDWIDTH CONTRACTION
AND PASS-BAND DISTORTION

The basic ideas on the conversion of the quarter-wave transformer
prototype into a filter with reactive elements have already been ex-
plained. The design procedure and numerical data were presented—mostly
without proof. We now proceed to fill in the details of the over-all

picture presented thus far.

Bandwidth Contraction--The frequency-sensitivity'? (and hence band-
width) of the reactance-coupled filters of Fig. 9.03-1 is strongly in-
fluenced by the angles ' and ¢", in Fig. 9.03-3, which correspond to the
electrical distances between the coupling reactance and the two reference
planes with pure imaginary reflection coefficient on either side of it.
Both reference planes move closer to the reactance as the frequency in-
creases, purtly (1), because a given electrical separation shrinks in
physical length as the frequency increases; snd partly (2) because the
electrical lengths Y’ and Y” do not remain constant, but decrease with
increasing frequency for shunt inductances (or sefies capacitances),
since their susceptance (or reactance) values decrease with frequency.
The movement of the reference planes is measured quantitatively by two

parameters d' and d" defined by
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4 dy’

d ‘ L — ! e ——— - 3
- |¥ d(f/fo)J (9.10-1)
1=1,

p ' " -1
d“ = i \/}M - dw

" ) d(f/fy) (9.10-2)

1=1,

where the first term in the square brackets corresponds to Cause (1),

and the second term to Cause (2). The parameters d' and d” measure the
rate of change with frequency of the reference planes in Fig. 9.03-3 as
compared to the rate of change of a 45-degree line length. The spacings
6, (Fig. 9.03-1) between reactances sre given at band center by

Eq. (9.03-7). The spacings are thus always longer electrically then 90-
degrees, and accordingly increase with frequency faster than does a
quarter-wave line length. The bandwidth of the filter is therefore always
less than the bandwidth or its quarter-wave transformer prototype by a
factor 8. The bandwidth contraction factor associated with the ith res-

onator or line-section, ﬁi, is given by

L o ay v di,,
— 2w | co——— - ] + ———— (q-10'3)
B, 7 |dfify 2

=1,

If all the ﬁi, defined in Eq. (9.10-3) were the same for a particular
filter, then its bandwidth would be

(9.10-4)

where v, is the quarter-wave transformer bandwidth. Ususlly the 8, are
not all equal; the smallest of the ﬁ' should then be used for 8 in the
above equation since the most frequency-sensitive resonator tends to

determine the filter bandwidth.

To cover both the series-reactance-coupled and the shunct-susceptance-
coupled filter in Fig. 9,03-1, we shall use the word immittance when we
mean impedance for the former [Fig. 9.03-1(a)] or admittance for the -
latter {Fig. 9.03-1(b)]. When the line immittances are all-equal, then
d! = d%, but when the line immittances are not all equal, the d and d’
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are not equal: The larger d, is associated with the Y, in the line with
lower immittance, and is given by the solid lines in Fig. 9,10-1; con-
versely, the smaller d, is associated with the Y, in the line with higher
immittance, and is given by the broken linee in Fig. 9.10-1. The curves
in Fig. 9.10-1 were worked out for infinitesimal bandwidths, following
Eqas. (9.10-1) and {(9.10-2). The curves in Fig, 9.10-2 were worked out

for several finite bandwidths, replacing the differentisl terms in’,

Eqs. (9.10-1) and (9.10-2) by finite increment ratios; only filters with
uniform line immittances (h = 1) are shown in Fig. 9.10-2. Figure 9.08-2
was then worked out! with the aid of the curve h =1 in Fig. 9.10-1, which
is the same as the curve v = 0 in Fig. 9.10-2.

It has been found that Fig. 9.08-2 has predicted bandwidths closely
for all the filters analyzed. The accuracy is least for filters that
have a considerable spread among their B,. According to Eq. (9.10-3)
and Fig. 9.10-1 or 9.10-2, cthis occurs when the discontinuity VSWRs in
one filter range into and out of the neighborhood of 2.0, where d can
change appreciably in either direction (see Figs. 9.10-1 or 9.10-2). In
that case it may be worthwhile to optimize the line impedances, as in
Sec. 9.11.

Pass-Band Distortion—The distinction has already been made between
the synchronous frequency, f,, and the arithmetic mean frequency, f,,
which is alweys greater than f,, since the porticn of the pass band above
the synchronous frequency is greater than the portion below. This
phenomencn is due to the declining discontinuity VSWRs with incressing
frequency when series capacitances or shunt inductances are used, and

may be put on a quantitative footing as follows.

The excess loss has already been cited in Eq. (9.08-12). Consider
now the case of large R, so that the approximation Eq. (9.09-16) holds.
The largeat term of the Tchebyscheff polynomial well inside the stop-band
is the highest power of (sin ¢/uy), and then Eq. (9.08-12) reduces to

Pcuil sin?ty
€ - Pyoud T b s comst (f/f,) D (9.10-5)
Af 2n ‘
=~ const. [;;7;:37:64 (9.10-6)
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vhere Af = f ~ f,. This proves the result stated in Eqs. (9.08-6) and
(9.08-7); for large n and large R, the exponent of (f/f,) reduces to
unity, leading to s more sysmetrical response on a wavelength (rather
than frequency) scale. As a counter-example, a single-resonator filter
{(n = 1) was analyzed and & calculated from Eq. (9.08-8). The response
of this filter (n = 1, R = 1000) is plotted in Fig. 9.10-3, and it was
found that (using the l4-db band edges for convenience) a = 1.97, which
is close to 1 + 1/n = 2,0 as required for n = 1.
one in Fig. 9.08-4.

This point is the aquare

The circle points in Fig. 9.10-3 were calculated using the approximate
Eq. (9.04-2) in conjunction with the prototype characteristic. This method

is seen once again to give excellent results.

The choice of mapping or frequency distortion by a function of the
form Af/(f/f,)*, was based on the above considerations, sad is further
developed in Sec. 9.08. -

564



A e e v 3vr <

SEC. 9.11, OPTIMIZING THE LINE IMPEDANCES

It was pointed out in Sec. 9.10 that different line sections of a
single filter yield different bandwidth contraction factors B,, because
the quantities d;, d} vary from resonator to resonator. So far we have
only considered examples of filters with uniform line impedances, where
all Z, are equal to Z,. In deriving the discontinuity parameters, the
discontinuity VSWR is always set equal to the corresponding step-VSWR of
the prototype transformer; this VSWR can be obtained in the filter by an
infinity o. combinations of reactances vith impedance ratios, since the
two parameters h and u (Fig. 9.03-3) produce the desired discontinuity
VSWR. Thus, if V, is given and h, is selected, X, or B, is determined
from Eqs. (9.03-2) and (9.03-3). The problem is now to select h,, V,
being given, so0 that all the 5, are the same. This can easily be done
with the eid of Fig. 9.10-1, and is best illustrated by an example.

A 20 Percent-Bandwidth Filter with Optimized Line Impedances—it is
required to improve the performance of the filter defined by Egqs. (9.09-7)
and (9.09-8) and shown by the solid line in Fig. 9.09-2.

We see from Eq. (9.09-4) that the ¥V range in numerical valuc from
about 2 to nearly 14. Thus the different resonators have appreciably
different ﬂ‘. and we might expect a noficeable deviation from an equal-

ripple response, as already pointed out for this situation.

Here we have a four-resonator filter. The two central resonators,
Nos. 2 and 3, are each flanked by discontinuity VSWHs of 8.45 and 13.71,
according to Eq. (9.09-4). Keeping the characteristic admittances of the
lines forming the four resonators the same. we find from Fig. 9.10-1
that dj = 0.88 (corresponding to h = 1, V = 8.45) and d} = 0.93 (corre-

sponding to h = 1, ¥ = 13.71), so that for the two central resonators,

dy +dy g dg
2 = 2 = 0.905 . (9.11-1)

If we kept the input and output admittances the same also, so that
h = 1 at both the first and last discontinuities, then for V = 2,398
(Eq. (9.09-4)] we would have d{ = 0.50, which is considerably dilferent
from the other d. Since d; = d; = 0.88, this would yield (dy + d3)/2 =
0.59 for the outside resonators, which differs appreciably from 0.905 for

the central resonators. Hence the relatively poor reaponse shape in

565



> op—

Fig. 9.09-2. To obtain a value of (d} ¢ d;)/2 equsl to 0.905, as for the
central resonators, requires d; = d; = 0.93. We then find the value of h
from Fig. 9.10-1. Finding the intersection of the horizontal line for

d = 0.93 with the vertical line for V = 2.398 gives h = 2.38. One then
obtains the following filter parameters:

L N N R . 0.4202 (9.11-2)
Y, Y, Y, Y, 2.38 ' '
Bl BS A
— =« — « =0.7895
yo yo
B8, B,
— s — « =2.564 4 (9.11-3)
yl 1
B! .
— = =3.433
yl J
g = ¢, = 158.74 degrees
} (9.11-4)
Y, . ¢y = 145.92 degrees .
The predicted bandwidth is
v = v, - 0.40/1.905 = 0.210 . (9.11-5)

The appearance of such a filter with shur’ -inductive irises in wave-
guide, or with series-capucitive gaps in strip line, is shown in

Fig. 9.11-1.

The analyzed performance of this filter is shown by the solid line
(marked C) in Fig. 9.11-2. The original design obtained from a lumped-
constant low-pass prototype through Egs. (9.04-1) and (9.03-4) is shown
for comparison (Curve A); the performance of the filter based on the same
transformer prototype as Curve C, but with uniform line impedances (all

hi = ]: see Sec. 9.09) is also shown (Curve B). It is seen that the new
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design, after optimizing the line impedances, gives an almost equal-ripple
response. Its bandwidth is 21.8 percent, slightly more than the 21.0 per-
cent predicted. -

The distortion factor, a, worked out from Eq. (9.08-8) amounts to
1.33, and is shown by the upper triangle-point in Fig. 9.08-4. It does
not fall in line with the points calculated for the constant-line-
impedance filters. Most of the improvement in bandwidth is due to an
increase in the upper band-edge frequency (Fig. 9.11-2) which has the
effect of increasing ®. A possible explanation is that V| and V, are
largely determined by the impedance step, which is independent of fre-
quency, whereas the other VSWRs (V,, V;, and V,) are determined by react-
ances which decrease as the frequency rises. This corresponds, on the
high-frequency side, to having the filter turn into a wider-band design,

thus pushing the upper band edge even further up. ‘The reverse holds

A 3527 des

FIG. 9.11-1 FILTERS IN WHICH THE LINE IMPEDANCES CHANGE

567



N,

:::_ 2’,’,‘:" z‘.‘l*mn. /

]\1 T T T T T 7

v
5 3
NORMALIZED FREQUENCY — '/'0

8-3007-304

FIG. 9.11-2 CHARACTERISTICS IN THE PASS BAND OF
THREE FILTERS DESIGNED TO THE SAME
SPECIFICATIONS

(the ¥, increuse) below band center, which here partly cancels the im-
provement in bandwidth due to making all 3, equal to one another, and so
the lower band edge moves less. Thus @ increases by kq. (9.08-8).

The pass- and stop-band responses of the two filters based on the
same quarter-wave transformer prototype are shown in Fig. 9.11-3, along
with the response of the transformer. The circle-pointa were calculated
for the uniform-line impedance filter curve (B in Figs. 9.11-2 and -3)
by the method deacribed in Sec. 9.08.

A 30 Percent-Bandvidth Filter—The following example is worked the
same way as the previous one, and only the results are given. It is

based on the following prototype Tchebyscheff transformer:

n = 4
R = 100
(9.11-6)
» = 0.6

Ripple VSWR 1.07
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giving
Vi = Vg =
V, = ¥V, =
V., =

Transformed into a filter with unitorm

parameters and line-lengths are

1.538
3. 111 (9.11-7)

4.368 . )

line impedances, the reactance-

B, B )
— = — = -=0.4335
yo Yo
B2 B‘
— =« — = =-1.1971 q (9.11-8)
Y Yo
B!
-— s =1.6115
Y, 4
¢, = ¢, = 111.57 degrees
¢, = ¢; = 124.88 degrees (9.11-9)

T T T T T T | i i
~——— FILTER WITH CONSTANT IMPEOANCES,

eo}- AND PREDICTED POINTS (*) -
~ —-—— FILTER WiTH OPTIMUM IMPEDANCES
sol- ) ~——— QUARTER-WAVE TRANSFORMER —
PROTOTYPE

[ L |
% oF 04 O 08 W i 4 6 is 2o
NORMALIZED FREQUENCY — 1/1,

9-9021 %

FIG. 9.11-3 CHARACTERISTICS IN THE STOP BAND OF THE
THREE FILTERS DESCRIBED IN FIG. 9.11-2
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This example has been selected because of the appreciable spread of

vV, about the numerical value 2.

With these values of V, and all 2. = 2y, Fig. 9.10-1 shows a con-
siderable variation in d, from about 0.25 to 0.75, and we would expect
thease different frequency sensitivities to result in a poor response
shape. This is borne out in ki1g. 9.11-4, in which Curve A is the filter
response analyzed on a digital computer. 1t has a bandwidth of 30.7 per-

cent, compared to 34.7 percent predicted.

fo optimize the line impedances, Fig. 9.10-1 determines h = 1.5 for

the end-couplings, and one obtains

Y, T, Yy Y 1
LI L A = 0.6667 (9.11-10)
Y, Y, Y, Y, 1.5

B, By h

—_ s — = -0.1198

Yo Y,

B, B, >

— 2 — = =1.1971 (9.11-11)

1 yl

By

v, -+ -lLens
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6, = 6, = 142,62 degrees
} (9.11-12)

6, = 6, = 124.88 degrees

The physical appearance of this filter would again be as indicated
in Fig. 9.11-1. The response of the filter was analyzed and iz plotted
as Curve B in Fig. 9.11-4. Again there is very nearly an equal-ripple
response, and the bandwidth is 36.2 percent, which is slightly more than
the 35.8 percent predicted. Moat of the improvement in bandwidth occurs
above the band-center. A possible explanation for this effect was offered
in the previous example. The distortion factor & here equals 1.07 and is

shown by the lower triangle-point in Fig. 9.08-4.

Most of the end-coupling VSWR of 1.538 is due to the impedance ratio
of 1.50, and only a small part is due to the normalized susceptance of
0.1198. Since most of ¥, = Vg = 1.538 is due to the 1.5:1 impedance step,
it 1s of practical interest to investigate what happens to the performance
when the reactances B, and B; are left out, and the impedance ratio is -
increased to 1.538:1 to achieve the desired V, and V;. ‘The result is

Y Y Y Y
1 2 3 1
= o2 2. L. . 0.6502 (9.11-13)
Y, Y, Yo Y, 1.538
Bl BS )
— . — =
yo yo
82 B‘
-— e — = =1,1971 g (9.11-14)
yl 1
BJ
— = -1.6115
yl J
o, = 6, =+ 150.45 degrees
(9.11-15)
6, = 6, = 124.88 degrees
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FIG. 9.11.5 STOP-BAND CHARACTERISTICS OF THREE FILTERS
DESIGNED FOR 30-PERCENT BANDWIOTH

The analyzed performance of this filter is shown in Fig. 9.11-4 by CurveC.
This filter has passed beyond the optimum performance; the peak reflection
has almost doubled in the pass band, and the ripples are no longer equal.
Even so, this performance is better than the first design with unifora
line impedances (Curve A).

The pass- and stop-band characteristics of all three filters are
shown in Fig. 9.11-5, and are in the expected relationships to each other,
since the end couplings of Design A have the most ca} .citance, and those
of Design C have none.

SEC. 9.12, REACTANCE - COUPLED QUARTER-WAVE FILTERS

The circuit of a reactance-coupled quarter-wave filter is shown in
Fig. 9.12-1. This circuit was described in Sec. 8.08, where it was
designed from a lumped-constunt low-pass prototype. The method of
Chapter 8 holds up to about 20 percent bandwidths for reactance-coupled
half-wave filters, and up to about 40 percent bundwidths for
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reactance-coupled quarter-wave filters, which generally have alout twice
the fractional bandwidth when the discontinuity VSWRs are the same.

The spacings between elements at the synchro.ous frequency are
exactly one-quarter wavelength less than for a reactance-coupled half-
wave filter (Fig. 9.03-1) having the same discontinuity VSWHs, and can
thus be determined with the aid of Eq. (9.03-7) or Eq. (9.03-9). [The
series reactances and shunt susceptances are still determined from the
quarter-wave transformer prototype step-VSWRs using Egs. (9.03-3) or
(9.03-4).] The quantities d' and d" can be determined from Fig. 9.10-1,
but the new bandwidth contraction or expansion factor /3’ ia given by

1 d'.' + d°

[R3}

o ' (9.12-1)
3

instead of Eq. (9.10-3). The bandwidth contraction factor 3’ for the
quarter-wave reactance-coupled filter can also be determined from
Fig. 9.08-2 by substituting

3
T L (9.12-2)
1 - R

L
R

and may thus be expected to be greater than unity. This 1s in keeping
with the [act that all discontinuities are separated by distances less
than one-guarter wavelength at the synchronous frequency, and the band-
width of the filter may therefore be expected to be greater than the

bandwidth of its prototype quarter-wave transformer.

SHUNT SUSCEPTANCES
OR SERIES REACTANCES: 8,

»
-
@
-
L .
[~ »

.

ELECTRICAL LENGTHS: l--~ -9, --’L—a; -1- . o;—J

LAST ELEMENT: B,,, OR X,
A 3527 3%

FIG. 9.12-1 REACTANCE-COUPLED QUARTER-WAVE FILTER
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However, since a common 90-degree line-length (at the synchronous
frequency) has besn removed from each cavity, the remaining line lengths
differ relatively more among themselves than before, so that one should
expect less than the bandwidths predicted by Eq. (9.12-2) and Fig. 9.08-2.
This will be so especially for strong couplings, when the small series
reactances or shunt susceptances lesd to close spacings (much less than
90 electrical degrees) between discontinuities. Then a small absolute
difference in resonator lengths may amount to a large relative difference.
Prediction by the previous method then becomes less und.lilo accurate as
the couplings become stronger (which ususlly means, as the bandwidth
increases).

We shall now convert two half-wave reactance-coupled filters (one
narrow-band and one wide-band) into quarter-wave reactance-coupled filters.
The parameters of the filters are obtained on making the substitutions

Bl BI . )
— ‘ —

Yo ¥,

B, 1,

|
+
l

> (9.12-3)

and

6 -Zsg (9.12-4)

(that is, all separations are reduced by 90 degrees). The numerical
valuea will therefore not be repeated.

A 20 Percent Bandwidth Filter— It is desired to design a quarter-wave
resctance-coupled filter to have a pass-band VSWR of better than 1.10 over
@ 20-percent bandwidth, and to have at least 22 db of attenuation at a fre-
quency 20 percent sbove band center (i.e., twice as far out as the desired band
edge).
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A quarter-wave filter of sufficiently small bandwidth should have
twice the fractional handwidth of a half-wave filter with the same dis-
continuity VSWRs. Therefore the reactance-coupled quarter-wave filter
specified above and the reactance-coupled half-wave filter of Sec. 9.04
will be derivable from the same prototype transformer, provided that the
skirt selectivity requires the same number of resonators. The attenua-
tion twice as far above band center as the band edge was specified as
25 db in the example of Sec. 9.04, but is only 22 db in the present
example. We must expect a lower attenuation in the present example since
by Eq. (9.08-17) R is reduced by a factor (1.2)'¢ instead of (1.1)'4 as
before. Therefore we may again try n = 6 resonators.

‘The pass-band response of this filter is shown 1n Fig. 9.12-2. [ts
bandwidth is almost twice (19.1 percent as compared with 9.7 percent) the
bandwidth of the half-wave reactance-coupled resonator filter, which is
also shown for comparison. 'This was expected. The deterioration in the
response shape can be attributed to Lhe relatively greater differences in

the frequency sensitivities of the spacings.

‘The attenuation at f/f, = 1.2 may be calculated using Eq. (9.04-5),
(fF/£)20*0 = (.t = 128, (9.12-5)

which shows that the attenuation is 11.1 db less than the attenuation of
the quarter-wave transformer at (f/f,) = 1.2, or the attenuation of the
stepped-impedance half-wave filter at f/f, = 1.1, which are both 35.5 db
as in Sec. 9.04. Therefore the attenuation is predicted to be 35.5 -
11.1 = 24.4 db at (f/fy) = 1.2, as shown by the circle in Fig. 9.12-3.
It lies almost right on the computed curve.

The stop-band response up to the fifth harmonic is also shown in
Fig. 9.12-3. Notice that the first spurious response occurs at the third
(rather than at the second) harmonic; the next occurs at the fifth; and

30 onh.

A iligh-Pass Filter—This filter is based on the last example in
Sec. 9.09, which had an 85-percent bandwidth. 1t is beyond the point
where any reliable predictions can be made. The response of this filter
is shown in Fig. 9.12-4. Compare this figure with Fig. 9.09-3, for the
reactance-coupled half-wave filter. The element spacings are now all

between 10 and 20 degrees, making this almost a lumped-constant high-pass
518
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fileer. 1In fact, the general behavior of this filter at the low-frequency
ond can be predicted most simply by treating it as 2 lumped-constant filter.
Its lower cutoff frequency, based on the formula 1/VIC, is some sort of a
goometric mean of the numbers in Eq. (9.09-13), as s fraction of the syn-
chronous fregquency. The actual cutoff frequency from Fig. 9.12-4 as a
fraction of the synchronous frequency lies between 0.4 and 0.5, whereas the
unweighted geometric mean of the numbers in Eq. (9.09-13) is 0.5).

As the frequency increases, the first stop band should occur when the
element spacings are about 90 degrees. With spacings of from 10 to 20 degrees
at the synchronous freyueicy, this stop band is expected to be centered at
about 6 times the synchronous frequency. The peak attenuation will then be
determined by multiplying all the discontinuity VSWRs at this frequency, which
yields an input VSWRof 2.6. The peak witeiwation should therefore €all just
short of 1 db. All this appears to be borne out by Fig. 9.12-4, as far as
it is plotted.
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FIG. 9.12-4 CHARACTERISTICS OF A QUARTER-WAVE REACTANCE-COUPLED
PSEUDO-HIGH-PASS FILTER
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CHAPTER 10

BAND-PASS FILTERS, CONTINUED
(BAND-PASS AND PSEUDO HIGH-PASS FILTERS CONSISTING OF LINES
AND STUBS, OR PARALLEL-COUPLED ARRAYS OF LINES)

SEC. 10.01, CONCERNING THE FILTERS AND
DESIGN PROCEDURES IN THIS CHAPTER

A summary of the various f{ilter structures described in this chapter,
along with their various advantages and disadvantages as compared with the
other types of band-pass filters in Chapters 8, 9, and 10 will be found in
Sec. 8.01. Wide-band filtera of some of the forms discussed in this

chapter are also useful for microwave high-pass applications.

The design prucedurea in this chapter make use of the lumped-element
low-pass prototype filters in Chapter 4, as did the procedures in Chapter 8.
Though the procedures in Chapter 8 are relatively simple and quite versa-
tile, they involve fixing the various filter parametera at the midband
frequency, and as a result the design equations obtained are accurate
only for filters of narrow ¢ soderate bandwidth. The design procedures
in this chapter fix various filter paurameters at band-edge frequencies
as well as at midband. For this reason, good results are insured when
these procedures are used for either narrow- or wide-bandwidth designs.
Though the method used for deriving the equations in this chapter is
very general in its potential application, in most cases of wide-band
filters consisting of lines with lumped-reactance couplings (such as the
filters in Chapter 9), the design viewpoint of this chapter leads to
simultaneous equations that are a combination of transcendental und
algebraic functions, which are very tedious to solve. In such cases
design from step-transformer prototypes, as described in Chapter 9, is
easier. filowever, in many cases of filters ?onsi:ting of lines and atubs
or parallel arrays of linea, the meLhuds of this chapter give equations
thut are very easy to use.

Using a low-pass prototype filter having a response as shown in
Fig. 10.01(a), along with the methods of this chapter, a band-pass [ilter
response approximately like that in Fig. 10.0J(b) will be obtained.
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FIG. 10.0)-1 LOW-PASS PROTOTYPE RESPONSE AND CORRESPONDING
BAND-PASS FILTER RESPONSE

Most of the filters in this chapter have additional pass bands centered

st oy, 5wy, etc., though some (which will be noted) tend to have spurious

pass bands slso at 2w,, 4w,, etc., if they are not perfectly tuned. The

fractional bandwidth
(wy = @)
® s —— (10.01-1)

“o

of the band-pass filter pass band may be fixed by the designer us desired.

As was done in Chapter 8, in order to estimate the rate of cutoff to be
expected from the band-pass filter, approximate low-pass-to-band-pass
transformations of the form

= . Fle.we,) (10.01-2)
@y

will be utilised, where the primed frequencics refer to Fig. 10.01-1(a)
and the unprimed frequencies to Fig. 10.01-1(b). The specific function
F(v,an.) to be used will vary with the different filter atructures con-
sidered. For two frequencies, w' and w, which satiafy such a mapping,
the attenuation is the same for both the prototype and the band-pass
filter. Hence, the low-pass prototype attenuation characteristics in
Fig. 4.03-2 and Figs. 4.03-4 through 4.03-10 can be mapped into cor-

reaponding band-pass attenuation characteristics by use of such mappings.

Readers who are unfemiliar with these procedures should find the example
in Sec. 8.04 helpful.

.0



[

SEC. 10.02, PARALLEL-COUPLED FILTERS WITH
Ao/2 RESONATORS

Figure 10.02-1(a) shows a strip-line filter having n parallel-
coupled resonators which are short-circuited at both ends and which are
a half-wavelength long at midband. The filter may be viewed as being
pieced together from n + 1 parallel-coupled sections S, ,,, which are a
quarter-wavelength long in the medium of propagation at the midband
frequency w,. The filter in Fig. 10.02-1(b), which uses open-circuits at
the ends of ita resonators, is the dusl of the filter in Fig. 10.02-1(a).
Both types of filter can have identical transmission characteristics, the
main bases for choice between them being related to their method of
fabrication. '

Figure 10.02-2 showa u possible way of fabricating the filter in
Fig. 10.01-1(a). In this structure the resonators consist of rectangular
bara which are supported by the short-circuit blocks at their ends. This
construction requires no dielectric material (hence it eliminates dielectric
losa), und can easily achieve the tight coupling between resonator elements
that is required for wide-band filters. ‘lhe required bar dimensions can be
obtained from the odd- und even-mode admittances calculated in this section
with the aid of Figs. 5.05-9 through 5.05-13 and their accompanying dis-
cussion.

The filter in Fig. 10.02-1(b) 1s of the form discussed in Sec. 8.09.
However, the design equations presented in Sec. 8.09 are not accurate for
large bandwidths, while the equationa discussed in this section give good

accuracy for either narrow or wide bandwidths.

If the printed-circuit form discusaed in Sec. 8.09 is used for design
of wide-band filters, it will be found that unreasonably small gaps will
be required between resonator elements. OUne way of avoiding this problem
while still using printed-circuit construction is to use the interleaved
construction shown in Fig. 10.02-3. 1In this construction alternate reso-
nutor strips are printed on two parallel strips of dielectric so that the
resonators can be interlesaved to achieve tight coupling. Since the
structure is symmetrical about a renterline midway Letween the grouad
planes, no ground-plane modes will be excited. Iuterleaved resvnators of
this type can be designed from the odd- and even-mode inpedances computed
in this section with the aid of the information in Figs. 5.05-4 through
5.05-8 and their “accompanying discussion. Since the propagation ia in
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FIG. 10.02-2 POSSIBLE MEANS FOR FABRICATING WIDE.BAND FILTERS OF
THE TYPE IN FIG. 10002-1(c) IN BAR TRANSMISSION-L INE
CONSTRUCTION
The short-circuiting blocks support the bor conductors so that no
dislectric material is required
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FIG. 10.02-3 POSSIBLE MEANS FOR FABRICATING WIDE-BAND FILTERS OF THE
TYPE iN FIG. 10.02-1(b) USING PRINTED CIRCUIT TECHNIQUES
in order to achieve tight coupling with reasonably lorge conductor spacings,
alternate conductor sitips are made to be double so that conductor strips
can be interleoved

dielectric, the relative dielectric constant, ¢, , must be taken 1into
account, of course, in computing the lengths and widtha of the resonator
elements. Each section having admittances (Y“).'”l and (Y").'“l ia
s quarter wavelength long in the medium of propagation at frequency w,,
and the n'+ 1 sections joined together operate as n half-wavelength
resonators (when designed by the methods described in this section).

A convenient and moderately accurate low-pasa-to-band-pass mapping
(Sec. 10.01) which can be used to estimate the attenuation of the filters
in Fig. 10.02-1 from their low-pass prototypes is
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A

mammw A -

wl 2 w - (d'
— = - (10.02-1)
w, v w,
where
Wy T @
v = - (10.02-2)
w
°
w, * @
w, = — (10.02-3)

and @', w|, w, @, and w, are as indicated in Figs. 10.01-1(a)(b). A

more accurate mapping is

oG

w
:; = ” - (10.02-4)
1 i
cos (Z’- -—> ain(z -(-d—)
2 w, 2 W,
where
@y v
— = 1 --E (10.02-5)
w
[

and n is the number of reactive elements in the low-pass prototype.
Examples indicating the relative accuracy of these two mappings will be

shown later in this section.

After the low-pass to band-pass tranaformation has been used to
estimate the number n of resonators required to achieve a desired rate
of cutoff for the filter, low-pass prototype element values g, &,. 8,.

<+ Bpe) 8re obtained (see Chapter 4), along with the prototype cutoff
frequency, w;. The fractional bandwidth » and the terminating conduc-

tances, Y, = Y,, having been specified, the odd- and even-mode admit-

tances fo: the various sections of the filter can be computed in a
straight forward fashion by use of the equations in Table 10.02-1. In the
table the parameter h is a dimensionless admittance scale factor which can
be chosen arbitrarily to adjust the admittance level within the interior

of the filter as may be desired, without affecting the filter response.
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Table 10.02-1

DESIGN EQUATIONS FOR PARALLEL-COUPLED FILTER

IN FIG. 10.02-1(s)

Use mapping Ey. (10.02-1) or (10.02-4) to select low-pass

prototype with required value of n. There wi

11 benm ¢l

*
paullor-cwplcd sections for an m-reactive-element prototype.

END SECTIONS 0,1 AND n.a + 1
For & = 0 end & = n compute:

\

. 04 .
4 Varba a9 ( i

r;,)

WY

WY

(r,,)

) ) (re) -(r

Y‘(J—Ay:ﬁ A+ l)

-2, : o|=%z=g-(1~§)
B = 0 )],

8
)
WD MW ®® 4. a4t ¢ b aei

The parameter h is s dimensionless scale factor which may be
chosen arbitrarily s0 as to give a convenient admittance

level in the filter (see text).
INTERIOR SECTIONS 1,2 TO » - 1,

For k = 1 to k = a - ] compute:

I J
Atl
- N .
T e
J
(W1
(Yoo)‘.“l = M’A(”l,hl M 4 )
Y = Y \N ia?m
(u).'.ﬂ AN W 21 A
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A value for h which is usually satisfactory (end which makes at least the
purullel-coupled section, S,,, of the filter have strips of equal width) is

ho. (10.02-6)

where 6, and J,, /Y, are given in Table 10.02-1.. When Lhe symmetric or
antimetric prototypes such as those in Tables 4.05-1(a), (b) and 4,05-2(a),
(b) are used, the atrip widths in both the end sections, S, and S, a6l
will all be the same, if Eq. (10.02-6) is used. Other values of h may be
chosen to obtain other more convenient sdmittance levels (and dimensions)
for the resonators or to optimize the unloaded Q of the resonator elements.
(At present the choice of resonator dimensions to obtain optimum unloaded
Q for parallel-coupled resonators of this sort has not been determined.)
As previously mentioned, after the odd- and even-mode admittances for the
n + 1 sections of the filter are obtained, the dimensions of the various

lines are oktained by use of the data in Sec. §5.05.

Table 10.02-2 summarizes the odd- and even-mode admittances for
three designs obteined by use of Table 10.02-1 along with Eq. (10.02-6).
All three were designed from a I'chebyscheff low-pass prototype filter

Table 10.02-2

SUMMARY OF THE OLD-MODE AND EVEN-MODE ADMITTANCE VALUES FOR THE
FILTERS OF FI1GS. 10.02-4 TO 16.02-6
They were designed by use of Table 10.02-1 and realized in the form
in Fig. 10.02-1(a). Fquation (10.02-0) was applied so that

(yu);l = (yu):l snd (yao);l * (yu):l'

FIG. 10.02-4 FIG. 10.02-5 FIG. 10.02-6

(5% Beadeidth) | (30% Bandeidth) | (2 to 1 Bandwidth)
(V“)ol - (Y")“ 1.251 1.540 1.716
(Y")n - (Y‘,‘.)_...6 0.99¢6 1.023 1.142
(Y“)" (Y“)‘s 0.981 0.937 0.954
(Y")“ 0.980 0.927 0.933
(Y")" b (Y")s-; 0.749 0. 460 0.284
)y = (g, )se 0.881 0.491 0.208
(Y“)“ = (Y")‘s 0.895 0.536 0.250
(Y")“ 0.8% 0.542 0.255

All values norsslised so that YA 2},

SOURCE: Fiaal Report, Contract DA 36-039 SC-74862, SRI;, reprinted in
INE Trens. PGNTT (see Hef. 1 by G. L. Matthaei).
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FIG. 10.02-4 COMPUTED RESPONSE OF FILTERS DESIGNED AS

1 TO HAVE 5 PERCENT BANDWIDTH

IN TABLE 10.02

had

band ripple withn = 6
As is seen from Table 10.02-2, the designs

Design value for .|/ wy was 0.975. Prototype

0.10-db Tchebyscheff pass-

reactive elements
having 0.1-db ripple and n = 6 reactive clements ([the element values being

obtained from Table 4.05-2(a)].

are for 5-percent, 30-percent, and an octave bandwidth; and the admittances

igures 10.02-4, 10.02-5, and 10.02-6

F

show the computed responses of these designs.

have been normalized so that Y‘ = 1.

Note that even the octave-

bandwidth design comes close to having the specified 0.1-db ripple in the

Points

pass band, the main error being a slight shrinkage in bandwidth.

mapped from the low-pass prototype by use of the mapping of Eqs. (10.02-1)

and (10.02-4) are also shown.

Note that for the 5- and 30-percent-

(10.02-1) gives quite good

bandwidth deasigns the simple mapping in Eq.

in the case of the

However,

results even up to quite high attenuations.
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kedly better accuracy up around 60 db or sbove.
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Design equations for the form of filter in Fig. 10.02-1(b) are ob-

Thus, the

admittance quentities are replaced by impedance quantities as indicated

tained by applying duality to the equaiions in Table 10.02-1.

below.
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FIG. 10.02-6 COMPUTED RESPONSE OF FILTERS DESIGNED AS IN TABLE 10.02-1
TO HAVE APPROXIMATELY 2 TO 1 BANDWIDTH
Design volue for w)/cwq #as 0.650, which calls for wy/w, = 2.077.
Prototype same as for %ig. 10.02-4

Note that the admittance inverter parameters J.'“l are replaced by im-
pedance inverter parameters, k, ,,,; that odd-mode admittances (Yooda.an
are replaced by even-mode impedances (Z")..“l, and that even-mode
admittances (Yee)a, a41r are repluced by odd-mode impedances (Zo)) s, ha1-
The dimensionless scale factor, h, is used as before, except that in

this case it scales the impedance level instead of the admittance level.

The filters in Figs. 10.02-1(a), (b) have their second pass band
centered at 3w,, and in theory they have infinite attenuation at 2wy .
However, the resonators are actually resonant at 2w, (since the resonator
strips are a wavelength long at that frequency), and the theoretical pole

of attenuation arises only because the coupling regions between adjacent

resonators are a half-wavelength long. (The coupling- is maximum when the
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coupling gaps are A/4 long and zero when they are A/2 long.) However,

for this to work out in fact, for the ettenuation to remain high at and
near w, all of the coupling regions throughout the filter must be exactly
A/2 long st exactly rhe same frequency, which must also be exactly the
frequency for which all the resonstors are resonant. Since this is

almost impoasible to achieve in practice, there are almost always narrow i
spurious reaponses in the vicinity of 2w, for these types of filters.

SEC. 10.03, FILTERS WITH SHUNT OR SERIES A, /4 STUBS

By use of equivalences which were summarized in Figs. 5.09-2(a), (b),
it can be shown that parallel-coupled strip-line fiicers of the form in
Fig. 10.02-1(a) are electricallyexeetiy squivniont=to—atub-filters of =
the form in Fig. 10.03-1. Likewise, parallel-coupled strip-line filters
of the form in Fig. 10.02-1(b) are exactly equivalent to stub filters of
the form in Fig. 10.03-2. It would be possible to work out a parallel-
coupled filter design by the procedures in Sec. 10.02 and then convert
it to either the form in Fig. 10.03-1 or that in Fig. 10.03-2; however,
parallel-coupled filter deaigns that have reasonable impedance levels
and dimensions generally have quite unreasonable impedance levels when
converted to & stub-filter form. Similarly, practical stub filter de-
signs generally do not convert to practical parallel-coupled designs.

For this reason the design equations in this section are based on a some-
vhat different design procedure than are those in Sec. 10.02. This pro-
cedure gives reasonable impedance levels in typical stub filters, and
also makes complete use of all of the natural modes of vibration of the

MACAVACANEAAN &

LA BT,

SOURCE: Final Report, Comtroct DA 36-039 SC-74862, SR; reprinted
in IRE Trans. PGMTT (ses Ref. } by G. |.. Matthael)

FIG. 10.03-1 A BAND-PASS FILTER USING Aj/4 CONNECTING LINES
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SOURCE: Final Report, Contract DA 36-039 S5C-74862, SRI; reprinted
in IRE Trans. PCMTT (oo Ref. 1 by G. L. Matthael)

FIG. 10.03-2 A BAND-PASS FILTER USING A o/4 SERIES STUBS AND A /4
CONNECTING LINES
This filter is the dual of thot in Fig. 10.03.1 and can have
identical response characteristics

circuit (which the procedure in Sec. 10.02 does not, as a result of the
manner in which the end sections arc designed).

Both the filter in Fig. 10.03-1 and that in Fig. 10.03-2 are com-
posed of astubs that are A /4 long with connecting lines that are also
Ao/4 long, where A, is the wavel .gth in the medium of propagstion at
the midband frequency w,. These two types of filters can be made to
have identical transmission properties. However, the form in Fig. 10.03-1
is the one that is most commonly used since the series stubs of the filter
in Fig. 10.03-2 are difficult to realize in a shielded structure. Since
the filter in Fig. 10.03-1 is the most important for practical applica-
tions, it will be discussed first.

In order to determine how many reactive elements are required in the
low-pass prototype in order to give a desired rate of cutoff, the low-pass
to band-pass mepping in Eq. (10.02-1) or Eq. (10.02-4) should be used.
Having the low-pass prototype parameters g,, g, 8y, -+ B,4 004 w,,
and having specified the fractional bandwidth, w, and the terminating
conductances ¥, = ¥,, the deaigner can compute the characteristic admit-
tances of the stubs and connecting lines in a straightforward fashion
from the equationa in Table 10.03-1. In the equations there is a dimen-
sionleas constant d which may be chosen for some adjuatment of the
adwmittance level in the interior of the filter. In the case of the
equations in Table 10.02-1 the choice of the admittance scale factor, h,
should have no effect on the transmission characteristics of the filter;
however, in the case of the equations in Table 10.03-1, the choice of d



Teble 10.03-1

DESIGN EQUATIONS FOR FILTERS WITH SHUNT )\o/ 4 STUBS
AND Ko/l CONNECTING LINES AS SHOWN IN FIG. 10.03-1

Use mapping Eq. (10.02-1) or (10.02-4) to select a lov-rnn
rototype with the required value of n. The filter wil
:lve n shunt atubs for an n-reactive-element prototype.

Compute:

o =3z = F0-9 .
J F Dhan 8,C

= g 4=t , Sypel .l S
-ﬁf ot 4 lamzoa-2  Yoalaw

Joa C 8ael
-—"y;‘-e ol v;—;-‘—— . where C, = ngl

a=1

and d is a dimensionless constant (typically chosen to be
1.0) which can be chosen so as to give s convenient
admittance level 1n the interior of the filter. (See text)

2 ‘ 2

J @ C_ tan 6

N . b h4) 801 1
(A L3N P ‘/(-Y—-.‘ ) .( 0°1"e )

The characteristic admittances of the shunt stubs are:

J
Y, = gpf,eq(l - dlg ten 6 + r‘(nn - -F»)

A
J J
Y, y(N + N I 3 VY O hnl)
Munz tonm Vi1, * M rue Fa

J
=1
yn = yAw;('n‘nﬂ - “031) tan el + YA(”A-I.A - _”-Y;h.)

The characteristic admittances of the connecting lines are:

Sgee)
. b el
fian A%l to a-l Y‘( f

All atubs and connecting lines are )\0/4 long, where )\o is
the wavelength in the medium of propagstion at the mid-band

frequency .
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Table 10.03-2 may have some small! effect on

NORMALIZED LINE ADMITTANCES FOR THE TRIAL FILTER  the approximations upon which
DESIGN WHOSE RESPONSE IS SHOWN IN FIG. 10.03-3 ;
Filter designed waing Table 10.03-1 froms 0.10 db the equstions are based. To

vipple, » = 8, Tchebyscheff prototype using date, only values of d of 0.5
& /uy = 0.650 snd d = 1.0 and 1.0 have been tested in

this design procedure, but it
Y, =1 = loa Yy =¥, = 2.00) !
Yy = Vpy = 1.288 Yy, = Y, = 1.292 is probeble that considerably
Y = ¥, = 2,050 Yo = ¥g = 2,007 different values in the range
Yoy = ¥ = 1364 Vs = 1M 0 <d <1 would give satisfac-

All values nermelised se V‘ L] Y. -l tory results.

BOURCE: Final Repert, Centrest DA 36-039 SC-74062, .

::}. e ;iaco:ia.zx”r:;u PONTT (see Table 10.03-2 summarizes

the line admittances for a de-

sign obtained using an n = B-reactive elemeat Tchebyscheff prototype with
0.10-db ripple [Table 4.05-2(a)}. The admittance level is normalized so
that ¥, = ¥, = 1, and @ /w, = 0.650 which calls for slightly over an
octave bandwidth. Figure 10.03-3 shows the computed response of this de-
sign. Note that though the ripples at the edges of the pass band are
undersized, the pass-band performance is quite close to what was specified.
The x’s and circles on the graph show points mapped from the low-pass pro-
totype response by use of Eqs. (10.02-1) and (10.02-4). Note that in this
case the more complicated Eq. (10.02-4) gives much better accuracy than

does Eq. (10.02-1), for attenuation above 30 db.

Note in Table 10.03-2 that the admittances of the end stubs aure about
half of that for the stubs in the interior of the filter. For this reason
it is sometimes convenient to build this type of filter with double atubs
ir the interior of the filter and with single stubs at the ends, as is
illustrated in Fig. 10.03-4. Table 10.03-3 summarizes the line impedances
for an n = 13 design which has the form in Fig. 10.03-4. Thia filter was
constructed and tested in rectangular-bar strip-line form and its important
dimensions are susmarigzed in Figs. 10.03-5(a), (b), and (c). The filter
was designed for a band-center frequency of w,/27 = 3.6 Ge, and it was
neceasary to take account of the junction effect where the stubs and main-
line meet, in order to properly determine the lengths of the stubs and the
connecting linea. It was assumed that the junction effect for a plus-
junction must be similar to that of the T-junctions in Figs. 5.07-6 to
5.07-9. From tests on the filter, the junction equivalent circuit and
reference planes were estimated to be sbout as indicated in Fig. 10.03-6.
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_ FIG. 10.033 COMPUTED RESPONSE OF A FILTER DESIGNED AS IN TABLE 16.03-1

HAVE APPROXIMATELY 2 TO 1 BANDWIDTH

TO

8 reactive elements

was 0.650. Prototype had 0.10-db Tchebyscheff

Sec
N -
=
3
£
- a
o &
-2
o

sz
c

53
* w
® o
o a

Zs

NN

22.3

AN

2y

Z2

FIG. 10.03-4 OPEN-WIRE-LINE REPRESENTATION OF THE FILTER IN FIG. 10.03.5
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Table 10.03-3

LINE IMPEDANCES FOR A BAND-PASS FILTER OF THE FORM IN FIG. 10.03-4
HAVING » = 13, A BAND-EDGE RATIO OF f,/f, = 2.175, AND
APPROXIMATELY 0. }-db TCHEBYSCHEFF PASS-BAND RIPPLE

z, = S0  chms 2, = 2, = S52.4 ohas
2 =2, = 528 Z,g " 2y, = 9.6

2, = 2,,,, * 3.8 Zg = 2, = 52.1

Zy = 2, = 53.1 oo = 2y = 398

2,y " 2,y " 37 Z, =z, = 52,0

2, = z,;, = 837 Z, " 24 " 398

Z,, " %4, "= 369 . Zy = S2.0

Thess line impedances vere computed fros sn n = 10, 0,.10-db ripple pre-
totype since st the time of this [ilter's design, tebien of element
velues for n larger than 10 vere net avsilable. The designs vae
sugmented to n = 1) by sdding additions) lines oand astubs at the coater
of the filter, the added lines and atubs baving impedences the sanme as
these at the conter of the n = 10 desnigs.

NO 2. w0148
w0 160

2 ¢ g '

D o v o o | e
el T?Illhuﬂ NN
LT [

NC‘.. w0159

NOZ w:C r48
NC & W=:D157
{ NO6,W:0 160

I| NO 1, w=C 154
NO
NO 12
NC 13

-f-nO 7,

'
b
) p—
i
i

]
i
!

"
]
i
!
!

L4
t
1

; "‘ g B 5 s @
a2 ae LI L R R * SHORT- CIRCUIT BLOCKS
ROUND ROD o =Y o o o o [ L
FOR TERMINATING * . > 9 ¢
UNE S L

o8 232878200

FIG. 10.03-5(a) LAYOUT OF STRIP TRANSMISSION LINE BAND-PASS FILTER WITH
UPPER GROUND PLANE REMOVED
See Fig. 10.03-5(b) for definitions of t and w as used here
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TRANSITION BLOCK
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eLoCK

e 0 038" \
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CONNECTOR WiTH PROTRUDING CENTER CONDUCTOR
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OF BACK SI1DE.
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FIG. 10.03-5(c) DETAILS OF TRANSITION FROM FILTER TO TYPE-N CONNECTOR
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FIG. 10.03-6 ESTIMATED EQUIVALENT CIRCUIT FOR TYPICAL
PLUS-JUNCTION IN THE FILTER OF
FIGS. 10.03-5a), (b), (c)

598



B a7

The A,/4 length for the stubs and the connecting lines was figured from
the reference planes P, and P, indicated. The capacitive junction sus-
ceptance B, ia compensated for by reducing the lengths of each of the two
side stubs by the amount

A B
o4
Al » — .03-
e (10.03-1)

where Y‘ is the characteristic admittance of each of the two stubs. (This
equation effectively removes an amount of stub on each side so that each
atub plus half of the small junction susceptance B, will still be resonant
at wy.) In the case of the T-junctions for the single stubs at the ends
of the filter, the reference plane for determining the stub length was
closer to the centerline of the main line so that the single, end stubs
were made to be about 0.035 inch shorter than the double stubs in the

interior of the filter.

Figure 10.03-7 shows the measured performance of this filter. The
band-edge ratio, w,/w, = 2.21, compared favorably with the 2,17 design
value. In ygeneral, the performance is seen to be in excellent agyreement

with the design objective.

Design formulas fur the filter in Fig. 10.03-2 can be obtained
directly from the formulas in Table 10.03-1 by application of duality
Thus, admittance guantities in lable 10.03-) are simply replaced by cor-

responding impedance quantities as listed below:

Y‘ = Yy—>2Z, - Z,

Jl.hﬂ BK...“

Y, ——>1Z, (10.03-2)
Yh,htl -?Zb hel

C —> L

It would be possible to build a filter oi the type in Fig. 10.03-2 shieldsd
coaxial form by constructinyg the series stubs as stubs within the center

conductor of the line, as shown in Fig. 10.03-8.
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FIG. 10.037 MEASURED RESPONSE OF THE FILTER SHOWN IN FIGS. 10.03-5(a), (b), (c)
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FIG. 10.03.8 POSSIBL E MEANS FOR REALIZING THE FILTER IN
FiG. 10.03-2 IN COAXIAL FORM
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Just as with the parallel-coupled filtera discussed in Sec. 10.02,
the filters in Figs. 10.03-1 and 10.03 2 have their second pass band
centered by 3w,, but they are very prone to have narrow spurious responses
in the vicinity of 2w, if there is the slightest miatuning. Filters of
the forms in Figs. 10.03-1 and 10.03-2 are candidates for use primarily
as wide-band filters, because if narrow-band filters are designed in this
form, their stubs will have unreasonably low impedance levels in the case

of Fig. 10.03-1, and unreusonably nigh impedance levels for the case of
Fig. 10.03-2.

SEC. 10.04, FILTERS WITH ,/2 STUBS AND A,/4
CONNECTING LINES

Tue filter in Fig. 10.04-1, which uses open-circuited A /2 stubs
spaced A /4 apart, can be made to have pass-band characteristics similar
to those of the filter in Fig. 10.03-1, which uses short-circuited A /4
stubs spaced A /4 apa. (where A, is th wavelength at the pass-band
center frequency w,). However, .ie filter in Fig. 10.04-1 has yuite dif-
ferent stop-band characteristics. If each Aj/2 atub is of the same
characteristic admittance throughout its length, then the stop-band will
have infinite attenuation at the frequencies wy/2 and 3w,/2. If the

Ya

LR RN ]

SOURCE: Final Report, Comeact DA 36-039 SC-74862, SR1; reprimed
in IRE Trane PGMTT (sas Ref. | by G. L.. Matthaei)

FIG. 10.04-1 BAND-PASS FILTER WITH HALF-WAVELENGTH
SHUNT STUBS AND QUARTER-WAVELENGTH
CONNECTING LINES
The reference wavelength is the propagation
wavelength ot the midbond frequency, u g
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outer half of each stub is made to have an aduittance that is a constant
times the admicvunce of the inncr half of the stub, as indicated in

Fig. 10.04-1, then the frequencies of infinite attenuation can be made
to occur at frequencies other than w,/2 and 3w,/2. This type of filter
will have additional pass bands in the vicinity of w = 0 and @ = 20,
and at other corresponding periodic {requencies.

Filters in the form shown in Fig. 10.04-1 can be readily designed
by a modified use of Table 10.03-1. The design is carried out first to
give a filter in the form in Fig. 10.03-1 with the desired pass-band
characteristic and bandwidth. Then each shunt, quarter-wavelength, short-
circuited stub of characteristic admittunce Y, is replaced as shown in
Fig. 10.04-1 by a shunt, half-wavelength, open-circuited stub having an
inner quarter-wavelength portion with a characteristic admittance

Y, (a tan? v, - 1)
Y, - {10.04-1)
(a + 1) tan? o,

and an outer quarter-wavelength portion with a characteristic admittance
Y, = aY, . (10.04-2)

The parameter a is fixed by

1=
a - cot -
2“)0

where 6, = mw,/2w,, and wg is a frequency at which the shunt lines present

(10.04-3)

(wgfg)< (v /0y)

short circuits to the main line and cause infinite attenuation.* The
principle upon which the above substitution is made is that Egs. (10.04-1)
through (10.04-3) are constrained to yield half-wavelength open-circuited
stubs which have exactly the same susceptances st the band-edge f{requency
w, as did the quarter-wavelength short-circuited stubs that they replace,
while both kinds of stubs have zerc admittance at w,.

To test out this procedure, a filter was designed as in Table 10.03-1
to give 30-percent bandwidth (w,/w, = 0.850) using a 0.10-db Tchebyscheff

* Of eouras, in on_setual filter the atteavasion will be finite due to the lesses in the atube
preveating the stub impedances from going te exastily sere.
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Then, choosing w,/w, = 0.500, which gives & = 1,

the quarter-wavelength stubs were replaced by half-wavelength stubs as

prototype with n = 8.

described above, and the resulting computed reaponse is shown in

Fig. 10.04-2.

Note that the pass band is almost exactly as prescribed,

ty of w = 0 and

icini

the v
The element values for this filter

ion regions in

and that there are low-attenuat

w = 2w°. which are to be expected.

Table 10.04-1.

n

»

are shown

10.03-1 and Table 10.03-2)

ig.
was also converted to this form using w,/wy; = 0.500, and its response was

-bandwidth filter design (Fi

-1

The 2-to

The features of the pass band looked much the same as those

computed.

10.03-3, while the stop bands consisted of

in the expanded plot in Fig.
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Comract DA 36-039 SC-74862, SRI; reprinted

in IRE Trans. PGNTT (see

SOURCE: Final Report,

= 0.850. Prototype had 0.10-db Tchebyscheff ripple

FIG. 10.04-2 COMPUTED RESPONSE OF A 30-PERCENT-BANDWIDTH BAND-PASS FILTER
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Table 10.04-1 very sharp attenuation spikes
ELEMENT VALUES FOR THE FILTEROF FIG. 10.04-2 surrounding w/w, = 0.500, in
REALIZED AS SHOWN IN FIG. 10.04-1 a manner similar to that in

Filver designed froms 0.10 db ripple, a = 8,

Tohebyschef{ protatype using o /wy = 0.850 Fig. 10.04-2, except thst the

and ap/w, = 0.500. This, then, calls for attenuation bands were much

e =1 80 thet Y‘ = Y: throughout. nerrower.
No=Y - 180 Yy = rg = 3.584 Filters of the form in
Ng = Yoy = 1.288 Yoo = Yo = 1.292 Fig. 10.04-1 should be par-
R =1 = 358 Y, = Yy = 3.614 ticularly useful where the
Yog = Vg7 = 1.364 Yo = 1217 pass bands around @ = 0 and
ALl values normalised so that Y‘ = i, w = 2w0 are not Ob‘,ec‘lon.ble'
SOURCE: Finel Repert, Contract DA 36-039 SC-74862. and where there is a rela-

SR1: reprinted in IAE Trans. PCMTT (see . .

Ref. 1 by G. L. Matthaei) tively narrow bund of signals

to be rejected. By the proper
choice of w,, the infinite attenuation point can be so placed us to give
maximum effectiveness against the unwanted signals. Although using the
same w, for all of the stubs should give the best pass-band response, it
may be permissible vo stagger the w_ points of the atubs slightly to achieve
broader regions of high attenuation. Filters of the form in Fig. 10.04-1
are practical for bandwidths narrower than those of filters of the form in
Fig. 10.03-1 because of the lavger susceptance slope of half-wavelength
stubs for a given characteristic admittance. For example, in the case of
Fig. 10.04-1, the shunt stubs for this filter as shown in Fig. 10.04-1
have characteristic admittances Y, = Y, which are 0.471 times the character-
istic admittances of the shunt stubs of the analogous filter in the form
in Fig. 10,03-1 from which it was designed. ‘Thus narrower bandwidths can be achieved

without having the characteristic admittances of the shunt stubs become excessive.

No accurate low-pass-to-band-pass transformation has been leveloped
for fileers of the form in Fig. 10.04-1.

Since filters of the form in Fig. 10.04-1 do not involve any short-
circuit connections, they are very easy to fabricate in printed-circuit

strip-line form as suggested in Fig. 10.04-3.

SEC 10.05, FILTERS USING BOTH SERIES AND SHUNT STUBS

The filter in Fig. 10.05-1 makes use of short-circuited A /4 stubs
spaced A /4 spart, which makes it similar to the filter in Fig. 10.03-1.
However, the filter in Fig. 10.05-1 has, in eaddition, a A,/2 series
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FIG. 10.04-3 A POSSIBLL PRACTICAL STRIP-LINE PRINTED-
CIRCUIT VERSION OF THE FILTER IN FIG. 10.04-"

2302 | 2,02,

Ya
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SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; ruprinted
in IRE Trans. PCMTT (ses Ref. ] by G. L. Matthuei)

Fi1G. 10.05-1 BAND-PASS FILTER WITH QUARTER-WAY ELENGTH SHUNT STUBS,
QUARTER-WAVEL ENGTH CONNECTING LiNES, AND HALF-
WAVELENGTH SERIES STUBS AT THE ENLS
The reference wavelength is that of the midbond frequency, w;
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short-circuited stub at each end. These Ay/2 stubs yield frequencies w
where “infinite” attenuation® occurs close to the pass band, similar to
those of the filter in Fig. 10.04-2, but in this case the attenuation re-
mains high at @w = 0 and w = 2w, {(except for possible narrow spurious
responses at 2w, which can result from any mistuning).

In this case s reasonably accurate lot-pasi-to-band-pall transforma-

tion (Sec. 10.01) is
F (”
w' " wo)
@.

-—( » o , (10.05-1)
n(3)
where
“cos (%)
w (]
A St = o e
sin 2—w_° sin 5 _—"’o_—:l I:'“' 2 ——T—’]
- ° (10.05-2)

wy/wy = 1 = w/2, and w, is & stop-band frequency where infinite attenus-

tion is deaired.

After selection of a low-pass prototype with element values g,, g,.
83: -+ Ba4 8nd cutoff frequency w;, and after specification of ¥, »
(or @, /w,), and wy/w,, the design can be carried out by making the calcu-
lations indicated in Table 10.05-1. As in Table 10.03-1, the dimensionleas
parameter d can be used to give some degree of freedom in establishing the
impedance level in the interior of the filter. The choice of d will have
some minor influence on the approximations involved in the design process,
but values of d in the range 0 < d < 1 should be usable (to date ouly the

value d = 0.5 has been used in trial designs).

Table 10.05-2 shows the resulta ¢f a trial design computed using an
n = 8 reactive element and ¢ (0.10-db ripple Tchebyacheff prototype, and
using w /w, = 0.650, w/wy = 0.500, Y, = 1, and d = 0.50. Figure 10.05-2

.
Of ¢cuurre, 08 o result.of dissipetion in the circwit the atteanstion will alveys be finite feor
fre ensieon w, but l.‘ will cypieally go very bigh ot froquencsios where the A,/I stubs arve anti-
resonant.
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Table 10.08-1
DESIGN BEQUATIONS FOR FILTERS OF THE FORM IN FIG. 10.05-1

Use mapping Eqe. (10.05-1) and (10.05-2) to select low-pass
prototype with the required value of a.

Compute:
6 = 'Ew‘jo - R0-%). c = U

where d 5 | is & dimensionless constent (typically one-half
or somewhat larger) which may be chosen to give a desired
impedance level in the interior of the filter.

by | Vg, J ,l .,
A 8¢ 828y 4 landeon-3 OO

J . (']
a<2,a-l _ 1. " o890
Y, 8o 18,-28,41

U

N‘-“'lb=zun-2 ) J(ﬂﬁﬂ)z .(ﬁf&%.ﬂy

W 2
8"'?(‘,—0,05(:0'.0,

vhere w is a frequency of infinite attenuation as indicated
in the example in Fig. 10.05-2.

Heferring to big. 10,05-1, for the stubs:

la(ran 0)? - 1oy g 8

Z, = Y,(a ¢ 1) tan §, ey = e

yA“'I'“ - dlg,

J
Y2 “ _———ro——— tan 8, ¢ YA(”N - ﬁl)

J J
Y . Y(N N - um)
[} IR AWE WML TN R susiin o

Y\ (8,-18g = 9838,y )ten 6)

J
- oa-2,a-1
€98, 41 M ”n—!,n-l Y

A

[a(ran @ )2 - 1] 8.8 . ,
Z, = ,‘ia + 1) tan El -2, = ez,

For the connecting lines:

""“'L-z ton-y <—Aﬁﬂ)y‘
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shows the computed response of Table 10,05-2

this filter (indicated by the

ELEMENT VALUES FOR THE FILTER OF FIG. 10.05-2
REALIZED AS SHOWN IN FIG. 10.05-1

solid lines), while thecircles i .o designed using Table 10.05-1 from s 0.10-db

indicate points mapped from ripple, n = 8, Tchebyacheff prototype usingw, /w, *
the low-pass prototype response 0.650, ayfwy = 0.500, and d = 0.5.

using the mapping in 2, = Z = 0.606 Y. = Y. = 1.235
Eqs. (10.05-1) and (10.05-2). ’2 . z: = 0.606 r:‘ - r:6 = 0.79
Note that the 0.1-db point on :8 : :‘l : ;:;: ’YIO : :5770. 1.258
the left side of the pass band | 23 s ) i )

is

sponse in general is, for most

La—

very nearly at w/mo = 0.650 Velues aormalized so that ¥, = 1.
Y SOURCE: Fissl Repert, Contract DA 36-039 SC-74062,
lpecnfled, and that the re- SRI; reprinted in JRE Trens. PGNTT (see
Mef. 1 by G. L. Mactheei).
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SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted
in IRE Trans. PGMTT (uee R~f. 1 by G. L.. Matthaei)

FiG. 10.05.2 COMPUTED RESPONSE OF A FILTER AS IN FIG. 10.05-1 WITH
APPROXIMATELY 2 TO 1 BANDWIDTH
Design value for w‘/uo waos 0.650. Prototype had 0.10-db Tchebyscheff
ripple with n = 8 reactive elements. Parameters d and w,/uo were
both chosen as 0.500

608



[S————

engineering purposes, a satisfactory realization of the specified
performance.

Figure 10.05-3 shows a possible way for constructing filters of
the form in Fig. 10.05-1. The filter shown is in so-called split-block
coaxial construction. The round center conductors are within cylindrical
cavities machined from a solid split block. Note that the )\0/2 series

CYLINDRICAL , SHORT -CIRCUITING PLUGS)
____/ ?A

|
BN

[ .

[

[

-

AT Ao/2 SERIES
sTue N
CENTER CONOUCTOR

L v

A,/4 sTUBS - L—>A‘

b oz
.
b -

1T 7
SR &
T N

SECTION A — A’

/

b
4L

N

"O:-2530-17-100

FIG. 10.05.3 POSSIBLE WAY FOR FABRICATING W'OE-BAND FILTERS
OF THE TYPE IN FIG. 10.05-1 IN SPLIT-BLOCK
CONSTRUCTION
The shunt, quarter-wavelength, short-circuited stubs are realized
in parallel pairs so that the characteristic admittance of each stub
will be cut in half, and so that the structure will be self-supporting.
The series, half-wavelength, short-circuited stubs are inside the
center conductor
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stub at the input of the filter is realized as a coaxial stub within the
main line of the filter.

SEC. 10.06, INTERDIGITAL-LINE FILTERS OF NARROW
OF MODERATE BANDWIDTH

Figure 10.06-1 shows one type of interdigital filter to be discussed.
The structure, as shown, consists of TEM-mode strip-line resonators be-
tween parallel ground planes. Each resonator element is a quarter-
wavelength long at the midband frequency and is short-circuited at one
end and open-circuited at the other end. Coupling is achieved by way
of the fields fringing between adjacent resonator elements. Using the
design procedure described in this section, Lines 1 to n in Fig. 10.06-1
serve as resonators. Lines 0 and n + 1, however, operate as impedance-
transforming sections and not as resonators. Thus, using the procedures
of this section, an n-reactive-element low-pass prototype will lead to
an interdigital filter with n + 2 line elements.

If all of the coupling effects are accounted for, the mathematics
that describe the performance of such interdigital filters as those dis-
cussed in this and the next section become quite unwieldy.? Since synthe-
sizing a structure to have a prescribed response is a much more difficult

problem than analyzing a given structure, and since an exact analysis of

LINE NUMBERS [+ ] ¢

t

n ael

J
T ~
J
He s
J
I
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¥ ¥ ¥
TERMINATING TERT";TINO
LINE
ADMITTANCE ‘WVIT.Y'A'CE
Ya (3

A-3327-270

SOURCF: Quarterly Progrees Report 4, Contract DA 36-039 SC-87398, SRI;
reprinted in IRE Trans. PGMTT (sae Ref. 3 by G. L. Matthaei)

FIG. 10.06-1 INTERDIGITAL FILTER WITH SHORT-CIRCUITED LINES AT THE ENDS
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SOURCE: Quarterly Progress Reposs 4, Contract-BA-35-US SC-87398, SRE;
reprinted in IRE Trans. PCGMTT (see Rel. 3 by G. L.. Matthaei)

FIG. 10.06-2 CROSS SECTION OF AN ARRAY OF PARALLEL-COUPLED LINES
BETWEEN GROUND PL ANES

such a structure is itself very tedious, the prospects of obtaining a
usable exact synthesis procedure appear to be dim. Thus, the synthesis
procedure given here iavolves several additional simplifying approxima-
tions (beyond those used fcr the procedures in Secs. 10.02 through 10.05)
that permit straightforward, easy-to-use design calculations. Although
the design formulas are approximate, the results of trial designs indi-

cate that they are sufficiently accurate for most practical applications.

Figure 10.06-2 shows an array of parallel-coupled lines such as is
used in an interdigital filter. The electrical properties of the structure
are characterized in terms of the self-capacitances, ,, per unit length
of each bar with respect to ground, and the mutual capacitances, C, , ..
per unit length between adjacent bars k and k + 1. This representation
is not always highly accurate; it is conceivable that a significant amount
of fringing capacitance could exist hetween a given line element and, say,
the line element Leyond the nearest neighbor. MHowever, at least for
geometries such as that shown, experience has shown this representatior to

have satisfactory accuracy.

For designs of the interdigital-filter structures discussed herein,
equations will be given for the normalized self and mutual capacitances,
C,/€ and C._..l/e, for all the lines in the structure; where € is the
dielectric caistant of the mediuw of propagation. MHaving these normalized
vapacitances the designer can obtain the dimensions of the bars, using the
data in Sec. 5.05.
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A convenient and reasonably accurate l;v-plll-to-blnd-plll transfor-
ll%ion (Sec. 10.01) to use for estimating the attenuation characteristics
of interdigital filters is

w’ 2 (@ T @y
- " T\ (10.06-1)
w; v W,
where
wy ~ W
» 5 — (10.056-2)
w
°
w, + w,
W, = ““3“‘ (10.06-3)

and w, are as indicated in Figs. 10.01-1(a), (b).

and o', oy, wy, @, W,

Table 10.06-1 shows approximate design equations for interdigital
filters of the form shown in Fig. 10.06-1. This type of design is most
practical for filters having narrow or moderate bandwidth. Although mo
apecial investigation of this point has be=n made, it appears probable
that one should consider the possibility of using the design equations
in Sec. 10.07 when the bandwidth is of the order of 30 percent or more,
instead of those in Tuble 10.06-1. Both sets of deaign equations are
valid, however, for either narrow or wide bandwidths. The main drawback
in applying the design procedure in this section to filters of wide band-
width is that the gaps between Lines 0 and 1 and between Lines n and ntl
(see Fig. 10.06-1) tend to become inconveniently a@lll wvhen the bandwidth

is large, and the widths of Bars 1 and n tend to become very small.

To use Table 10.06-1 for the design of an interdigital filter, first
use Eqs. (10.06-1) through (10.06-3) and the charts in Sec. 4,03 to esti-
mate the number, n, of reactive elements required in the low-pass prototype
in order to give the deaired rate of cutoff with the desired pass-band
characteristics. When the prototype cutoff frequency w; and element values
Bg: 81 -+ Bpq) have been obtained from the tables in Chapter 4, the de-
sign computations can begin. It is suggested that the filter fractional
bandwidth, w, be specified to be 6 or 7 percent larger than is actuslly
desired, since from the trial design described later it sppears that there

will be some shrinkage in bandwidth due to the approximate nature of the
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Table 10.06-1

DESIGN EQUATIONS FOR INTERDIGITAL FILTERS OF THE FORM
IN FIG. 10.06-1

Use mapping in Eqs. (10.06-1) to (10.06-3) to select a low-pass
prototype with the required value of n. The input

in this filter do not count s resonatora, so that there aren ¢
lines for an n-reactive-element prototype.

Compute:
o = Fa - 309
J . —b J hel . —
A Vaos 4 lamicon-l 4V 8\8asi
J
nluﬂ - !
4 Vl‘u‘nolw{

{

N V@niug)z tan’ )
= +
LPLAL lm to n-l A i

J - J _
M, =Y +l
1 A(-y“‘l vh ¢ l) .M = Y‘<-ﬂ-y:— vh 4 1)

where h is a dimensionless admittance scale factor to be specified

srbitrarily so as to give a convenient admittance level in the
filter, (gee text,)

The normalized self capacitancea C, /¢ per unit length for the line
elements are:

Cc
o . 376.7 -
- -7:.-[er M)
r

% mafn e [5G 4]
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Table 10.06-1 concluded

¢ J J
A - 3167 NPT
le-l to n=l ﬁ: kr‘(”.'loi ¢ ”l,lbl —!7:*' —'Y:J)

f‘s. - 17;6:_..1{y‘ - M, ¢ hY, [t—“-ra-‘- + (f‘f"‘l)’ ML/ W il‘#"'Q]}

. A A

cﬂ
=L . A8 Loy, -w,)

r

where « is the dielectric constant and ¢_ is the relative dielectric
constant in the medium of propagation. '

The normalized mutual capscitances C. 4+1/€ par unit length between
adjacent line elements are:

c
S R A
r
C 376.7 hY, {J
b bel . A ( Y m) .
€ lam ten-l Ve, ‘A
Cu,uol

- 316.1 -
o W, -r]

SOURCE: Quarterly Pregress Report 4, Cestract DA 36-039 SC-87390,
SRI; reprinted in IAK Trene. PGHTT (see Ref. 3 by
G. L. Wetthaei).
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design equations. However, the desired value of w should be used in the
mapping Eqs. (10.06-1) through (10.06-3) for determining n. Note that
Y, = Y, is the characteristic admittance of the terminating lines.

Aftec all of the J/Y, and N parameters in Table 10.06-1 have been
computed, the admittance scale factor, h, muat be fixed. One of the prime
considerations in the choice of h is that the line dimensions must be such
that the resonators will have a high unloaded Q. The dimensions that give
optimum resonator Q's in such structures as interdigital filters sre not
known. However, it is known that for air-filled, coaxial-line resonators
the optimum Q will result when the lins impedance is about 76 ohms, and
various approximate studies suggest that the optimum impedance for thick,
rectangular-bar, strip-line reaonators such as those in Fig. 10.06-2 is
not greatly different. Thus, it is suggeated that in this case h be
chosen to make the quantity

2Cl-l.l cl 2ch,btl
——F ——

= (around 5.4)

€ € € 4=a/2 forneves

=(n*})/2 for n odd
(10.06-4)

if air dielectric is used. If the quantity in Eq. (10.06-4) is s:t equal
to 5.4 for the case of ¢ = 1, this correaponds to making the line imped-
ance 70 ohms for the resonator lines in the center of the filter, under
the conditions that the adjacent lines are being excited with the same
smplitude of voltage but with opposite phase (this ia a generalized odd-
mode admittance condition). A value for h, having been established, the
remainder of the calculations follow in a straightforward manner. After
the normalized capacitances, C,/€ and C‘..’l/e. have been computed, the
line dimensions are determined as discussed in Sec. 5.05 [by use of

Eqs. (5.05-33) through (5.05-35) and the accompanying charts].

A trial design was worked out using an n = 6 reactive-element
Tchebyacheff prototype with L, = 0.10 db. The prototype parameters were
8 = 1, g = 1.1681, g, = 1.4039, g, ~ 2.0562, g, = 1.5170, g5 = 1.9029,
8, = 0.8618, g, = 1.3554, and w; = 1. The design waa worked out for a
fractional bandwidih of w = 0,10 centered at f, = 1.5 Ge. Table 10.06-2
summarizes the various parameters used or computed in the calculations.
The parameter h was chosen so that Eq. {10.06-4) would yield 5.4. The
resulting circuit has symmetry in its dimensions because the Tchebyscheff
prototype is antimetric (i.e., one half of the network ia reciprocal to

the other half as discuased in Sec. 4.05).
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Teble 10 06-2

TABULATION OF QUANTITIES IN TABLE 10.06-1 AND IN FIG. 10.06-2 FOR A
10-PERCENT BANDWIDTH TRIAL DESIGN WITH n = 6

: J W, 1N c ] *aant k C,/e %
pan/Ya M | Can/e | bad /¢ | iaches)
Oend 6 | 0.9253 1.582 | 0.159° [ oaend 7 |5.95 | o.40s!
l1end 5| 0.7809 6.401 0.301 | 0.419 ] 1 ends }3.390 | 0.152
2and 4| 0.5886 6.38 0.226 | 0.512 J2and 5 | 4.420 | 0.183
3 0. 5662 6.319| o0.218 | 0.520 |3 and 4 | 4.49 | 0.183
» = 0.10 Y, = 0.020 sho
6, = 1.492 Ny = N, = 0.02420
A = 0.05)43 b = 0.625 inch
€, = 1 t 3 0,187 inch

* Changed to 0.127 inch after laboratory testa.
'Chn;d te 0.437 inch aftar laboratory tests.

SOURCE: Quarterly Progresas Maport 4, Contrast DA 36-039 SC-87398, SAI;
reprinted in IRR Trens. PGNTT (see Nef. 3 by G. L. Matthaei).

Figure 10.06-3 shows a photograph of the completed filter, while
Fig. 10.06-4 shows those dimensions of the filter not summarized in
Table 10.06-2. The short-circuiting side walls of the structure are
spaced exactly a quarter-wavelength apart at the midband frequency
fo = 1.5 Ge (Ag/4 = 1.968 inches). Because of the capacitance between
the open-circuited ends of the resonator elements and the side walls,
it was necesaary to forerhorten the resonators so as to maintain their
resonant frequency at 1.5 Gc. No very satiafactory means for accounting
for all of the fringing capacitances at the open-circuit ends of the
resonators has been devised, but some rough estimates were made using
fringing capacitance date in Sec. 5,05 and various approximations. The
estimated foreshortening for the resonators was 0.216 inch, but laboratory
tests showed this to be excessive since the pass-band center was 1,856
instead of 1.50 Gc. Although the filter pass band can always be lowered
in freque: .y by use of tuning screws, if the resonstors had been fore-
shortened about 0.160 inch instead of 0.216 inch, the pass-band center
frequency would probably have been about right.

Although the structure included tunipg screvs, no effort was made
to lower the band-center frequency to 1.50 Gc. However, it was found
that since Resonators 1 and 6 have different fringing-capacitance
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SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI;
repeintad in IRE Trans. PGNTT (see Ref. 3 by G. L. Metthaei)

FIG. 10.06-3 A 10-PERCENT BANDWIDTH INTERDIGITAL FILTER WITH ITS COVER
PLATE REMOVED

conditions at their open-circuit ends than do the other resonators, it
was necessary to increase the capacitance at their open-circuit ends by
inserting the tuning screws. Before this was done, the pass-band re-

sponse was not symmetrical (this is indicative of mistuning of saome of

the resonators with respect to the others).

When the filter was first tested, the pass-band VSWR reached peaks
of 2.2, which is somewhat high since 0.1-db fchebyscheff ripples call
for VSWR peaks of only 1.3(  Such conditions can usually be corrected
by altering the couplihgs between the terminations and the first reso-
nator on each end. Thus, a 0.032-inch-thick brass shim was added to the

[}
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G187 ALUMINUM Ji8-PLATE
UPPER SROUND WITH SECTIONS AEMOVED TO  METAL SMCER

0.348 DiA:

MODIFIED Ue-1187/ U

TOP VIEW, UPPER GROUND PLANE REMOVED
a-3807-277

SOURCE: Quartetly Progress Report ¢, Contract DA 36-039 SC-87396, SRI;
reprinted in IRE Trans. PCMTT (see Ref. 3 by G. L. Matthasi)

FIG. 10.06-4 DRAWING OF THE 10-PERCENT BANDWIDTH
INTERDIGITAL FILTER
Part of the dimensions are as specified by Table 10.06-2
along with Fig. 10.06-2

input and output lines (Lines 0 and 7) to reduce the adjacent gaps from
8, " 347 " 0.159 inch vo 0.127 inch. This reduced the input VSWR to
1.30 or less across the band. [t appears desirable that, in working out
the design of trisl models of interdi;it;l filters as deacribed herein,
some provision should be made for experimental adjustment of the sige

of coupling gaps at the ends, if the pass-band VSWHR is to be closely

controlled.

Figure 10.06-5 shows the measured attenuation characteristic of
this filter, while Fig. 10.06-6 shows the measured VSWR. The measured
fractional bandwidth is slightly less than the design value (v = 0.0935
instead of 0.100). Using w = 0.0935 and f, = w,/(27) = 1.563 Ge, the
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measured attenuation was compared with that estimated by use of the
mapping Egs. (10.06-1) through (10.06-3) along with Fig. 4,03-5. The
measured attenuation in the atop bands was found to be somewhat less

than that predicted for s Tchebyscheff filter with L, =« 0.1-db ripple.
However, the psss-band VSWR in Fig. 10.06-6 is, for the most part, much
less than the 1.36 peak value corresponding to a 0.1-db Tchebyscheff
ripple, and some of the VSWR amplitude. shown may be due to the connectors
and slight mistuning.* The attenustion for a L, = 0.01-db ripple filter

“ LA L3 LR frl v 1 1 L) I T 7 T T L T 7 T
s 1
g0 i
| q
- 03 .
o < 80 e
i 145 180 1S5 160 165 1
FREQUENCY—G¢ i
F \
- e
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e |} b
I} 1
§ | :
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3 N ]
r -
E | -
5 y
20 4
B )
L ]
- B
10 —
. i
L J
N SEE ENLARGED J
[ PLOT ABOVE
o W W S Ll 41 ' i N U S R
1.30 140 1.80 180 170 1.80
FREQUENCY —G¢
A-3o27-270

SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI;
reprimed in IRE Trans. PCHTT (see Rel. 3 by G. L. Matthaei)

FIG. 10.06-5 MEASURED ATTENUATION CHARACTERISTIC OF
THE FILTER IN FIG. 10.06-3

)
The pass-bend VSWR is the weat sensitive index of the eorralation of the actual deaign ss sen-
paved te the pess-band charectaristia of the protetyps. The pass-band attenaation as deternined
fron lhol:l transmission msasurenents includes the sdditional attenvation dus te disaipation
leas, which may bo mnerkedly greaster then °'|‘i.9“’"“" on the Q's eof the resenatera.
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SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI;
roprinted in IRE Trans. PGMTT (see Ref. 3 by G. [.. Matthaoi)

FIG. 10.06-6 MEASURED VSWR OF THE FILTER IN
FIG. 10.06-3

filter (VSWR = 1.1 peak) was also estimated, and the results sre sumaariszed
in Table 10.06-3. Note that in all cases the measured stop-band attenuation
is lezs than that computed for a 0.10-db ripple filter, but more than that
for a 0.01-db ripple filter. Thus, the given approximate mapping procedure
sppears to be reasonably consistent with the measured results.

Teble 10.06-3 The second pass band for inter-

COMPARISON OF MEASURED ATTENUATION IN digital filters is centered at 3w,
FIG. 10.06-5 WITH ATTENUATION PREDICTED (wh ie th f the first
USING MAPPING EQS. (10.06-1) TO (10.06-3) where fdo 18 e center o e I1Trs

Computed values are for 0.01 sad 0.10 db ripple, ptss band). There are multiple-
m =6 v=0.0935 aadfy = w)/(2n) = 1.563 Ge order poles of attenuation

L, o L, & L, & (Sec. 2.04) at w = 0, 2w,, 4,
/. Ga FOR L, = 0.0 | MEASURSD {FOR L, = 0.10 " etc., s0 the stop bands are very
1.440 25 29 35.5 strong. Unlike all the filters dis-
1.686 25 28 35.5 cussed earlier in this chapter,
1.380 49.5 s2 59.5 interdigital filters cannot possibly
1.746 49.5 52 §9.5

have any spurious responses near 2w,,

SOUNCE: arterly Progress Mepert 4, Centrast ‘w.- etc., no matter how poorly they
36-039 SC-87398, SRI; reprinted in
IR Trons. PONTT (see Mof. s by

may be tuned.
G. L. Metthael.
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Calculating from the measured pass-band ettenustion of the trisl
design, it is estimated that the unloaded Q's of the resonators in this
filter are about 1100. Using copper for the structure instead of aluminum
would theoretically give a value about 25 percent higher for the unloaded
Q's. It is possible that a different impedance level within the filter
might also give higher Q's for a given ground plane spacing. Polishing
the resonator bars and the ground planes would also help to raise the
resonator Q's.

The lines in the trial interdigital filter (Figs. 10.06-3 and 10.06-4)
were fabricated by machining Lines 0, 2, 4, and 6 in comb form from a single
piece of jig plate. Lines 1, 3, 5§, and 7 were cut out similarly from a
second piece of jig plate. (Actually, both comb structures were machined
at once, back-to-back.) Then, interleaving the two comb structures between
ground planes gave the desired interdigital structure.

Figure 10.06-7 showas an alternative form of interdigital filter struc-
ture that should be even less expensive to fabricate. In this case, the
interdigital line structure is photo-etched on a copper-clad dielectric
card, and the dielectric material removed from the region between the

copper-foil lines. In order to provide good support for the lines, the

COPPER FOIL CIRCUIT
TOP AND BOTTOM OF
DIELECTRIC CARD SUPPORT

CIRCUITING BARS

DIELECTRIC CARD CUTY
AWAY BETWEEN LINES

8-3527-290

SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI;
reprinted in JRE Trans. PCMTT (see Ref. 3 by G. L.. Matthaei)

FIG. 10.06-7 A PROPOSED LOW-COST CONSTRUCTION FOR INTERDIGITAL-LINE
FILTERS
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dielectric is not removed at the open-circui®. ends of the lines, however,
Wicth the use of this structure, the propagation is largely in air, which
should permit good performance; also, the dielectric-card line structures
should be quite inexpensive to mass produce. »

Round rods between ground planes also provide an attractive form for
febricating interdigital filters.? However, no dats are yet available for
accurate determination of the rod diameters and spacings from specified
line capacitances.® C

SEC. 10.07, INTERDIGITAL-LINE FILTERS HAVING WIDE BANDWIDTHS

In this section the interdigital band-pass filter discussion in
Sec. 10.06 is extended to cover the filter structure shown in Fig. 10.07-1.
Note that the structure in Fig. 10.07-1 differs from that in Fig. 10.06-1
in that the terminating lineas are connected to open-circuited rather than

LINE NUMBERS | 2 3 4 ¢ ¢ v o0t

S S S

v I § P

ADMIT TANCE ADMITTANCZE
% Yo' Ya
A-381-2m

SOURCE: Quarterly Progress Report 4, Comract DA 36-039 SC-8739¢, SRI;
toprinted in IRE Trans. PGMTT (see Ref. 3 by G. L.. Matthasi)

FiG. 10.07-1 INTERDIGITAL FILTER WITH OPEN-CIRCUITED Y
LIMES AT THE ENDS

short-circuited line elements. In the case of the structure in Fig. 10.07-1,
when it is designed by the methods of this section, all of the line elements
(including Lines 1 and n) serve as resonators. Thus, when the procedure of

this section is used, an n-reactive-element, low-pass prototype will lead to
an interdigital filter with n interdigitsl line elements.

* Bolijeha and Matthaei (Mef. 2) give an approzisate sethed for design of strustures sensinting of reds thet are
a1l the some sise and have the same nnoilu. A prossdure for aceurate design vhere varying dismeters oand
spasings are teguired has net as yot heen cbtained.
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Table 10,.07-1 presents approximate design equations for filters of
the form in Fig. 10.07-1. This type of filter is most practical for
deaigns having moderate or wide bandwidths (i.e., perhaps bandwidths of
around 30 percent or more), althcugh the design procedure given is valid
for either narrow- or wide-band filters. The main drawback in applying
the procedure in Table 10.07-1 to narrow-band filters is that Lines 1 and
n will tend to attain extremely high impedance in such designs.

Except for the somewhat different design equations, the procedure for
the design of filters of the form shown in Fig. 10.07-1 is much the same as
that described for filters in Sec. 10.06. It is suggested that for use in
Table 10.07-1, w be made about 8 percent larger thun the actual desired
fractiona)l bandwidth, in order to allow for some bandwidth shrinkage.
Equation (10.06-4) is applicable when selecting a value for the admittance
scale factor, h.

A trial design was worked out using an n = 8 reactive-element
Techebyscheff prototype with L, = 0.10 db. The prototype parameters were
g ~ 1. g, = 1.1897, g, = 1.4346, g; = 2.1199, g, = 1.6010, g5 = 2.1699,
8¢ = 1.5640, g, = 1.9444, g, = 0.8778, g, = 1.3554, and w, = 1. The design
was carried out for a fractional bandwidth of w = 0.70 centered at 1.50 Gc,
and the parameter h was chosen to make ¥q. (10.06-4) equal to 5.86. (This
gives a generalized odd-mode impedance of 64.5 ohms for the middle lines.)
Table 10.07-2 summarizes some of the quantities computed in the course of
the design of this filter.

Figure 10.07-2 shows the completed filter, while the drawing in
Fig. 10.07-3 shows additional construction details and additional dimen-
sions not summarized in Table 10.07-2. The filter was fabricated in much
the same manner as the filter described in Sec. 10.06, except that the
resonator lines were foreshortened by 0.150 inch. The relatively small
cross-sectional dimensions of the resonator elements, unfortunately, made
0.150 inch excessive, so that the measured band-center frequency was
1.55 Gc instead of 1.50 Ge. It is probable that foreshortening the line

elements about 0.125 inch would have been about right.

When this filter was first teated, the VSWR was quite low across the
band (about 1.2 or less) except at band center where the VSWR peaked to
1.8. This situation was altered by increasing the s,, and s, gaps from
0.087 inch to 0,092 inch, which caused the VSWR peaks across the band to
be more nearly even and to be 1.55 or less.
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Table 10,07-1

DESIGN EQUATIONS FOR INTERDIGITAL FILTERS OF THE FORM
IN FIG. 10.07-1

Use mapping in Eqs. (10.06-1) to (10.06-3) to select low-pass
rototype with the required value of n. The input end output
ines in this filter count as rasonators, so that there are n
line elements for an a-reactive-elemsnt prototype.

Compute:
6 = 'K';lo - F0-¥%)

e - [ J.. -t .1 U

42 to n=d 807C\ 841 A & 18,428,011

A

”i,hﬂ
Z U
7:- = w88 ten 6
:

1 £ s J
ﬁ-:;]‘—:unﬂloﬂn-'}:
Y Iy Iy ae
7:- - N"‘:. + ”l,l’l - -‘.Y:J - —Y‘_.l

A=) to n-2
Y w'(uﬂ - Cr8.ay) tan @ J
had a=1 2%a¢) 1 _a-2.n"1
- Tgbasl ¢ Npz -1 "‘}“'_‘

z ’
7 " b B G

The normalised self-capacitances, C./c, per unit length for
the line elements are:

S . N6ty U-vK)
« Ve A 2,/2,)

r
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Table 10.07-1 concluded

c Y [
€2, 316.1 ot
€ <, Yah (7:-) vh €
c Y
[ 376.17
€ Jandvo n-2 T A Yi-

(9]

o S a]hll Y - /i)
€ TN

r

where ¢ is the dielectric constant, ¢_is the relative
dielectric constant in the medium of propagation, end h ia
a dimensionless admittance scale factor whose value should
be chosen to give a convenient admittance levei in the
filter. (See Text.)

The normalized mutual capacitances C, ,,, /€ per unit length
between adjacent line elements are: "°

€2 . 3161, _V&
€ Ve, A2z
Ci,ae1 . 3761 4, ("A.nx)
€ k%2 to n-2 /e'_; 4 Y‘
Co-tyn . 376.7 vh
€ A
Ve[ taz sz

SOURCE: Quarterly Progress Report 4, Coatract DA 36-039
SC-87398, SRI; reprinted in IAE Trens. PGNTT
(see Ref. 3 by G, L. Metthaei).
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SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRL;
reprinted in IRE Trans. PGMTT (see Ref. 3 by G. L.. Matthaei)

FIG. 10.07-2 OCTAVE BANDWIDTH INTERDIGITAL FILTER WITH
COVER PLATE REMOYED
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SOURCE: Quarterly Progress Report 4, Conteact DA 36-039 SC-87398, SRI;
repeinted in IRE Trans. PGMTT (sec Ref. 3 by G. L. Matthaei)

FIG. 10.07-3 DRAWING OF THE INTERDIGITAL FILTER
IN FIG. 10.07-2
Other dimensions not shown are as defined by
Fig. 10.06-2 and Table 10.07-2
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Table 10,07-2

TABULATION OF SOME OF THE PARAMETERS COMPUTED IN THE DESIGN OF
THE TRIAL OCTAVE-BANDNIDTH INTERDIGITAL FILTER
The dimensions sre asdefined in Fig. 10.06-2

2end 6 0.823 1.11§
Jand § 0.7719 1.086

: a0l Z, ¥ "
b [ an/YaChna/e | inchen)|  * 7: or 7:' Co/€ | (inches)
1 and 7] 1.647 | 0.087 §1and 8| 1.900 |2.235) 0.126¢

0136 J2and 7] 1.779 1463 0121t
0.143 |3 and6| 1.235 |1.675| 0.126¢

r

4 0.770 1.044 0.146 4and S| 1.258 1.706 0.121'
v = 0.70 Y, = 0.020 she
6 = 1021 b = 0.625 inch
A = 0.18 t = 0.063 inch
¢ = 1

* Changed to 0.092 inch after laboratory teste.
'Co-pund weing Bq. (5.05-36) for width correctios.

SOURCE: Quarterly Progreas Report 4, Comtraet DA 36-039 SC-087398, SRI;
reprinted in JAE Treas. PGNTT (see Ref. 3 by G. L. Matthsoi.

Figure 10.07-4 shows the

measured attenuation of this filter, while

Fig. 10.07-5 showa its measured VSWR. The fractional bandwidth is 0.645
inatead of the apecified 0.700 value, which indicates a shrinkage of band-

Table 10.07-3

COMPARISON OF THE MEASURED
ATTENUATION IN FIG. 10.07-4 WITH
ATTENUATION PRECICTED USING MAPPING

EQS. (10.06-1) TO (10.06-3)

Computed values are for 0.10-db
ripple, n = 8, » = 0,645, and
lo'ﬂg/(bv) = 1,55 Ge

L, & L, &
f. G | pont,, =0.10 | weAsuneo

0.9 2 k}}
2.23 32 33
0.70 56 $5
2.8 56 57

SOURCK: Quarterly Pregress Report 4,
Contract DA 36-0393C-07390,
SRI; veprianted in JRE Trems.
PONTT (see Muf. 3 by
G. L. Mattheoi).

width of about 8 percent, as a result of the
various approximations involved in the design
equations. The attenustion characteristics
in Fig. 10.07-4 was checked against the at-
tenuation computed using the mapping

Eqs. (10.06-1) through (10.06-3) with

w « 0,645 and f, = w,/(27) = 1.5§ Gc, along
with the n = 8 curve in Fig. 4.03-5. The
resulting computed values are listed in
Table 10.07-3, along with the correaponding
measured values of attenuation. The agree-

ment can be seen to be quite good.

SEC. 10.08, DERIVATION OF THE DESIGN
EQUATIONS FOR PARALLEL-
COUPLED AND STUB FILTERS ~

The first atep inderiving the design
equations in Tables 10.02-1 through
628
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FIG. 10.07.4 MEASURED ATTENUATION CHARACTERISTIC OF THE
FILTER Ik FIG. 10.07-2
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SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI;
reprinted in IRE Trans. PGNTT (see Ref. 3 by G. .. Matthaei)

FIG. 10.07-5 MEASURED VSWR OF THE FILTER
IN FIG. 10.07-2
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Teble 10.05-1 is to convert the low-pass prototype (Sec. 4.04) into the
modified form discussed in Suc. 4.12, which uses only one kind of reactive
element along with impedance or admittance inverters as shown in

Fig. 10.08-1, where the impedance and admittance inverters are assumed

to be frequency-independent and to have the properties summarized in

Fig. 10.08-2. It will be recalled that the lov-pass prototype element

values By 8+ B3, ---» B, having been specified for the circuit in

Fig. 10.08-1(a), the elementa R,, L ,, L,,. ..., L, R, may.be chosen
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SOURCE: Final Report, Contract DA 36-039 SC-74062, SR1; reprimted
in IRE Trans. PGMTT (see Ref. 1 by G. L. Matthaef)

FIG. 10.08-1 LOW-PASS PROTOTYPES MODIFIED TO INCLUDE IMPEDANCE
INVERTERS OR ADMITTANCE INVERTERS
The 9o, 940 o+ 9y 9, 47 O obtained from the original prototype
as in Fig. 4.04-1, while the R, L _,, ..., L, ond Ry orthe G,
Cote -+ e and Gp may be chosen as desired
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FIG. 10.08-2 DEFINITION OF IMPEDANCE
INVERTERS AND ADMITTANCE
INVERTERS

as desired. Then the circuit with impedance inverters and series induc-
tances will have exactly the same response as the original L-C ladder
prototype if the impedance inverter parameter'a are specified as indicated
by the equations in Fig. 10.08-1(a). An analogous situation also applies
for the dual circuit in Fig. 10.08-1(b).

The derivation: of the design equations in this chapter are based on
the use of the converted prototypes in Fig. 10.08-1 using idealized,
frequency-independent impedance or admittance inverters. The procedure
will be to break up the modified prototype into symmetrical sections, and
then to relate the image properties (Chapter 3) of the modified prototype
sections to the image properties of corresponding sections of the actual
band-pass microwave filter structure.
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Procedure for Deriving the Equations in Table 10.02-1—The design
equations in Table 10.02-1 are based on the modified prototype shown at
(b) in Fig. 10.08-1, while Fig. 10.08-3 shows the manner in which the
element values are specified, and the manner in which the prototype is
broken into sections. The image admittance, Y:‘.,l(w'), and phase,

ﬂl.nl (in the pass band) for each of the prototype interior sections

(S;’ to S:-l.-) are readily shown to be
. w' (C,/2)]
Yian@) = Jypn §l -5 (10.08-1)
X3!
and

o

Biaer (10.08-2)

o etler2)
vt M J f
w '7‘71' b, hel

where, in this case, C, = G‘/w{ and w; is the cutoff frequency for the
low-pass prototype. The choice of ¥n/2 in Eq. (10.08-2) depends op
whether the inverter is taken to have t90-degree phase shift. The
equations in Fig. 5.09-1(b) can be adapted to show that the image admit-
tance and pass-band image phase for a perallel-coupled section, §, ,,,
such an those in the filter in Fig. 10.02-1(a) is

o, 3 L T
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SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted
in IRE Trans. PGMTT (sce Rel. I by G. L.. Matthaei)

FIG. 10.08-3 MODIFIED PROTOTYPE FOR DERIVING THE DESIGN
EQUATIONS IN TABLE 10.02-1
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’(yoo - yot)’ + (yoa + ybo)’ co" 4

Y, - ;
! Teins (10.08-3)

y.. + y.' )
B = cos”! (y——_—y—) cos & (10.08-4)

and

where ¢ = nw/2wy and Y and ¥ _ are the odd- and even-mode line admit-
tances, respectively. 'The parameters of the parallel-coupled sections
Sy, to S _, , in Fig. 10.02-1(a) are related to sections S;, to S;_l‘.
of the prototype by forcing the following correspondences between the
two structures:

(1) The image phase of the parallel-coupled sections when
w = w, must be the same as the image phase of the pro-
totype sections when w' = 0.

(2) ‘The image admittances of the parallel-coupled sections
when w = w, must be the same (within a acale factor h)*
as the image admittances of the corresponding prototype
sections when w’ = 0.

(3) The image admittunce of the parallel-coupled sections
when @ « w, must be the same (within a scale factor h)*
as the image admittance of the correaponding prototype
sections when w' = o).
(10.08-5)
Correapondence (1) is fulfilled in this case by choosing the *+ sign
in Eq. (10.08-2). Equating Eqs. (10.08-1) and (10.08-3) and evaluating
each side at the appropriste frequencies indicated above, two equations
are obtained from which the equations for interior sections in
Table 10.02-1 may be derived (with the help of the information in
Figs. 10.08-1 and 10.08-3) by solving for ¥, and Y ,.

The end eections, S°l and S.'.'l. must be treated as a special case.
If Y, (jw) is defined as the admittance seen looking in the right end of

the parallel-coupled section S, in Fig. 10.02-1(a), with the left end

.
Toking G =Gy =¥, = 7,
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connected to the input line of sdmittance Y,, the following correspondences
are forced with respect to Y (jo') indicated in Fig. 10.08-3:

(1) Re ¥, ,(jw,) = Re Y, (jw,) for the parallel-coupled termi-
nating circuit, juat as Re Y;.(jO) = Re Y;_(~jw;) for the

terminating circuit of the prototype.

(10.08-6)
(2) Ia Y, (jw,)/Re ¥, (jw,) must equal B'/G’' = Imn ¥ (-jw;)/

Re Y. (-jw) computed from the prototype.

In order to obtain additional degrees of freedom for adjusting the admit-
tance level within the interior of the filter, the two parallel-coupled
strips for the end sections S, and S  _,, were allowed to be of unequal
width and the special constraint conditions summarized in Fig. 5.09-3(a)
were used in computing Yi_(jaﬂ'for the actual filter. [The constraint
(Y:.)°l t (Y300, = 2Y, insures that Correspondence 1 in Eq. (10.08-6)
wil)l be satisfied.] From Fig. 10.08-3 it is easily seen that

2 ]
Jo w'C

Y! (jw') = — +j
8 (:4 2

(10.08-7)

The equations in Table 10.02-1 for design of the end sections S;, and
Sanet of the parallel-coupled filter werc then obtained by using Y, (jw)
computed using Fig. 5.09-3(a), and Y] (jw’) from Eq. (10.08-7) in the
correspondences (10.08-6) above. 1t should be noted that the admittance
scale factor h = 1/VN, where N is the turns ratio in Fig. 5.09-3(.).

Procedure for Deriving the Equations in Table 10.03-1—The equations
in Table 10.03-1 were derived using much the same point of view as dis-
cussed above for Table 10.02-1, except that the somewhat different modi-
fied prototype in Fig. 10.08-4 was used. Note that in this case the Jor
and J.'.,l admittance inverters are eliminated, and that the circuit has
been split into a cascade of symwetrical sectionas. Note that the sym-
metrical sections in Fig. 10.08-4 are the same as those in Fig. 10.08-3,
and that their image admittance and phase are given by Eqs. (10.08-1) and
(10.08-2). Now the stub filter in Fig. 10.03-1 can be pieced together as
a cascade of aymmetrical stub sections as shown in Fig. 10.08-5. Also,
note from Fig. 5.09-1(b) that these stub sections are exactly equivalent
to the parallel-coupled sections in the filter in Fig. 10.02-1(a). Due
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FIG. 10.08-4 MODIFIED PROTOTYPE FOR USE IN DERIVING THE
DESIGN EQUATIONS IN TABLE 10.03-1
The parometer d may be chosen arbitrarily within the
ronge0 < d =+ |

FIG. 10.08-5 THE FILTER IN FIG. 10.03-1 BROKEN
INTO SYMMETRICAL SECTIONS
The sections of this filter are designed
using the prototype sections in
Fig. 10.08-4 as o guide
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to this eqﬁivalence. Eqs. (10.08-3) and (10.08-4) slso apply for stub
sections by substituting

Yo eaa = Vi (10.08-8)

and

+ 2Y (10.08-9)

(Y..)n,hol = y;,hol h,hel

where ¥, ,,, is the characteristic admittance of the Ag/4 connecting line
and Y:'.’l is the characteristic admittance of the short-circuited Ao/4
stubs in section §, ,,, of the filter (Fig. 10.08-5).

The sections S;‘.,l of the modified prototype in Fig. 10.08-4 were
releted to the corresponding sections S, ,,, (Fig. 10.08-5) of the band-
pass filter by first setting R ,, = g, (for Fig. 10.08-4) and then apply-

:ing the correspondences (10.08-5) above. (Of course, in the statements of

the correspondencea "“stub filter sections’ should be used to replace “parallel-
coupled sect.ons.”) The correspondences were first worked out using the admit-
tance level of the prototype in Fig. 10.08-4; luter the admittance level was
sltered by multiplying all admittances by Y,g,. Relating the prototype and
band-pass filter sections made it possible to obtain equations for the line
admittances in the band-pasa filter sections, and then the final stub admit-
tances for the filter in Fig. 10.03-1 were computed as the sums of the
admittances of adjacent stubs, i.e., for the kth stub

y' 422 to a-! = Y:-I.i + y:,nol . (10.08-10)

The stub Y| in Fig. 10.08-5 is related to C, in Fig. 10.08-4 by the
relation

Y| ctn 6,

@ CiRy = ——— (10.08-11)
yA

which forces the susceptance of the Y| stub at the band-edge frequency,
@, to be the same as the susceptance of C| of the modified prototype at
the prototype band-edge frequency, w;, (except for a possible admittance
scale change in the microwave filter). Then the end stub Y, has the

total admittance
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Y, = Nt Y;, (10.08-12)
The other end stub, Y,, is treated in similar fashion.

Procedure for Deriving the Equations in Table 10.05-1—The stub
filter in Fig. 10.05-1 is much the same as that in Fig. 10,.03-1, except
that series A /2 shovt-circuited stubs have been added at the ends of
the filter. In order to accommodate the series stubs, the modified
prototype in Fig. 10.08-6 is used, where it should be noted that there
are now series inductances at both ends of the filter. The series stub
Z, of the filter in Fig. 10.05-1 is related to the series element L, of
the filter in Fig. 10.08-6. This relation forces the reactance of the
series stub at the band-edge frequency w, for the band-pass filter to be
the same as the reactance w/L, of the prototype at the prototype band-
edge frequency, w; (within a possible impedance scale change for the
microwave filter). The same was done for the series stub Z, at the other
end of the filter. In all other respects the derivation of the equations
in Table 10.05-1 is much the same as the derivation for the equations for
the stub filter in Fig. 10.03-1, as discussed above.
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FIG. 10 08-6 MODIFIED PROTOTYPE FOR USE IN DERIVING THE EQUATIONS
IN TABLE 10.05-1 <
The parameter d may be chosen arbitrarily within the range 0 < d = 1
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SEC. 10.09, DERIVATION OF THE DESIGN EQUATIONS FOR
INTERDIGITAL-LINE FILTERS

The derivation of design equations for filters of the form in
Fig. 10.09-1 was explained in Sec. 10.08. Filtersof this type consist of
parallel-coupled resonators which are A;/2 long at the midband frequency.
There ia a A,/4, short-circuited input and output coupling line at each
end of this filter; these are designed to serve only as part of an admit-
tance transforming section. An interdigital filter of the forr in
Fig. 10.06-1 is obtained from the filter in Fig. 10.09-1 if each A,/2
line is cut in the middle and folded double to give the structure in
Fig. 10.09-2. It can bLe seen from Fig. 10.09-3 that this operation has
little effect on the currents and voltages on the lines, at least at
midband. Figure 10.09-3(a) shows the voltages and currents on a short-
circuited A;/2 resonator, while Fig. 10.09-3(b) shows the voltages and
currents after the resonator has been cut and folded. Note that the'’
voltages and currents on the a and b portions of the resonator are the

same in either case.

The circuits in Figs. 10.09-1 and 10.09-2 are clearly not electri-
cally the saame. First, if the structure in Fig. 10.09-2 has aignificant
fringing capacitances extending beyond nearest-neighbor line elements,
the coupling mechanism becomes much more complicated than is implied by
the simple folding process. Second, the circuit in Fig. 10.09-1 can be
shown to have only a first-order pole of attenuation (Sec. 2.04) at
w =0, 2w, 4oy, etc., while the circuit in Fig. 10.09-2 has high-order
poles of attenuation at these frequencies. For this reason it was at
first believed that folding a filter as in Fig. 10,.09-2 would have very
little effect on its response for frequencies near w, (provided that
fringing beyond nearest neighbors is negligible), but that the error
might be considerable at frequencies well removed from w, (which would
imply that the folding shown in Fig. 10.09-2 might considerably disturb
the reaponse of a wide-band filter). 7To check this point, the image
cutoff frequency predicted by the approximation in Figs. 10.09-1 and
10.09-2 was compared with a previous interdigital-line exact analysis?
for the case where there is no fringing beyond nearest neighbors.
Surprisingly enough, the image bandwidths were practically the same (to
slide rule accuracy) by either theory, even for bandwidths as great as
an octave. This unexpected result indicates that the folding process
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FIG. 10.09-1 A PARALLEL-COUPLED STRIP-LINE FILTER WITH
Ag/2 RESONATORS
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SOURCE: Quarterly Progreas Regort 4, Contract DA 36-039 SC-87398, SRI;
reprinted in IRE Trans. PCMTT (sece Ret. 3 by G. L.. Matthaoi)

FI1G. 10.09-2 AN INTERDIGITAL FILTER FORMED FROM THE
FILTER IN FIG. 10.09-1
Each A (/2 resonator has been cut in two in the
middle cnd then folded double
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A-3527-30%

SOURCE: Omnuly Progress Report 4, Contract
DA 36-039 SC-07398, SRY; reprinted
in IRE Trans. PCMTT (sve Ref. 3 by
G. L. Metthaei)

FiG. 10.09-3 EFFECT OF FOLDING A
2 RESONATOR TO
MAKE A A /4
RESONATOR

in Fig. 10.09-2 should not greatly disturb the response of filtera of
the form in Fig. 10.09-1, even if the bandwidth is quite wide (provided
that fringing capacitances beyond nearest-neighbor line elements are
negligible). Experimental results show that in typical cases the fring-
ing capacitance beyond nearest neighbor has no serious effect.

The design equations in Table 10.06-1 were obtained directly from
those in Table 10.02-1 (which are for a filter of the form in Fig. 10.09-1),
along with the ““folding” approximation in Fig. 10.09-2. Since the equationa
for the filter in Fig. 10.09-1 were shown to be valid from narrow bandwidths
to at leust bandwidths of the order of an octave, and since the folding ap-

proximation appears to be reasonably good to such bandwidtha, the design
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equations in Table 10.06-1 should, in principle, be good for large as
well as for narrow bandwidths. However, the physical dimensions of wide-
band filters of this type sre not as desirable as those of the type shown
in Fig. 10.07-1.

In order to derive design equations for interdigital filters with
open-circuited terminating lines (Fig. 10.07-1), design equations were
first derived for the type of filter shown in Fig. 10.09-4. This filter
is nearly the same as the parallel-coupled filter in Fig. 10.09-1, except
for the manner in which the terminating lines are coupled in. [t is
readiiy seen that if the folding process in Fig. 10.09-2 is applied to
to the filter in Fig. 10.09-4, an interdigital filter with open-circuited
input lines will result. It might seem at first that design equations for
interdigital filters with open-circuited terninating lines could have been
obtained by folding a parallel-coupled filter that had resonators open-
circuited at the ends [Fig. 10.02-1(b)]). However, it will be seen that
this cannot work, since the voltages at opposite ends of a A/2 open-

circuited resonator have opposite polarity.

YotV
A-3827-7

SOURCE: Quesrterly Progress epoet 4, Contract DA 36-039 SC-87398, SRI;
reprinted in IRE Trans. PGMTT (sce Ref. 3 by G. L. Matthaei)

FIG. 10.09-4 A PARALLEL-COUPLED FILTER WITH A /2

SHORT-CIRCUITED RESONATORS AND OPEN-
CIRCUITED TERMINATING LINES
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Design aquations for the filter in Fig. 10.09-4 were derived in a
manper much like that used for deriving the equations for the filter in
Fig. 10.09-1, except that the parallel-coupled line information summarized
in Fig. 5.09-2(c) was used in designing the end sections. Note that this
section also has impedance-transforming properties so that the admittance
acale factor h = I/Viﬁ where N is the turns ratio of the ideal tranaformer
in Fig. 5.09-2(c). Note that, in the derivation of the equations for -
filters of the form in Fig. 10.09-1, the mathematical constraint and
equivaleat circuit in Fig. 5.09-3(a) werc used. 7The constraint given there
causes one natural mode (Sec. 2.03) of each end section to be stifled.
When end sections as in Fig. 5.09-2(c) are used, all natural modes are
fully utilized.

When the strip-line and open-wire line equivalences in Figs. 5.09-2(a)
and $.09-2{(c) are used, it will be seen that the strip-line circuit in
Fig- 10.09-4 is electrically identical to the open-wire line circuit in
Fig. 10.09-5. The filter circuit in Fig. 10.09-5 is very aimilar to the
filter in Fig. 10.05-1, for which design equations were presentad in
Table 10.05-1. The filters in Fig. 10.09-5 and in Fig. 10.05-1 become
identical if we set a = ® in Fig. 10.05-1 and Teble 10.05-1, and if we
introduce an ideal tranasformer at each end of the filter while altering
the impedunce level within the filter to make the impedances looking into
the ends of the filter the same as before the transformers were introduced.
Design equations for the filter in Fig. 10.09-5 were obtained in thismanner,

BN W jm
NN N

RS- 3927 -307

SOURCE:! Quarterly Progress Report 4, Contract DA 36-039 8C-87396, SR,
reptinted in IRE Trans. PGNTT (see Ref. 3 by G. L. Matthasi)

FIG. 10.09-5 AN OPEN-WIRE-LINE EQUIVALENT CIRCUIT OF THE FILTER IN FIG. 10.09-4
All stubs and connecting lines are A /4 long ot midband
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and from these results equations for the equivalent filter inFig. 10.09-4
were obtained. Then the equations for the corresponding interdigital
filver resulted from applying to the filter in Fig. 10.09-4 the folding
approximation illustrated in Fig. 10.09-2. The reader will be interested
to note that the J, .., in Table 10.07-1 correspond to characteristic
admittances Y, 141 of the connecting lines in Fig. 10.09-5, while Z,. Y,
Y’, c Y._l. Z, in Table 10.07-1 correspond teo the characteristic imped-

.ances or admittances of the stubs in Fig. 10.09-5, for the limiting case

where the transformer turns ratio ia N « 1. For N > | the admittances
are scaled by the factor k.

SEC. 10.10, SELECTION OF MAPPING FUNCTIONS

The plots presented herin show that when the function in Eq. (10.02-1)
is used as indicated in Fig. 10.0.-4 or 10.02-5 to map the response of a
low-pass prototype, it will predict quite accurately the response of band-
pass filters of the forms in Figs. 10.02-1 or 10.03-1 having narrow or
moderate bandwidth. Although the fuaction in Eq. (10.02-1) is very useful,
it should not be expected to give high accuracy for wide-band cases because
it is not periodic (which the filter responses in Sec. 10.02 and 10.03 are),

nor does it go to infinity for w = 0, 2wy, 4wy, etc., which is necessary in

o ’
order to predict the infinite attenuation frequencies (Sec. 2.04) in the
response of the band-pass filter structure. [t might at first seem that

the function

) Tw
rn(——) = - cot (—-—) (10.10-1)
“o 2w,

would solve this problem nicely, since (1) it is periodic as desired,

(2) it varies similarly to kEq. (10.02-1) in the vicinity of w,, and (3)
o' 4o
if the structures in Figs. 10.02-1 and 10.03-1 are analyzed, it will be

seen that no matter what value of n is used, the poles of attenuation at

it has poles at the desired frequencies, w = 0, 2w o etc. However,

w=0, 2wy, 4w,, etc., are always first-order poles.* Meanwhile, an
K-reactive-element prototype as in Fig. 4,04-1 (which will have an nath-

order pole at w' = ®) will map s0 as to give nth order poles at w = 0,

.
For exsmple, for the filter form in Fig. 10.03-1, ss @ ~ 0 the effeact of all of the shuat atubs
can be reduced to that of a single, shunt, zero-impedance branch which weuld produce a first-
order pole of attenveation at w = 0. (One way.im which higher-order poles can be generated is
to produce shunt, sero-impedance branches sltarnating with series branches having infinite
impedance. See Sec. 2.04.)
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,, ete., if the function in Eq. (10.10-1) is used. This important
source of error is corrected in the case of Eq. (10.02-4) by replacing
cot (mw/2w,) by cos (ﬂw/2w°)/|-in (nw/mwo)l, and then taking the nth

root of the denominator. In this manner the poles generated by the zeros
of |lin (nw/2w°)| become of 1/n order, which causes the nth-order pole

at w' = © for the prototype response to map into first-order poles of

the band-pass filter response at the desired frequencies.

In the case of the circuit in Fig. 10.05-1, the poles of attenuation
at @ = 0, 2wy, 4w,, etc., will again always be of first order regardleas
of the value of n used. However, the series stubs at each end produce
second-order poles at the frequency w, and at other corresponding points
in the periodic response.®* Thus, the

Vllin (ﬂw/zwc)l

factor in-the denominator of Eq. (10.05-2) assures that the nth-order
poles at ' = ® in the prototype response will always map to first-order

poles at w = 0, 2w,, etc., for the band-pass filter response. In addition,

Tp s s

is introduced to cause the nth-order pole at infinity in the prototype

response to map to second-order poles at w, (and other periodic points)
for the band-pass filter response. In this manner, all of the proper

poles of attenuation are introduced with their proper -order.

These principles can alsc be applied to the structure inFig. 10.04-1,
but this atructure presents some new difficulties. It can be seen that
this structure will develop nth-order poles of attenuation at w, and cor-
responding periodic points. However, the half-wavelength stubs also
introduce additional natural modes of oscillation which create, in addition

This can be seen os follevs: For w® ssch of the series stubs repressnts an infiaite-
inpedence sories braneh. Por thia single frequency, the iaterior part of the filter can be
replacad by an equivaleat T-section vith a finite shunt impedance. Thua, the structure can
be reduced (for the frequemcy uy) teo tve, serien, infinite-impedance branches urnud by o
finite, shuns-impedance branch. This cam be seon to result in o second-order pole of sttenn-
ation., (1f the impedance of the equivalent shunt branch had been sero, the pole of
attenuation veuld ::n beon reised to third order.)
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to the desired pass band, a low-pass pass band (and corresponding periodic
pass bands) as shown in the response in Fig. 10.04-2. This additional low-
pass pass band approaches w, quite closely, with the result that, although
the pole at w, is of relatively high order, its effectiveness is weakened
by the close proximity of this low-pass pass band. The function

F,(i"-) = tan (1“’-) (10.10-2)

wg w,

for the case of w,/wy, = 0.50 would map the prototype response to give a
low-pass pass band, an nth-order pole at w,, and the desired pass band
centered at w,. However, it would not properly predict how close the low-
pass pass band comes to w,, nor could it account for the oversize attenua-
tion ripples which occur in this band (see Fig. 10.04-2). As a resule,
the function in Eq. (10.10-2) predicts an overly optimistic rate of cutoff
at the edges of the pass band centered at w;. It is probable that a useful
approximation could be obtained by using a mapping function such as that
in Eq. (10.10-2) with additional factors added which creatc zeros in
F.(wﬁwo), close to, but somewhat off of, the jw axis (regarded from the
These azeros could then be located to extend the low-pass pass band upwards
toward w,, which should give the proper effect.

The mapping in Eqs. (10.06-1) through (10.06-3) was found to predict
the responses of the trial, interdigital filters reasonably well, 30 no
further study was made of mapping for use in the design of interdigital
fileers.
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CHAPTER 11

SPECIAL PROCEDURES TO AID IN THE PRACTICAL DEVELOPMENT
OF COUPLED- RESONATOR BAND-PASS FILTERS,
IMPEDANCE-MATCHING NETWORKS, AND TIME-DELAY NETWORKS

SEC. 11.01, INTRODUCTION

The preceding three chapters have dcalt with design information of
different sorts for various specific types of band-pass filters, and alse
with general theory by which similar design information can be prepared
for additional types of band-pass filters. This chapter continues the
discussion of band-pass filters by treating various general techniques
which are of considerable help in the prectical development of filters.
That is to say, this chapter .ntroduces additional information of help in

reducing theory to practice.

Sections 11.02 vto 11.05 deal with laboratory procedures for deter-
mining the Q's of resonators, for adjusting their couplingas to correspond
to the couplings called for by the theory, and for the tuning adjustment
of completed filters. Sections 11.06 and 11.07 discuss the effects of
resonator losses and present special design information for applications
where minimizing the midband loss of a band-pass filter is important.
Sections 11.08 and 11.09 present supplementary information to aid in using
the filter design methods of Chapters 8 and 10 for design of impedance-
matching networks, and Sec. 11.10 explains how these same procedures can be
used for design of coupling networks for negative-resistance deviceas.
Section 11.11 is included to further clarify how the methods of Chapters 8
to 10 can be used for the design of band-pasa filter networks with speci-

fied nominal time delay.

SEC. 11.02, MEASUREMENT OF Q_,, Q,, AND Q, OF A SINGLY
LOADED RFSONATOR

Figure 11.02(a) shows a resonatcr with impedance-inverter couplings
K, and K,. The inverter Kz is open-circuited on its right, so that it re-
flects a short-circuit at its left side. As a result, the circuit in
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FiG. 11.02.1 TWO EQUIVALENT SINGLY
LOADED RESONATORS

Fig. 11.02-1(a) may be replaced with the circuit in Fig. 11.02-1(b).
The resonator as shown has a reactance slope parameter (Sec. 8.02) of

« = w,l (11.02-1)

and an unloaded Q of

. X (11.02-2)
N . 02-

The inverter K‘ reflects an impedance of R’ » K:/R‘ to the resonator
which gives it a loaded Q of

Q - . : (11.02-3)
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‘Ihe e¢xternal Q of the resonator is defined as the Q with R, =0 (i.e., with
Q, = ®). so that the resistive loading of the resonator is due only to R,.
Thus, the external Q is

[ -7
Q = = ° = (11.02-4)

y K3
(=)

Let us suppose that the resonator shown in Fig. 11.02-1(a), and its
equivalent form in Fig. 11.02-1(b), symbolize a resonator which with its
adjacent coupling discontinuities forms a resonator of a waveguide filter
such as thet in Fig. 8.06-1, or forma u resonator of a smaull-aperture-
coupled cavity filter such as is discussed in Sec. 8.07. Let us further
suppose that the resonator under consideration is the first resonator of
the filter and its desired external Q has heen computed by Eq. (6) of
Fig. 8.02-3. The probiem at hand then is to make measurements on the

resonator to see if its external Q is as required by the calculations

from the low-pass prototype element values.

Measurement of the values of
Q,. Q. and Q, of a singly loaded
resonator can be made by use of a

slotted line of characteristic

| A'—OT
impedance Z, = R,, along with pro-

cedures sbout to be explained. « T—-

Since the resonator has some in- ; av : :

ternal loss represented by the ] | Ve

resistor R, in Fig. 11.02-1, 1 | I

the VSWR at the resonant frequency I Vo |

fo will be finite. A plot of the @ ! } |

VSWR in the vicinity of resonance ° h to t2

will have a shape similar to that = At -acy

in Fig. 11.02-2. FIG. 11.02-2 DEFINITION OF

If in Fig. 11.02-1(b) c;::“ggf::ge;gﬁlc

K? FOR A SINGLY LOADED
Ll RESONATOR

Z, R,

4 FA I

—>1 , (11.02-5
m, ( )
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the resonator is said to be overcoupled. This condition will be evidenced
by the fact that the locations of the voltage minima on the slotted line at
the resonant frequency f, (minimum VSWR frequency) will be about a quarter-
wavelength away from their locations when the frequency is appreciably off-
resonance.® When this condition holds, the VSWR at resonance is

(11.02-6)

Vo = —>1 . (11.02-7)

This situation will be evidenced by the fact that the voltage minima on

the slotted line will be in approximately the same positions at a frequency
appreciably off of resonance as they are at thz resonant frequency.! If at
resonance the VSWR is V, = 1, the resonator is said to be critically

coupled.

The procedure for measuring the various Q's of a rescnator is then to
first measure the cavity’s VSWR in the vicinity of resonance, and then make
a plot such as that in Fig. 11.02-2., At the same time, by noting how the
voltage minima on the slotted line shift as the frequency deviates from the
resonant frequency it should be determined whether the resonator is over-
coupled, or undercoupled (or if Vo = 1 it is critically coupled). Then by
use of Fig., 11.02-3(a) for the overcoupled case, or Fig. 11.02-3(b) for

the undercoupled case, a parameter AV is picked from the chart for the

* This sasunes that the width of the resomance is quite aarrow, so that there is little change
in the eloctrical leagth of the slotted line over the frequeacy renge of intereat. The ahift
is the voltage mjnime results from the reflection coefficient at the iaput coupling of the
cavity being 180" differeat in phase at resonance froam its phase well off resonance.

t The assumptions mentioned in the imnedistely preceding footmote also apply here. In this
wndercoupled case the reflaction ceefficient betwoen the slotted line and the resomator imput
coupling hes the same phase at resonance, o2 it does well off of resonance. As o result, the
voltage minima vill assume wpproxisately the seme positions oa the slotted line at the
vesonant frequescy as they will et frequencies well off resonuuce, provided the frequency has
not been shifted so much aa to greatly change the electrical leagth of the alotted ?i-o. If at
the resonsat and off-resocnance frequencies the electrical distance between the resonator aad the region of
interest on the slotted line chenges appreciably compared to a quarter wavelength, this fact should he
taken into sccount shea determining whether a resomator is overcoupled or undercoupled.
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given midband VSWR value V, and for the value of N for the particular
curve chosen. The choice of N is arbitrary, but it should be chosen
lerge enough so that ¥V, = V, + AV will be appreciably different from V.
In the undercoupled case ¥V, and V, are sufficiently different when N = 1,
80 that only the N = 1 case is shown in Fig. 11.02-3(b)."*

When AV has been chosen,

Vo = Vo + OV (11.02-8)

ia computed. Next, as indicated in Fig. 11,02-2, the bandwidth Af at the
points where the VSWR equals V. is determined. Then the unloaded Q of the
resonator is computad by the formula

Nfo :
e, - 7&? (11.02-9)

If the resonator is overcoupled, then the external Q is

Q,

Q - 7: ' (11,02-10)

and the loaded Q is

(11.02-11)

If the resonator is undercoupled, then the external Q is

Q, = Ve, , (11.02-12)
and the loaded Q is
quo
Q - Vo (11.02-13)

® The significanse of the value of N is oas follova. The half<povar poiat for the ualosded Q of
a resenater eceurs vhea the resenstor reactemnce X equals the resomator resistence l.. The
eurves in Fig, 11.02:3(a) correspond te the resenater reactenss being equal te X' = MR, Ter
N =], Af ia the helf-pover bandwidth. For N other thean one, Af = N tines (halfepover
bandwidth).
633



If the resonator is critically coupled, the equations for both the over-
coupled and the undercoupled cases will work.

To further clarify the use of these equations and charts, suppose
that ¥V, = 7 and it is found that the resonator is overcoupled. In order
to make V. significantly different from Vor it is desirable to use the
N = 4 curve in Fig. 11.02-3(a), and this value of N should be used in
Eq. (11.02-8). If V, were even larger, it might be desirable to-doubly
load the resonator as described in the next section. Alternatively,
measurements can be made on the singly loaded resonator by using the

phase method described by Ginzton.'

The discussion so far has been phrased in terms of series-type
resonators with couplings which simulate K-inverters. The same analysis
on a dual basis applies to shunt-type resonators (which will have cou-
plings that operate like J-invertersl As far as the laboratory procedures
and the calculation of Q,, Q,, and Q, from the laboratory data are con-
cerned, there is no difference whatsoever.

The methods described above are very useful in determining if the
couplings from the end resonators of a filter to their terminations are
correct. After the external Q values are measured, they can be compared
with the values computed from the lumped-element prototype elements by
use of Eqs. (6) and (7) of Fig. 8.02-3 or 8.02-4. Equations (6) and (7)
of Fig. 8.02-3 or 8.02-4, along with the laboratory procedures described
in this asection, are applicable to all of the filter types discussed in
Chapter 8, as well as to numerous other possible forms of coupled-resonator
filters. By these procedures the end couplings can be checked and adjusted
to be correct to give a filter response corresponding to that of the low-
pass prototype. The procedures of this section are also useful for checking
the unloaded Q of resonstors so that the over-all filter pass-band loss

can be predicted.

If the reactance or susceptance slope parameter « or b of the reso-
nators is known, this same procedure can be used for checking the couplings
of all of the resonators of a filter. If a resonator with its adjacent
couplings is remcved from a filter and tested under singly loaded condi-
tions as in Fig. 11.02-1(a), then it is easily shown that

R (11.02-14)
RA RAQQ



In the case of a filter with li\unt-type_relonnnce the dual equation

J 4
2. )2 (11.02-15)
G, G,

applies where G, is the generator conductance, J, is the admittance-

1
inverter parameter, and b is the susceptance slope parameter.

As an example, consider the case of filters of the form in Fig. 8.05-1.

By Eq. (8.13-16) the susceptance slope parameter of these resonators is
b= (1/2)Y,. laking G, = ¥, Eq. (11.02-15) becomes

T Z (11.02-16)
Y, 2Q, )

Thus, by measuring che 0 of such a sirip-line resonator connected as in

Fig. 11.02-4, it is possible to determine the J/Y  value associated with
a given size of capacitive

coupling gap. Using a test

unit such as that shown in ——I r-A

. Yo Yo

Fig. 11.02-4, the proper cou- - 11 B
pling gapas to give the J/Y, To SLoTTED RESONATOR 8AR
values called for by Eqs. (1) Line — CAPACITIVE -GAP

to (3) of Fig. 8.05-1 can be couPLING R

determined. Analogous pro-
cedures will, of course, also FI1G. 11.02-4 A POSSIBLE ARRANGEMENT FOR
L f ther t ¢ EXPERIMENTALLY DETERMINING
work for other types o THE RESONATOR COUPLING GAPS
filters. FOR A STRIP-LINE FILTER OF THE
FORM IN FIG. 8.05-1
The procedures described

above concern themselves pri-

marily with experimentally

adjusting the resonator couplings to the proper values. The mstter of
obtaining the exactly correct resonant frequency will be treated in
Sec. 11.05. Fortunately, tuning adjustments on resonators in Lypical
cases has little effect on their couplings. The procedures of this
section are most accurate when the Q's involved are relatively large.
However, in some cases they can be helpful even when quite low Q's are

involved (such as, say, 20 or abm)‘.
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SEC. 11.03, TESTS ON SINGLE RESONATOKS WITH LOADING
- AT BOTH ENDS

In some cases there is considerable advantage in testing a resonator
under doubly loaded conditions as shown in Fig. 11.03-1, racther than under
singly loaded conditions as shown in Fig. 11.02-1(a). The VSWRs to be

measured wili usually not be

as high, and in some cases

M fs T the resonant frequency of a
- ] single resonator will be ex-
> * *2 M actly the same under doubly
—0— loaded conditions as it will
e be in a multiple-resonator
FIG. 11.03-1 A DOUBLY LOADED SINGLE filter. Thus, in such cases,
RESONATOR both the couplings and the

resonant frequency of reso-

nators for a multiple-resonstor

filter can be checked by this
procedure. The details concerning tuning will be discussed in Sec. 11.05.
In order to check couplings other than the end couplings of a filter, it

is necessary with this procedure to know the resonator slope parameters.

With respect to Fig. 11.03-1, the externsl @, (Q,),, will be defined
as the Q when the circuit is loaded only by R, on the left (i.e., R, on
the right is removed so as to leave an open circuit, and R, = 0). Simi-
larly, (Q,), is the external Q when the circuit is 1-aded only by R, on
the right. Note that if K, and K, are different, (Q,), and Q,), will
be different. The unloaded Q, Q,. of the resonator is its Q when both
of the R, terminations on the left and right are removed, and the reso-
nator's only resistive loading is that due to i-s internal loass (repre-
sented by A in Fig. 11.03-1).

The loaded @, Q,, of the doubly loaded resons.or is

Q - (11.03-1)

(11.03-2)
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where f, is the resonant frequency of the resonator and (Af,),, is here
the bandwidth for which the attenuvation for transmission through the
resonator is up 3 db from that at resonance.

The attenuation through the resonator at resonance is

(Q,)‘(Q,)’
(L,) = 10 log,y |— . (11.03-3)
0 ‘Q:

The definitions of (Q‘)l' Q) ., Q,
analogously to any resonator regnrdtell of whether it is of the series-
or shunt-resonance type. Equations (11.03-1) to (11.03-3) also apply
regardless of the form of the resonator.

, and Q, mentioned above apply

It is possible to check the couplings of a resonator by computing
theoretical values for Q, and (L,) and then by attenuation measurements
compare the measured and computed (Af),,, [which by Eq. (11.03-2) gives
Q‘], and (L‘)'. However, usually VEWR measurements are easier.

If the measurement procedures of Sec. 11.02 are applied by making
VSWR measurements at the left side in Fig. 11.03-1, (Q')l can be deter-
mined along with an apparent unloaded ) which is equal to

Q) = —— . (11.03-4)

+

1
o, (0

Similarly, if VSWR tests are made from the right side in Fig. 11.03-1,
(Q.)' and an apparent unloaded Q

Q) - — (11.03-5)

bl ] 1 1
— 4
Q, (0,)

—

are obtained. The VSWR seen from the left at resonance will be
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1 ©Q,) Q
v,) or —— . : (11.03-6)
’ evercoupled (V0)1| (Qn)l Qu + (00)’ .
cese wadercoupled
The VSWR acen from the right at resonance will be
(¥,) or | e (11.03-7)
’ eversoupled (vﬁ) (Qc) 1o + @) e
case ’ 2 sadorcoupled : ‘ ‘1

Since (Q‘)i and (Q‘)’ are obtaincd directly from the measurements as de-
scribed above,it is possible to compute Q, by use of Eq. (11.03-6) or
(11.03-7). However, using single loading 'as described in Sec. 11.02 will
“usually give better accuracy for that purpose. If Q, is known to be large
compared to (Q.) and (Q,) , it will be convenient to measure, say, (Q')l
and then compute (Q,)’ from Eq. (11.03-6) using ¢ = @,

-—

[ |
Il |

- ’

TO SLOTTED RESONATOR 4 T0 LOAD
LNe oF MUVITTANCI

& -3

FI1G. 11.03-2 AN ARRANGEMENT FOR TESTS ON
A STRIP-LINE PESONATOR USING
LOADING AT BOTH ENDS

-

Figure 11.03-2 shows how a resonator from a filter such as that in
Fig. 8.05-1 can be tested using the procedure described above. The
resonator shown is assumed to be Nesonator 4, of a, say, six-resonator
filter, and it is desired to see if the capacitive gaps A,, and A,  are
correct to correspond to the Jy /Y, and J, /Y, values computed by Eq. (2)
of Fig. 8.05-1. By measurements as deacribed above, external Q's (Q,)
and (Q‘)‘s for loading at the left and right ends, respectively, of the
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resonstor as set up in Fig. 11.03-2 are obtainred, and then the
corresponding values of J“/Yo and J /Y, can be computed by use of
Eq. (11.02-16) in the form'

; .
IFYAR! n

SELLLA N [ (11.03-8)
Y IA(Q')LI’I

If the JL)”/Y° values are incorrect, the gap spacings can be altered

to produce the correct values. The resonutor iu Fig. 11.03-2 would

have exactly the sawme resonant frequency when operated as shown as it would
when operated in a multiple-resonator filter as shown in Fig. 8.05-1. For
that reason, after the resonant frequency of the reaonator has been
checked with the proper coupling gaps, the length of the resonator bar
can be corrected if necessary to give the desired resonant frequency.

(See Sec. 11.05 for discussion of tuning corrections for other types of
filters.)

This procedure is particularly handy for the bar-strip-lin= resonators
discussed in Sec. 8.05, because the individual resonators can he easily
tested separately and then later inserted together in the complete
multiple-resonator filter. In cases such as the analogous waveguide
filters in Sec. 8.06, it may be desirable to huild a test resonator with
the coupling irises mounted in waveguide coupling flanges, In this
way the irises being checked can easily be removed and their dimensions

altered as indicated by the tests.

SEC. 11.04, TESTS ON SYMMETRICAL PAIRS OF RESONATORSt

Most microwave filters are symmetrical. Then, for each resonator
with given couplings at one end of the filter there is another identical
resonator with identical couplings at the other end of the filter. It
is often feasible to check the couplings within a filter (and sometimes
also to check t*e tuning of the resonators precisely) by disassembling
the filter , connecting the pairs of identical resonators together, and
testing them a pair at a time. A special advantuge of this procedure

.'l indicated 1a Sec. 11.02, this equation ia based on the resuvnstor slope paremeters being
)= (1/2) '0 as is the case for filters of the form discussed in Sec. 8.05.

4 Dishal hes discussed o aimilar two-tesonator technique in somewhat different terms. See Ref, 2.
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over the procedures described in Secs. 11,02 and 11,03 is that the coefficient
of coupling k bes Eqs. (8) of Fig. 8.02-3 and 8.02-4) for the coupling between
resonators cer be determined without specific knowledge of the slope
parameters of the resonators. (See diacussion in Sec. 11.02.) Also,

in most cases, two sharp points of good transmission will be obtained,

so that fewer measuraments are required in order to get the desired
information.

As an exasmple, consider the symmetrical pair of cavity resonstors
shown in Fig. 11.04-1. In the discussion to follow, Q, is the unloaded
Q of either of the resonators by itself, Q, is the external Q of either
one of the resonators loaded by its adjacent terminstion (with Q. equal
to infinity), and & is the coefficient of coupling between the two
resoLators.

Cohn and Shimizu’ have shown that the attenuation of e symmetrical

pair of reaonators it

SNy
N
N N N rowstase
N N LOOr COUPL INeS
R
\
N W 1o
wep ¥ &=
YO SOTTED 5 ™ 0
LNE OF N N TERMINATION
uPanARCE 2 \\\\\ NN %o
N A
S L
3274

FIG. 11.04-1 SYMMETRICAL PAIR OF CAVITY RESONATORS
WITH LOOP COUPLINGS

*Ao is amplied by the uas of ™ (f ~ ,0)”0 as s frequsney variable, this equation involves
approximstions vhiah ere mest sesurate’for'narrov-band sases.
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3
Q,\
1 +—
L 10 1 % + 2
4 08,0 2kQ, 2
2
1 +—
Q .
v |t - et db
k? k?
(11.04-1)
where
Y i
U =
to
f = frequency
fo = wmidband frequency
At midbend the attenuation is seen to be
0 ‘
e
1 + —
Q'> el db
(L‘) = 20 loglo 2“\). >
(11.04-2)
I1f the condition
1 1
k>f—+— (11.04-3)
(a's)

is satisfied the reaponse will have a hurp in the middle as shown in
Fig. 11.04-2, and the resonators are said to be overcoupled, 1If

1 1
oo [— 4 — L 04-
(Q. + Q_) (11.04-4)

the resonators are said to be critically coupled, while if
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k< — +— 11.04-8
2. q ( )

the resonators are said to be
undercoupled. 1In the criticslly
coupled and undercoupled cases
the response has no hump in the
middle, and the midband loss
increases as the resonators

La—ob

(Lal

become more undercoupled. It
should be noted that this use
of the terms overcoupled,

[
eb-——-

{—e
A-3027-418

critically coupled, and under-

FIG. 11.04-2 TYPICAL RESPONSE OF AN . . .
“OVERCOUPLED" SYMMETRICAL coupled is entirely different
PAIR OF RESONATORS from the use of these terms in

discussing single resonators
(see Sec. 11.02).

A possible way of making tests on a pair of resonators such as those
in Fig. 11,04-]1 is to first make single-resonator tests on, say, the
resonator on the left using the wethods of Sec. 11.02, with the resonator
on the right grossly mistuned by running its tuning screw well in. This
would make the second resonstor have negligible effect on the resonance
of the first resonator. From these tests, values for Q, and Q cen
be obtained. Then, if the resonators are tuned to the same frequency
(sce Sec. 11.05) and the midband attenuation (L‘)° is measured, the
coupling coefficient &k can be obtained by solving Eq. (11.04-2) for k.

~ In most cases when testing pairs of resonators from a multiple-
resonator filter, the response will be greatly overcoupled., In auch
cases, rather than measure (Lt)n' it may be more convenient to measure
the frequencies f_ and f, in Fig. 11.04-2 by finding the points of
winimum VSWR. Then it can be shown that

kR = /.2 +(;_. +l—.>’ {11.04-6)
o\ Q

v = - , (11.04-7)

where
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Note that if Q, and Q, are both sizeable compared to 1/w,, rather
large percentage errors in Q, or in Q, will cause little error in k.

The strip-line impedance- and admittance-invertrr data in
Figs. 8.05-3(a), (b), (c), and 8.08-2(a) to 8,08-4(b) were obtained by
laboratory tests using symmetrical, two-resonator test sections with
adjustable coupling discontinuities between resonstora. The couplings
at the ends were held fixed and were made to be quite loose so that
Q, would be quite large and so that the response would be greatly
overcoupled (which made the low-VSWR points at f, and f, in Fig. 11.04-2
very sharp and distinct). After the coupling coefficient between
resonators had been determined u-iﬁg the procedures described above, it
was possible to determine the inverter parameters since

or ' (11.04-8)

a3 was discussed in Sec. £.02, and since the resonator slope parameters
in this case are bi . d("/4)Yo or w, = d(n/l)Zo, where d is an integer
equal to the nominal number of quarter-wavelengths in the resonators
(see Sec. 8.14).

Note that determining the inverter parsmeters from the coupling
coefficients requires knowledge of the resonator slope parameters. The
inverter deacription of a coupling is usually more useful for purposes
of analysis because specification of the inverter parameter gives more
information than does specification of a coupling coefficient. However,

fixing the coupling coefficients & between resonators and the

e
externsl Q's of the resonators at :é: :ndn of a filter as called for

by Eqs. (6) and (8) of Fig. 8.02-3 or 8,02-4 is adequnate to fix the
response of the filter as prescribed (i.e.., at least if the filter is
of narrow or moderate bandwidth, and if the resonators are all properly
tuned to the same frequency). Thus, the procedurei of this section
along with those of Sec. 11,02 are sufficient to properly adjust the
the couplings of a filter of narrow or moderate bandwidth, even though
the resonators may be of some arbitrary form for which the resonator
slope parameters are unknown. If the filter is of such a form that

the resonators can easily be removed, it may be convenient to remove

the resonators two at a time and test pairs of identical resonators
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(assuming that the filter is symmetrical). If the resonstors are not
eagily removed, it may be desirable to construct s separate, symmetrical,
two-resonator test filter designed so that the couplings can easily be
altered. This teat filter can then be used to check out the designs
of all of the couplings.

SEC. 11.05, TUNING OF MULTIPLE-RESONATOR BAND-PASS FILTERS

The word tuning as used herein refers to the process of adjusting
all of the resonators to resonate at the ssme midband frequency @y
In general, synchronously tuned band-pass filters (of the sorts
discussed in Chapters 8, 9, and 10) which are properly tuned will have
s response that is symmetrical about the midband frequency w,, except
for some poasible skew as a result of the variastion of the couplings
with frequency [see, for example, the response in Fig. 8.08-5(b)].
In contrast, if a band-pass filter of this type has the resonators all
properly tuned, but the couplings are not correct, the response will
be nearly symmetrical, but it will otherwise have an improper shape
(for example, pass-band ripples of the wrong site, or improper
bandwidth).

Alternating Short-Circuit and Open-Circuit Procedure™—A procedure
which is frequently very useful for tuning synchroncusly tuned filters
can be understood with the aid of Fig. 11.05-1. This figure shows a

P4;1 , fpﬁ\..*F_.:?__I___
%¢ E% }.l Nﬁl $h

Y

-

A=3007-08

FIG. 11.05.1 A THREE-RESONATOR BAND-PASS FILTER
The switches are used to open-circuit the series resonators
and to short-circuit the shunt resonator during the tuning

process

.'l\h procedure is the same as that deecribud by Dishal ia Ref. 2.
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band-pass filter having two series and one shunt resonator, and switches
are provided to open-circuit the series resonators and to short-circuit
the shunt resonator. To start with, the series resonators are open-
circuited by opening switches S, and S; while the shunt resonator is

short-circuited by closing S,. Then the admittance Y, will be zero.

Next, a signal at the desired midband frequency w, is applied,
switch Sl is closed, and Resonator |1 is tuned. Since Resonator 2 is
still short-circuited, Resonator ) will be tuned when Y, = ® After
Resonator ] has been tuned it will present 2ero reactance and Resonator 2
can be tuned by opening S, ard tuning Resonator 2 until ¥, = 0 (which
occurs since S2 is stil]l open). Next, Resonator 3 is tuned (with S,
still closed to short-circuit the load) until ¥, = ®.  Then S, is

opened and the tuning precess is complete.

Note that in tue abcve process the series resonators isre tuned to
yield a short-circuit at the input while the shunt resonators were tuned

to yield an open-circuit at the inpu-.

Now let us consider the entirely equivalent filter in Fig. 11.05-2
which uses only shunt resonators separated by J-inverters. If the
J-inverters are frequency invariant, this filter can have exactly the
same Y. = and trensmission characteristic us the filter in Fig. 1l.05-1.
However, since the resonators are in this case all in shunt, the tuning
process is started with all of the resonators und the load on the right
short-circuited. The tuning process then goes much the sume as before

and cuan be stated in genersl as follows:

[ 2e e 4e
p p p
4
o1 4 Y 4 ) 4 Y34
| - 'Y 20 » ®»
y.ﬂ
A-3827-417

FIG. 11.05-2 DIRECT-COUPLED BAND-PASS FILTER WITH SHUNT
RESONATORS
The J-inverters r epresent the couplings
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(1) All of the shunt-resonators are short-circuited and an open-
circuit is observed at the input (i.e., ¥, = 0).

(2) The short-circuit is removed from Resonator 1, which is then
tuned until a short-circuit ia observed at the imput st
frequency w,

(3) The short-circuit is removed from Resonator 2, which is then
adjusted until an open-circuit is observed at the input at
frequency w,.

(4) This process is repeated, tuning alternately for a short-circuit
at the input when tuning one resonator, and for an open-circuit
at the input when tuning the next. After the last resonator
is tuned, the short-circuit is removed from the output.

If the filter uses series resonators and K-inverters, the procedure is
essentially the same, except that all of the resonators must be open-
circuited to start with, and for this condition the input will appear asx
a short-circuit.

As an example of how thias procedure applies to microwave filtera, let
us consider capacitively coupled strip-line filters of the form diacussed
in Sec. 8.05. Tuning screws are added as shown in Fig. 11.05-3. To
start the tuning process, the screws are screwed in all the way to
short-out the resonators and the output line. The filter is connected
to a slotted line and the position of a voltage minimum for frequency w,
is observed. Then the screws on the firat resonstor are backed-out and
adjusted until the voltage minimum on the slotted line moves exactly a
quarter wavelength. Next the second resonator is tuned to bring the
minimum back to its original position. As consecutive resonators are
tuned, the voltage minimum continues to move back and forth between the
two points aeparated by A /4.

[E 1) - L 1] L 2]
BONOANNY s\\\\\\\\\\\\\\. AMALATARANRRAN AL ARAANARRALLANT - AR Y0
: ‘ LOAD
= 1 C I C 1 C—3——
A=-027-40

FIG. 11.05-3 A CAPACITIVELY COUPLED STRIP- LINE FILTER
WITH TUNING SCREWS
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In the case of the waveguide filters in Sec. 8.06, which have
resonators with series-type resonances and K-inverters, the procedure
is essentially the same except for that the tuning screws are located
in the middle of the A/2 resonators instead of at the enda. (This
reflects an open-circuit to the K-inverters when the screws are all the
way in.) Also, the screw on the output should be placed a quarter-
wavelength away from the output iris.

In practical situations, the accuracy of the procedure described
above depends very much on how close the idealized circuit in
Fig. 11.05-2 (or its dual) is approximated. That is, in Fig. 11.05-2
short-circuiting u resonator will also apply a short-circuit directly
across the terminals of the adjacent J-inverters, However, in the
circuit in Fig. 11.05-3, the inverters are of the form in Fig. 8.03-2(d).
Theae inverters include a negative length of line which in the actusl
filter structure is absorbed into adjacent positive line length of
the same impedance. For this reason, the actual terminals of the
inverter are not physically accessible, and the tuning screws cannot
short-out the resonators at the exactly correct spot for perfect tuning.
For narrow-band filters, however, the coupling susceptances will be
very small, the negative length of line in the inverter will be very
short, and the exact locations of the short-circuits on the resonator
bars will not be critical. In such cases, the above tuning procedure
works well. Similar considerations arise in tuning other types of

direct-coupled filters.

In direct-coupled filters, the resonators that are most likely to
give trouble when using this procedure are the first and last resonator,
since their couplings generally differ more radically from those of the
other resonators. Thus, if the bandwidth of the filter is, say, arcund
10 percent and this tuning procedure does not yield a suitably symmetrical
response, it may he possible to correct this by experimental adjustment
of the tuning of the end resonators alone, This is often quite easy

to do if a sweeping signal generator is available.

Tuning of Resonators Singly or in Pairs—For precision tuning of
filters having more than around 10-percent bandwidth, the best method
appears to be to test and adjust the resonators individually or in
identical pairs as was discussed in Secs, 11.03 and 11.04. Even with

such procedures, however, difficulties can occur if the resonator
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couplings are at all tight. Filters such as those in Secs. 8.11, and
8.12 which use lumped-element couplings representable by the inverters
in Fig. 8.03-1(a) and 8.03-2(b), will tune somewhat differently when
connected to another resonator than they will when connected to resistor terminationa.
In the case of lumped-element shunt resonators with series-capacitance
couplings, the coupling capacitors may be regarded as being part of
inverters of the form in Fig. 8.03-2(b). In such cases the negative
capacitance of the ‘inverter can be absorbed into the shunt capscitances
of the adjacent resonators; but when coupling a resonator to & resistor
terminaticn, the negative shunt capacitance next to the resistor cannot
be absorbed. For this reason the tuning effect due to capacitor coupling between
two lumped-element shunt resonators is different from that between a
resonator and a resistor. These matters were previously discussed with
regard to Eqs. (8.14-32) to (8.14-34). If the couplings are relatively
tight, @ correction can be applied by tuning the individual resonators (when tested
individually while connected to resistor terminations) to a slightly
different frequency calculated by use of the principles discussed in
connection with Eqs. (8.14-32) and (8.14-34). If the couplings are rel-
atively loose (case of narrow bandwidth) the correction required will

be small and possibly negligible.

In the cases of the filter types in Figs. 8.05-1, 8.06-1, 8.07-3,
8.08-1, and 8.10-3, the difficulty described in the immediately
preceding paragraph does not occur. The+«. filters all consist of
uniform transmission liner with uppropriately spaced discontinuities.
The inverters in these cases are of the forms in Figa. 8.03-1(c),
8.03-2(d), or 8.03-3. The negative line lengths & involved in these
inverters are of the seme characteristic impedance as the resonator
lines und the termination trensmission lines. Thus, these lines can
be absorbed equally well into the resonators or into the matched
terminating lines, and if a resonator of charscteristic impedance z,
is removed from the interior of a multiple-resonator filter and tested
between matched terminating lines of the same characteristic impedance
Z,,

are loose or tight, For example, the tuning of the resonators of

there will be no tuning error regardless of whether the couplings

filters of the form in Fig. 8.05-4(a) can be checked by testing each
resonator individually as shown in Fig. 11.03-2, using exactly the same
coupling gaps at each end as will be used when each resonator ia
installed in the multiple-resonator filter. The resonators in the filter



in Fig. 8.05-4(a) were actually tested in symmetrical pairs as discussed
in Sec. 11.04. Either the single- or double-resonator procedure gives
high accuracy. After the resonators were tested, the lengths of the
bars were corrected to give precisely the desired tuning frequency.
Using this procedure, no tuning screws are required, and in many cases
the tolerances required are reasonable enough that it should be
practical to mass-produce additional filters of the same design without

any tuning screws or adjustments.

Narrow-band parallei-coupled filters of the form in Fig. 8.09-1 can
be tuned using the slotted-line procedure described with reference to
Fig. 11.05-2. Figure 11:05-4 shows suggested locations for the tuning
screws for parallel-coupled filters, The screws on the output line
section n,ntl should be backed-out flush with the ground planes after
Resonator n has heen tuned. It should usually not be necessary to tune
relatively wide-band filters of this sort, since the accuracy of the
synchronous tuning becomes less critical as the bandwidth becomes
greater,and this type of filter tends to be relatively free of errors
in tuning of any one resonator with respect to the others, If the pass
band is not centered at the correct frequency, the lengths of all the
resonators should be altered by a fixed amount computed to give the

desired shift in pass-band center frequency.

10
SLOTIED =~ - } . RESONATOR 1

] RESONATOR 2
2 ::::::j o
23 -
——
SCREWS FOR —_ —: — RESONATOR n
SHORTING AND-- -
TUNING e

a=i,n
VAN N T 13 et
SCREWS FOR S /

SHORTING ONLY &L
a-3827.49

FIG. 11.05-4 ARRANGEMENT OF SCREWS FOR TUNING OF A NARROW-
BAND PARALLEL-COUPLED FILTER
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SEC. 11.06, CALCULATION OF THE MIDBAND DISSIPATION
LOSS OF BAND-PASS FILTERS

The information necessary for computing the midband lo;; of band-pass
filters was previously presented in Sec. 4.13, but an example in this
chaptcr may be desirable. Let us suppose that a 10-percent-bandwidth,
six-resonator, band-pass filter with a 0.10-db-ripple Tchebyscheff
response is desired, and it is estimated that the resonator Q's will be
about 1000 for the type of construction which is proposed. An estimate
of the midband attenuation due to dissipation loss in the filter is
desired. For this case, Fig. 4.13-2 is convenient, and from it for
n =~ 6 and 0.10-db Tchebyscheff ripple we obtain C, = 4.3. By Eq. (4.13-2)
the corresponding Q of the elements in the analogous low-pass prototype
filter at the low-pass cutoff frequency w; is

Q = wQ,, = (0.10)(1000) = 100

wvhere v is the band-pass filter fractional bandwidth; here Q.’ = Q.
indicates the unloaded Q of the resonators of the band-pass filter.

Then by Eq. (4.13-3) the dissipation factor ia

wy 1
d = — s« — « 0.0l
0 100

where, for the data in Fig. 4.13-2, the prototypes have been normalized
so that w; = 1. Then by Eq. (4.13-8) the increase in attenuation at
midband as a result of diasipation loss will be approximately

(AL,), ~ B8.686C,d = 8.686(4.3)(0.01) = 0.37 db.

As was discussed in Sec. 4.13, the attenuation due to dissipation at the
pass-band edge frequencies can be expected to be around two to three
times this amount, or from around 0.74 to 1.1 db.

It should be noted that it is sometimes useful to make the above
calculations in the reverse sequence in order to estimate the unloaded
Q's of the resonators of a band-pass filter from the measured increase
in filter midhand attenuation resulting from dissipation loss.
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From Sec. 4.13 we obtain

8.686C,w}

Qu ® QlP '(ALA)Q

(11.06-1)

Estimates of the unloaded Q values to use in computing band-pass
filter atienuation can be obtained in a number of waya. One is to use data
obtained by computing from the messured midband loss of existing filters
as suggested in the preceding paragraph. Another is to make laboratory
tests on a resonator of the type to be used-—utilizing the techniques
described in Sec 11,02 to determine the unloaded Q. Another is to
compute the unlosded Q by use of the information given in Chapter 5 for
coaxial-line, strip-line, and waveguide structures. It should be
remembered, however, that the values of Q which are theoretically
possible are rarely achieved in practice. This is due to surface
roughness of the metal, corrosion, and due to additional losses in the
coupling elements which are difficult to accurately predict. In some
strip-line filter structures, the Q's realized are typically about
half of the theoretical value. 1ln the case of waveguide filters, the
agreement between theory and practice appears to be somewhat better,
but in general some allowance should be made for the fact that the

Q's in typical operating filters will be less than the theoretical optimum.

Some further matters involving filter dissipation loss will be

treated in the next section.

SEC. 11.07, DESIGN OF NARROW-BAND FILTERS FOR MINIMUM
MIDBAND LOSS AND SPECIFIED HIGH ATTENUATION
AT SOME NEARBY FREQUENCY

In various practical situations such as the design of preselectors
for superheterodyne receivers, narrow-band filters are desired which
have as little loss as possible at band center, with some specified
high attenuation at some nearby frequency. For example, in a super-
heterodyne receiver using a 30-Mc IF frequency, a preaelector filter
with high attenuation 60 Mc away from the pass-band center may be
desired in order to suppress the image response, For microwave
receivers of this asort the signal bandwidth is usually very small com-
pared to the carrier frequencies involved. Thus, the design ohjectives
for the preselector filter focus on obtaining minimum midband loss,

671



e e e NV

O g st - e -

and specified high attenuation at
some nearby frequency. Adequate
pass-band width for the narrow
signal spectrum to be received is
virtually assured.

Figure 11,07-1 defines most
(La)e of the symbols to be used in the
following discussion. For the

Ly=— ¢

purposes of this analysis it will
be assumed that the filters under
discussion are of sufficiently
narrow bandwidth so that the

o 1 f ' fo ta '

simplified low-pass to band-pass
FREQUENCY — 1

4-3327-470 n.ppin!

FIG. 11.07-1 DEFINITION OF TERMS USED

IN SEC. 11.07 o 2(f™ S
w, v\ f,
where
PR
- Sttt . 11.07‘

v A ( 1)
and

f . fl t ,2

° 2

will be valid regardless of the physicel form of the resonators and
couplings to be used. In Eq. (11.07-1), v is the fractional pass-band
width at the pass-band edges corresponding to w; of the prototype,

Of more importance for this application is the fractional bandwidth

w, for which the attenuation is specified to have reached a specified
high level (L,), , as indicated in Fig. 11.07-1. The attenuation
(LA)o at midband is, of course, to be minimized.

Many low-pass prototype designa will lead to band-pass filter
designs which will have (L,), = 0 if the resonators of the
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band-pass filter are lossless. However, when the inevitsble resonator
losses are included (L), will neceasarily be non-zero. Under these
conditions filters which all have the same », 6 for a specified (L‘).,
and which would all have (Ld)o = 0 for the case of no losses, may have
considerably different (L,), values when losses are included.

Schiffman® has developed design dats for filters having two or
three resonstors which will yield minimum wmidband loss for specified
v, and (L,), as mentioned above.’ Cohn® has studied the general case
for an arbitrary number of resonators and has found that designs with
very nearly minimum (L, ), will be obtained if the filter is designed
from a low-pass prototype having the éarlneter.

6, * 8, * " e " B, Buvy * 1

and (11.07-2)

The significance of these parameters is the same as in Sec. 4,04.

By use of Eqs. (11.07-2), (4.13-3), and (4.13-11), the midband loss
for filters designed from the prototype element values in Eq. (11.07-2)
is approximately

4.343n

(L‘)o o wQ

db (11.07-3)

where Q, is the unloaded @ of the resonators. Here (L, )y is practically

the same as (AL,), inkq. (4.13-11), since this type of filter isperfectly
matched at midband when no losses are present, and very nearly matched at mid-
band when losses are included. The fractional bandwidth win Eq. (11.07-3) is
the pass-band fractional bandwidth corresponding to «w; for the prototype, and
is the one to be used in the design equations of Chapters 8 to 11. However, the
fractional bandwidth w, is the one which is most useful for speci fying the per-
formance requirements for this application. By useof Egs. (4.14-1), (11.07-1),
and (11.07-2), wand v, are found to be related by the approximate formula

N

Taub and Bo;lcr,laoldlhbiuinud Guillo-illl have studied true maximally flat and Tchebyacheff
filters which have dissipation. Jt will be seen that, & true maximally flat or Tchabyscheff
response in o filter having dissipation requires i1nctessed midband attenvation over that of
the equal:element filters discusssd in this section 1:.!., for the assme (L‘)'. v, and reso-
nator Q's).
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v, . (L,), +6.02
i satilog,, — (11.07-4)

vhere (L,), is in decibels. Thus, by Eqs. (11.07-3) and (11,07-4)

(L), * 6.02
4.343n entilog,, m

db. (11.07-5)
... ‘

Ly,

Figure 11.07-2 shows plots of data obtained from Eq. (11,07-5) for
various values of (L‘)... Note that w0 (L, ), is plotted vs. the number,
n, of resonators. Thus, for given v, and Q. the height of the curves
is proportional to the midband loss that will occur. Observe that the
optimum number of resonators needed to achieve minimum (L‘)° depends
on the value of (L,), which has been specified. For (L), = 30 db the
optimum number of resonators is four, while for (L), = 70 db, the
optimum number of resonators is eight.

Equation (11.07-5) upon which Fig. 11.07-2 is based, involves a
number of approximations such that the snswers given will improve in
accuracy as (L,), increases in size and as the product Q,v», increases
in size.’ As a check on the accuracy of this equation, s typical trial
design with moderate values of (L‘). and Q.v. will be considered. Let
us suppose that w = 0.03 is required for (L,), = 40 db, and that
Q, = 1000. Figure 11.07-2 showa that an n = 4 resonator design will be
quite close to optimum. From the chart, for n = 4, u,Q_(L‘)° = 65.

Thus, the estimated midband loss is

65 65

L [ ] L
(Ladg v,0, 0.03(1000)

2.16 db.

To check this result a lumped-element, n = 4, trial design of the form
in Fig. 8.02-2(a) wes worked out using g, * 8, "8, "8y, 8, " 85" 1,
w, » 1, and ¥ = 0,.007978 (which was obtained from Eq. (11.07-4)]. The
computed response of this design is shown in Fig. 11.07-3 for the cases

of Q = @ (i.e., not losses), and Q, = 1000.

‘lulpln due to Wr. L. A, Redbinson indicate that these curves are ressensdly accurate frema = 1 to
whore they flatten sut, but, Decause of the appronimstions iavolved, they do mot rise as fest e
they lbu‘d towards the right.
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BAND-PASS FILTERS DESIGNED FROM EQUAL.-

ELEMENT PROTOTYPES
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Figure 11.07-3 shows the data in Fip. 11.07-2 to be satisfactory
for thias case. Note that the midband loas when Ou = 1000 is for practical
purposes exactly as predicted. The only noticeable error is that the
attenuation at the w = 0,03 fractional bandwidth points (i.e., the
points were w/w, = 0,85 and 1.15) is 1 db low on one side and 1.5 db
low on the other as compared to the specified (L,), = 40-db value,

Thus, Fig. 11.67-2 should be sufficiently accurate for most practical

spplications of the sort under consideration.
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FIG. 11.07-3 RESPONSES WiTH AND WITHOUT DISSIPATION
LOSS OF A 4-RESONATOR FILTER DESIGNED
FROM AN EQUAL-ELEMENT PROTOTYPE

676



The dashed line in Fig. 11.07-3 shows the attenuation of the filter
vhen the resonators are lossless. The pass-band is seen to have ripples
nearly 1 db in amplitude. Observe that when losses are included, the
sttenuation due to dissipation increases the loas at the band edges
so much as to nearly obscure the ripples completely. This is typical
of the effects of sizeahle dissipation loss, regardless of the choice

of low-pass prutotype filter,

SEC. 11.08, DESIGN OF BAND-PASS IMPEDANCE-MATCHING NETWORKS
USING THE METHODS OF CHAPTER 8

Very efficient impedance-matching networks can be designed for many
applications by use of the [ilter-design techniques discussed 1in
Chapter B8, along with the impedance-matching network low-pass prototypes
discussed in Secs. 4.09 and 4.10. These procedures assume that the
load to be matched can be approximated over the frequency band of
interest by a simple R-L-C resonant circuit. This may seem like a
serious restriction, but actually a very large number of microwave
impedance-matching problems involve loads which approximate this
situation satisfactorily over the frequency range for which a good

impedance match is required.

The bandwidths for which the procedures described in this section
will yield good impedance-matching network designs will depend partly
on how closely the load to be matched resembles a simple R-L-C circuit
within the frequency range of interest. However, since the procedures
about to be described are hased on the methods of Chapter 8, which
involve approximations of a narrow-band sort, accurate results for
bandwidths much over 20 percent can rarely be expected. Designs of
5 or 10 percent bandwidth which give nearly the theoretically optimum
match for the given load and number of resonators should be relatively
easy, The procedures described in Sec. 11.09, following, are
recommended for the more wide-band cases since Sec. 11,09 is based on
the methods of Chapter 10 which apply for very wide bandwidths as well
as for narrow bandwidths.

Determination of the Load Parameters and the Low-Pass Prototype—
Before a satisfactory network to give a good impedance match over a
prescribed frequency runge can be designed, it is necessary to eatablish
parameters that define the load. The following procedure is recommended:
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(1) Make impedance measurements of the load across the desired
frequency range for which a good impedance mutch is desired.
Plot the resulting impedance data on a Smith chart, or ia
some other convenient form. Also plot the corresponding
admittance vs. frequency characteristic. If the real part
of the impedance is more nearly constant than the real part
of the admittance, the load is best suited for approximate
representation as a series R-L-C circuit. If the real part
of the admittance is the most nearly constant over the
frequency range of interest, the load is best suited to
approximate representation as a parallel R-L-C circuit.

(2) 1If the real part of the impedanuce is the most constant, add a
reactance element in series so as to bring the load to series
resonance at f,, the midband frequency of the frequency range
over which a good impedance match is desired. If the resl
part of the admittence is the most nearly constant, add s
reactance element in sh. 1t with the load so as to bring the
load to parallel resonance at f,.

(3) Using the procedures in Sec. 11.02, determine Q,, the Q of
the resonated load. If the load is series-resonant, also
determine R,, the resistance of the load at resonance. If
the load is parallel-resonant, determine G,, the conductance
of the load at reaonance.

After the load circuit has been brought to resonance at fo. and a
measured value has heen found for its Q, Q,, and for its midband
resistance K,, or conductsnce G,, the load is defined for the purposes

of this design procedure.

With regard to the steps outlined above, several additional points
should be noted. In many cases the nature of the load circuit will
be well enough understood so that the impedance and admittance plots
in Step 1 above will not be necessary. When adding s reactance element
to bring the load to series or parallel resonance at f,, the additional
element should be as neerly lumped as possible, and it should be as
close to the load as possible, if best performance is desired. Using
a resonating element of a size that approaches a quarter-wavelength or
more will increase the Q of the resonant load and decrease the qnality i
of the impedance match that will be possible over the specified band.
Using a lumped resonating discontinuity at an appreciable electrical
distance from the load has e similar deleterious effect. However, in
some practical situations where the resulting degradation in performance
can be tolerated, sizeable matching elements or the locating of a
resonsting discontinuity at some distance from the load may be desirable

as a matter of practical convenience.
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In order to select an appropriate low-pass prototype for the band-
pass matching network, the decrement

o (11.08-1)
vQ, )
must be computed where
fa- 1,
v = — (11.08-2)
fo
I, v 1
fo = -—’—2—'— (11.08-3)

and where f, and f2 are, respectively, the lower and upper edges of the
frequency band over which & good match is desired. Knowing 3, the
performance which 13 possible can be predicted as described in

Secs. 4.09 and 4.10, and a suitable low-paas prototype can be determined

as described in those sections.

It should be recalled that, for any load which has reactive elements
as well as resistive elements in it, it is not possible to obtain a
perfect match across a finite frequency band no matter how complicated
an impedance-matching network is used (see Sec. 1.03). Thus, for anmy
given load there are absolute restrictions on how good a match can be
obtained across &« given hand of interest. Generally, adding one resonator
(in addition to the resonator formed by the load) which calls for an
n = 2 reactive element low-pass prototype circuit will give a very large
improvement ia performance. Going to a design worked out using an
optimum n = 3 or n = 4 prototype will give still further improvements,
but with rapidly diminishing returns for each increase in n. It would
rarely be worthwhile to go to designs with n greater than 3 or 4; i.e.,
to use more than two or three resonstors in addition to the resonator
formed by the resonated load.

When designing waveguide impedance-matching networks, it will
frequently be convenient to use reciprocal guide wavelength as a frequency
variable, as was done in the design data discussed in Sec. 8.06. On that
basis, the decrement becomes
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SA - )\ ; - Xo 3 (11.08-4)
[
BT M
Moo = Ags 4 Ao
where
K.l - a2
- N (11.08-5)
g0
AL+
sl s2
)\'o - - (11.08-6)
where A.l and K', are the guide wavelengths at the edges of the frequency

band over which a good match is desired, A.o is the guide wavelength at
midband, K‘

the half-power points of the resonated load, A is the plane-wave wave-

. and K.. are the guide wavelengths at the frequencies of

length at the midband frequency in the same medium of propagstion as
exists within the guide, and Q, is the Q of the resonated load as
determined by the methods in Sec. 11.02, or by other equivalent methods.
Having & value for the decrement 3,, the low-pass prototype to be used
is determined by use of the data in Secs. 4.09 and 4.10, using SA in
place of §.

Adaptation of the Data in Chapter 8 for Impedance-Matching Network
Design--The methods for band-paas filter design discussed in Chapter 8
are readily adapted for the design of impedance-matching networks. After
the load has been resonated as described above, the load provides the
first resonator of the filter, From that point on, the remainder of the
filter (which comprises the actual impedance-matching network) can be
of any of the forms discussed in Chapter 8. Figure 11,08-1 presents
generalized information for the design of impedance-uatching networks
for series-resonated loads with the matching network consisting of
aeries resonators coupled by K-inverters. This generalized information
supplements that in Fig. 8.02-3, end it can be applied to the deaign
of impedance-matching networks using a wide variety of resonator
structures as discussed in Chapter 8. Figure 11.08-2 shows analogous
data for the case of a parallel-resonant load with the matching network
consisting of shunt resonators and J-inverters. These data supplement

the data in Fig. 8.02-4.
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To further make clear how the generalized information in Figs. 11,08-1
and 11.08-2 is used for the practical design of impedance-matching net-
works, the data given will be restated as cthey apply to several of the
specific filter atructures discussed in Chapter 8. Figure 11,08-3 shows
how the data apply to':he design of strip-line impedance-matching filters
with Xo/2 resonators of the form in Sec. 8.05. Note that in this case
the load must exhibit shunt resonance, and Resonator 2 is capacitively
coupled to the load. When the load has been resonated and an appropriate
low-pass prototype has been established as discussed above, and using
the equations for the J..“l/Yo as given in Fig. 11.08-3, the remainder
of the design of the circuit is as discussed in Sec. 8.05. The capacitive
coupling Blz between Resonator 2 and the load will have a small detuning
cffect on the resonated load. As a result, it will tend to shift the
resonant frequency of the load by about

“foB12
Af - —212 . 08-
4/ 26‘0‘ (11.08-7)

To compensate for this, the load should be retuned after the matching
network is installed, or it should be pretuned to fo + |Af| before the

matching network is installed.

di2 das 34— =dn-4,n In.nei
r— —‘:— -1 |'_"‘“¢——‘+“ - ‘93"“—‘" "—‘n"_‘ ’*
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FIG. 11.08-3 SUPPLEMENTARY DATA FOR USE WITH THE MATERIAL IN SEC. 8.05
FOR DESIGN OF IMPEDANCE-MATCHING NETWORKS

682



o

k'_ LS -ﬂ
|«
T0
L (== GENERATOR
Zo ” 2o —

‘
1 LI Xa,nes
L ___wa -1 Kn,n e
Ka TR Ka,nei . ve
EPI VAT e ) o Gt -

om b
o, —{ ] [ "—‘n"'
’___—7‘——' Z Z

10

| ‘ % CD_.. GENERATOR
| e b I | ? 7, 2o %o

I ¢ | 8, Xy < Xa-i,n LX)

| | di2 Kpy ) Ka-i,n dn,net

I | Jn,nei vw

L _xom . L Yo .\/ LT

LIS | vGyw
—  —
v v/ Y00 NOTE: 2,01/Y,
o~
4 [

FOR INVERTERS OTHER ket on (XXX . - )

L TN - T o7 e
THAN THOSE AT THE ENDS. Yo 2o 4 w O

he2TON-4

A-3801-038

FIG. 11.08.4 SUPPLEMENTARY DESIGN DATA FOR USE WITH THE MATERIAL
IN SEC. 8.08 FOR THE DESIGN OF IMPEDANCE-MATCHING
NETWORKS
Figure 11,08-4 shows analogous data foi design of impedance-matching
networks whose resonators are in the quarter-wavelength, strip-line form
discussed in Sec. 8.08. In this case the load may be either series- or
shunt-resonated. If the load is series resonated, then it should be
followed by a K-inverter consisting of a small shunt stub such as those
discussed in Sec. 8.08. The shunt reactance X, of this stub wil! have
a small detuning effect on the load and will tend to shift its resonant
frequency by about

“foX1q
A - — 11,08-8)
f R Q, (

This effect should be compensated for by retuning the load, or by precompen-
sating the tuning of the load. If the load is parallel-resonated, then

the load should be followed by . capacitive-gap J-inverter as is also

shown in Fig. 11.08-4, and the detuning effect of the coupling susceptance
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B,, is as given in Eq. (11.08-7). VFigure 1i.08-4 gives equations for the
J- end K-invertera for design of the matching network, and the remainder
of the design process is as described in Sec. 8.08.

Figure 11,08-5 presenis data for the case where the matching network
is to be a waveguide filter as discussed in Sec. 8.06. In this case the
reference plane for the load must be referred to a point in the waveguide
where the load will appear to be series-resonant. The load is coupled
to the next resonator by a K-inverter consisting primarily of a shunt-
inductive iris with shunt reactance X,,. This coupling reactance will

tend to detune the load by an amount

“folX,4/2,)
A . — -
f 2R,/Z,)0, (11.08-9)

wvhich can be compensated for either by retuning the load, or by moving
the iris Xlz slightly toward the load. Note that in Eq. (11.08-9) and
in the equations in Fig. 11.08-5, the impedances are all normalized to
the waveguide impedance, so that no difficulty arises from the ambiguity
inherent in trying to define absolute values of waveguide iapedance.

Having computed the inverter parameters as given in Fig. 11.08-5, the

me i !

| 2 | | 2o |

|‘ll 'Il xl'-l.n \,vm
SEMES - RESONANT LOAD '

FIG. 11.08-5 SUPPLEMENTARY DATA FOR USE WITH THE MATERIAL IN
SEC. 8.06 FOR THE DESIGN OF WAVEGUIDE
IMPEDANCE-MATCHING NETWORKS
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remainder of the design process is as described in Sec. 8.06. Of course,
in this case, the decrement SA for use in determining the low-passa
prototype and for use in the equation for Klz/zo' is defined aa in

Eq. (11.08-4).

The equations in Figs. 11,08-3 to 11,08-5 were obtained by simply
inserting the appropriate slope parameter values in the generalized
equations in Figs. 11,08-] and 11.08-2. In a similar fashion design
equations can be obtained for a wide variety of impedance-matching
structures. The bhest structure to use in a given situation may vary
widely, depending on such considerations as the impedance level of the
load as compared to that of the source, the allowable size, the fractional
bendwidth required, etc. As mentioned above, the resonated load should
be kept in as compact a form as possible if best results are desired.
Also, for best results the inverter coupling to the load should be of
nearly lumped-element form. A quarter-wavelength of line could be used
in relatively narrow-band cases as an inverter for coupling to the load,
but the performance achieved would not be as good as when a lumped- or
nearly lumped-element coupling is used. This is becsuse the quarter-
wavelength line itself has selectivity effects which would add to those
of the resonated load and thus make impedance matching over a specified
band more. difficult. However, in some relatively non-critical situations
where the resulting depreciation in performance can be tolerated, o
quarter-wavelength coupling to the load may be a desirable practical
compromi se.

Experimental Adjustment of Coupled-Resonator Impedance-Matching
Networks —In cases where one resonator can be added to the circuit at a
time, and where the couplings between resonators and their tunings are
readily adjustable, while the resonator slope parameters Wyr Xys veey
«, or 52, 6,....,&n are known, it may be convenient to determine the
impedance-matching network design by a combination of theoretical and
experimenta]l procedures. Let us suppose that a load has been resonated
in series as described above, and that its Q,, its R,, its decrement
5, and a desired n = 2 low-pass prototype have been determined. Assuming
that the slope parameter «, for Resonator 2 is known, the inverter
parameters K‘z and K,, are then computed by use of Fig. 11.08-1, and
it is desired to adjust the resonator couplings to achieve the couplings
indicated by these inverter parameters,
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Figure 11.08-6 illustrates » procedure for experimental adjustment
of such a filter. At (a) is shown the resonated load connected directly
to the desired driving generator. The VSWR between the generator and
load is then ¥V, at resonance as given in the figure., Next, the coupling
‘reactance associuted with the inverter K” is added, and it is adjusted

—_— n
Ve VEWR AT MIDBAND, 1,
L1
Re———

RESONATED LOAD l

L] L]
z.l m,, ool . 2.2
o v, 2

—
Ej__.J
M K2

RESONATED LOAD

(o)

—_—

————
RESONATED LOAD

2
L] Rg X
v‘o'.'_..z_.'.._“_;_.‘z.
\
3 )l'o } Rt Y

(€)

9-3927- 420

FIG. 11.08.6 PROCEDURE FOR EXPERIMENTAL
ADJUSTMENT OF AN IMPEDANCE
MATCHING NETWORK
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until the VSWR at resocaance is V,, as indicated at (b) in the figure,
Assuaing that & slotted line is being used for the tests, the positions
of the voltage minima must be checked to be sure that this ¥, corresponds
to the desired Zz(wo) and not its reciprocal (with respect to the slotted
line impedance). Adding the coupling reactance associated with K,

will probably throw the load slightly off of the desired resonant fre-
quency, so after the desired impedance is obtained at resonance, the

load should be retuned. As long as V2 is always measured at the frequency
of resonance (no matter whether it is exactly the desired fo or not),

the small correction required later in the load tuning should have
negligible effect on the required coupling reactance.

Next, Resonator 2 along with the coupling reactance associated with
the inverter K,  is added to the circuit as shown in Fig. 11.08-6(c).
In this case, it is necessary both to hring Resonator 2 to the proper
resonant frequency and to adjust the coupling reactance associated with
K,; in order to achieve the desired impedance-matching effect. The
tuning of Resonator 1 (i.e., the resonated load) can be asaumed to be
very nearly correct so that any mistuning evident in the VSWH
characteristic ot the circuit must be due mainly to mistuning of
Resonator 2. If Resonator 2 is correctly tuned to f,, the VSWR
characteristic will have either a maximum or a minimum value at fo, and
the characteristic will be symmetrical sbout f, (except possibly for
some distortion of the frequency scale as a result of the fact that
the coupling between resonators varies with frequency). Thus, the
tuning of Resonator 2, and the coupling associated with the inverter
K,y should be adjusted until a VSWR characteristic symmetrical about
fo is obtained with a VSWH at f, equal to the value ¥V, corresponding
to the impedance Z"’o' computed from the data at (c) in Fig. 11.08-6.
Once again, the locations of the voltage minima on the slotted line
should be checked to be sure that this ¥, corresponds to z"'o and

not its reciprocal with respect to the slotted line impedance.

This would complete the adjustment of an n = 2 matching network.
The same procedure can be applied to the adjustment of impedance-matching
networks of any complexity by repetition of part of the same steps. Of
course, if the resonators are in shunt, the same procedure applies, but
the analysis is on the dual basis.
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A Practical Example and Some Additional Experimental Techniques—A
practical example will now be considered. The circuit to be discussed
was adjusted by experimental procedures as described above, but some
additional techniques were involved that will also be explained. The
main difference was that only the Q of the load was known, and its
midband impedance was not known since all of the measurements on the
load were made through a coupling reactance of unknown value. As will
be seen, it was, nevertheless, still possible to carry out the required
adjustments.

Figure 11.08-7 shows the circuit under consideration. It is a
tunable up-converter in strip-line form.5'% A pumped, variable-capacitance
diode provides both gain and frequency conversion. This device has a
narrow-band, lower-sideband output circuit centered at 4037 Mc; hence,
the response of the over-all circuit is narrow band. However, by varying
the pump frequency from 4801 Mc to 5165 Mc the input frequency which

PUMP INPUT ADJUSTABLE SERIES — CAPACITIVE
4801 TO SI68 Mc GAP ASSOCIATED WITH Jy3

DIODE CIRCUIT SERIES — RESONANT
AT 946 Mc AND 4983 Mc

BAND-STOP
RESONATOR

4037 .“E

2N0 PuMP RESONATOR || —mon
DIODE

z SIGNAL INPUT
——r
DC-INSULATED 764 TO 1128 Mc

RF SHORT-CIRCUIT
8LocK

SHORT-CIRCUIT
8LOCK

SHMUNT INDUCTOR

SHUNT
CAPACITOR OAND-STOP
BLOCK RESONATOR
(6037 M¢)
ADJUSTABLE SHUNT STuB
ASSOCIATED WITH K,
% SIDEBAND
OUTPUT
RESONATOR

SIDEOAND OUTPUT
4037 M¢
[RITI RN

SOURCE:  Quarterly Progresa Report 2, Contract DA 36-039 SC-87308, SRI;
reprinted in Proc, IRE (see Ref. 7 by G, L, Matthaei)

FIG. 11.08-7 SIMPLIFIED DRAWING OF A STRIP-TRANSMISSION-LINE
TUNABLE UP-CONVERTER
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would be accepted and amplified varies from 764 to 1128 Mc. In order to
achieve the desired performance, impedance-matching filters are required
at both the signal input and pump input ports. Herein, was will review
the steps that were taken to broadband the pump input channel.

When the pump circuit of thia device was adjusted, the portions of
the circuit that were electrically of most importance were the diode plus
its 0.020-inch diameter, 207-ohm wire lead (which together consti-
tuted the resonant load in this case), and the second pump resonator
(see Fig. 11.08-7). The other portions of the circuit were greatly
decoupled st the frequency range of interest. Tuc s ~ond pump resonator
was of the quarter-wavelength type in Fig. 11.08-4 having shunt-inductive
coupling to the series-resonant diode circuit (which served as the firast
pump resanator), and having series-capacitance coupling to the pump
input line. The second pump rescnator shown in Fig. 11.08-7 had
different cross-asectinnal proportions than the pump input line, but
both were of 50 ohm: impedance.

Figure 11.08-8 shows an approximate equivalent circuit for the pump
channel of this device at frequencies around 5000 Mc. Though the load
circuit (i.e., the diode circuit) is actually quite complex, it behaves
like a simple series-resonant load in the frequency range of interest.
The impedance inverter K,, and the admittance inverter J,, relate to
coupling discontinuities as indicated in Fig. 11.08-7." Note that in
this circuit the pump power is all ultimately delivered to the diode
parasitic loss resiator R,. Since R, is quite small compared to the
reactances involved, the impedance-matching problem is relatively

severe.

For the circuit in Fig. 11,08-7, the shunt stub associated with
K,, was set to a length estimated to be about right when the device
was firat assembled., To adjust the circuit, the capacitive gap ~—
associated with st was closed so that there was, in effect, a 50-ohm
line right up to the K, , discontinuity. (This was equivalent to
removing the Jz: box in Fig. 11.08-8 to leave a 50-chm line right up
to K,,.) Then with a slotted line connected to the pump input port
of the device, VSWH teats were made to determine the Q, Q,, of the

.

Inverters KX 2 and "2 are epproximately of the forma im ﬁtn. 8.03-1(c) ond 8,03-2(4),
tuponhol,. Note?Ihat though the second pump resonator is of the quarter-vavelength
type, its physical leagth ﬂl‘ be considerably lass than a quarter waveleagth due te
tlo negative langths of line associated with the inverters, See, for example Eq. (4)
of Fig. 8,08-1.
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FIG. 11.08-8 APPROXIMATE EQUIVALENT CIRCUIT FOR THE PUMP INPUT
CHANNEL OF THE CIRCUIT IN FIG. 11.08-7 FOR FREQUENCIES
IN THE VICINITY OF 5000 Mc

diode-circuit at its pump-frequency resonance. Using the methods
described in Sec. 11.02 the Q, of the pump circuit was found to be 77,
(Note that Q‘ for the diode circuit corresponds to the unloaded ( as
measured by techniques of Sec. 11.02, and that this Q is independent
of the adjustment of the Klz shunt stub.)

The desired fractional bandwidth was specified to be w « 0,082,

so that the decrement of the load was

1 1

——— =+ (.16

According to Figs. 4.09-3 and 4.09-4, an n = 2 resonator design with

5 = 0.16 calls for a maximum transducer loss of 3.3 db with 0.84-db
ripple in the operating band. Since this was satisfactory for the
application under consideration,a larger value of n was not considered.
The corresponding optimum low-pass prototype element parameters were
then from Fig. 4.09-6 found to be 8y * 1, g, = 6.30, g, * 0.157,

8, = 6.30, and w; = 1.
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By Fig. 11.08-4,

ZB' nﬂ‘v
K VS T (11.08-10)
1 1 (42,88, 8
and
J Y, \f—— (11.08-11)
213 0 “2‘3“; *

vhore ¥ = l/Zo. All of the parameters needed to evaluate J,y were
kncwn, but Kl: could not be evaluated because R, was not known. (As
previously mentioned, when Q‘ was measured the Kl2 stub was set at some
length estimated to be about right, but the length of the stub was not
necessarily correct. It was nc* necessary to know Klz in order to
determine Q‘ by the methods of Sec. 11.02. However, the K‘z parameter
of the coupling stub would have to be known accurately in order to
determine R,.) This difficulty was bypassed by eliminating both K,,

and R, from the calculations in the following manner.

In Fig. 11.08-8, the impedance Z is at midband

K3
z, . — (11.08-12)

Iy R,

Then from Eqs. (11.08-10) and (11.08-12)

Zonv
z, . —_— (11.08-13)
fo (w) 248 ,8,5
. 507(0.082) - 20.4 ohms.

(1)24(6.30)(0.157)(0.16)
Thus, with the J,, gap closed so as to give a 50-ohm line up to the K,

stub, the length of the K,, stub was adjusted so that the VSWR seen
looking in the pump input port at resonance was
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Vo = 37— (11.08-14)

50
—— x 2,45
20.4
while the vicinity of the K,, stub was a voltage minimum of the standing-
wave pattern vs, length.

Next the J,, gap in Fig. 11.08-7 was opened and adjusted so as to
give a VSWR of V,= 6.30 at midband. For each trial adjustment of the
gap spacing, tuning screws near the capacitive-gap end of the second
pump resonator were adjusted to give a VSWR response vs. frequency
which was approximately symmetrical about f,. The ¥V, = 6.30 value
can be computed as follows.

In Fig. 11.08-8 at <1.0and

{
“ E = (11.08-15)

Since Jza is an admittance inverter (Sec. 8.03)

.|

- fo

/ - " = - . (11.08-16)
0 Z, ona AT

Z,

Then by Eqs. (11.08-11), (11.08-13), and (11.08-16),

A = Z,8,8, (11.08-17)

o

= 50(1)(6.30) = 315 ohms.

Thus, the VSWR seen on the 50-ohm pump input line at midband should be
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z
d ’0
z, ~ —
‘0
315
« — = 6.30
- 50

{11.08-18)

where the vicinity of the J23 gap should be a voltage maximum of the

standing-wave pattern vs. length,

This completed the adjustment of the pump impedance-matching circuit,

. . * . .
and the resulting transducer attenuation characteristic as computed

from measured VSWR is shown in Fig. 11.08-Y. The m2asured fractional
bandwidth is 0.0875 as compared to the 0.082 design objective, the

3.2-db peak pass-band loss compares favorably with
value, while the pasa-band ripple is around 0.4 db
0.84-db predicted value. The measured performance
to the predicted performance because when the data

taken the lowcr-sideband output resor .or had been

the 3,3 db predicted
as compared with the
is somewhat -superior
in Fig. 11.08-9 was

added to the circuit
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FIG. 11.08.9 TRANSDUCER ATTENUATION AT PUMP INPUT
PORT AS COMPUTED FROM MEASURED VSWR

* See Sec. 2.11 for e discussion of this term.
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which caused the effective Q, of the diode circuit to drop & little from
the Q, = 77 value which was originally obtained without the output
relonltorf

It is interesting to consider just how much has been accomplished
by the addition of the second pump resonator as a matching network.
Let us again assume that Q, = 77 and that the deaired fractional band-
width is v = 0.082 so that & = 0.16. [f only the first pump resonator
is used (i.e., just the resonant diode circuit along with the K,, adjust-
able coupling stub) andif theK,, coupling stib were adjusted so as to
give a perfect match to the 50-ohm pump input line at midband, then
the reflcctibn loss at the band edges would be about 10.9 db. 1If the
K,, coupling stub were adjusted in accordance with an optinum n = ]
design, as determined using the prototype data in Sec. 4.09, the loss
at the band edges would be (LA)_.. = 5.6 db while the loss at midband

would be (L ), ., = 3.3 db. Adding an additional resonstor to give an

n = 2 design reduces the pass-band loss limits to (L,),,, = 3.3 db and
(L) gia = 2.5db. An n = 4 design would give (L,)_ , = 2.5 db and
(L)ain® 2.3 db, while an n = % design would give (L)) = (L,

2.0 db. Iv is seen that going from an n = | to an n = 2 design gives

.z
max mia

a very large improvement, and that the incremental improvement for

increasing values of n decreases very rapidly.

Other Foras of Coupled-Resonator Matching Networks—It would also
b= possible to construct a matching network in the form shown in
Fig. 11.08-10, which has no inverter between the load and the adjacent
matching-network resonator. This, however, is usually not very practical
except in the cases of relatively wide-band matching networks. The slope
parameter of Resonator 2 cannot be chosen arbitrarily in this case, and
for narrow. bandwidths 62 will often become so large as to be difficult
to realize with practical circuitry. The dual case where the first
resonator of the matching network is in series would be especially
difficule.

The design procedures in Sec. 11.09 can give designs which are more
or less equivalent to that in Fig. 11.08-10, but a different point of
view is used. As indicated above, such designs become most practical

for relatively large bandwidths, say, around 30 percent or more.

.
This drop in diode circuit @ was due to the shunt capacitance introduced by the outpur
resonator sausing the diode internal reaistance to be somewhat more tightly coupled,
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FIG. 11.08-10 AN ADDITIONAL GENERAL FORM OF COUPLED-RESONATOR-
FILTER IMPEDANCE-MATCHING NETWORK
The dual of this circuit applies when the load is shunt resonant

SEC. 11.09, DESIGN OF BAND-PASS IMPEDANCE-MATCHING
NETWORKS BY THE METHODS OF CHAPTER 10
In this section, discussion of the design of impedance-matching
networks will be continued so as to cover the design of matching net-
works of relatively large bandwidths. The underlying fundamentals are
much the same as those discussed in Sec. 11.08, but the procedures are

modi fied to use the design point of view of Chapter 10.

In the methods of this section the load is first brought to series-
or shunt-resonance at midband f , just as was discussed in Sec. 11.08.
However, since relatively large bandwidths are involved in this case
it may be desirable to use something other than the Q of the louad as
a basis for computing the load decrement 8. This is because the Q
of the load will typically be relatively low for cases where a wide-band
match is required, and also because it may be desirable to examine the
impedance or admittance characteristics of the load more thoroughly

than is implied by a Q measurement alone.

R

Figure 11,09-1 shows a sugééifed procedure for computing the required
load parameters & and R, or G,. The impedance or admittance characteristics
of the resonated load are measured across the frequency band of interest,
and then the required parameters are readily determined from the measured
data as indicated in the figures. Note that the frequencies f, and f2
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indicated in the figures are
/ the edges of the frequency
Ed RoZ, | band over which a good impedance
g 0 KA V 11?_#;, match is required. In the
o~ } o L) figure the characteristics are
& mz, idealized in that the real
parts are constant with fre-

”, quency and the imaginary parts
R, Re? . | A
. LI"'o 1™ 2y gmr, have odd symmetry about f, so
]
(0) CASE OF IDEALIZED SERIES-RESONATED LOAD 2, that the magnitude of the

imaginary part of the impedance or

admittance is the same at f, as it is

at f,. Note that on this basis
. ey / the decrement & is simply the
> L l
‘ .
£ : V | ratio of the real part at f,
g o ' ' h i tude of the imagi
z T T ' to the magnitude of the imagin-
| .
- ar art at etther or .
e | Im Y, yp . fl fﬁ
In practical cases where the
load impedance or admittance
G Mo ¥ , G characteristic may deviate
A L im YL' . .
1etg -1, oR 1, appreciably from these ideal-
{D) CASE OF IDEALIZED SHUNT-RESONATED LOAD Y, ized symmetrical characteristics,

srr an average values should be taken

using the definitions in terms
FIG. 11.09-1 DEFINITIONS OF LOAD
PARAMETERS IN A FORM )
CONVEN|ENT FOR WIDE.- gul de. An example of a non-
BAND MATCHING idealized case will be
Frequencies f, ond f, are the
edges of the band for which an
impedance moatch is desired After the parameters R,

of the idealized cases as a

discussed later in this section.

or G,, and the decrement & have
been determined for the load,
an appropriate low-pass prototype fiiter should be selected to have the
required & value, as discussed in Sec. 4.09 and 4.10. The specified
value of R, or G,, the prototype filter parameters, the specified internal
resistance of the generator which is to drive the load, the specified
fractional bandwidth w, and the specified center frequency fo' then

control the design of the matching network.
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Figure 11.09-2 shows a form of impedance-matching network which can
be designed by the methods of Chapter 10. The load as shown is of a
form which would have an idealized aymmetrical impedance characteristic
of the form in Fig. 11.09-1(a); however, as an example will soon show,
matching networks of the sort in the figure can be useful for consider-
ably more complex loads with impedance characteristica which deviate
considerably from the idealized symmetrical form. The matching network
in Fig. 11.09-2 could be constructed in strip-line form such as that in
the filter in Figs. 10.03-5(a), (b), and (c). Also, if desired, the

‘metching network could be converted into parallel-coupled strip-line

form. This could be accomplished by splitting each shunt stub ¥,

(except for Y, and V') into two parallel stubs Y, and Y| such that

Y; + Y: = Y,. Then the filter can be broken into open-wire-line sections
such as that on the right side of Fig. 5.09-2(a), which are exactly
equivalent to strip-line parallel-coupled sections such as that on the
left side of Fig. 5.09-2(a). The parallel-coupled line section admittances
are obtained by use of the relations in Fig. 5.09-2(a), and the line
dimensions can be obtained from the line admittances by use of the data
in Sec. 5.05. Whether the astub or parallel-coupled form is preferable
would depend mainly on what dimensions wers practical. The stub form
would probably be convenient in most cases, though the parallel-coupled
form has additional adjustability since it would not be difficult to

S

| -

| . {“‘"““‘"‘1&5~3ﬂ‘””‘"""*1

: JEAT) _—— Yn-1,n A..".
I |

' .A .

: APPROXIMA

L OF LoaD

S NAVIRVA

A-3827-432

FIG. 11.09-2 IMPEDANCE-MATCHING NETWORK FORMED
FROM STUBS AND CONNECTING LINES
The series stub Z‘, the shunt stubs Y|, and the
connecting lines Y, | ,, are all a quorter-
wavelength long ot midbond
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provide for experimentel adjustment of the spacing between the parallel-
coupled elements. This would be equivalent to adjusting the line
admittances Y..|,l in Fig. 11.09-2. Experimental adjustment of these
line admittances might be desirable in cases where the load impedance

is quite complicated and deviates greatly from the idealized symmetrical
case in Fig. 11.09-1(a), so that some cut-and-try procedures are

desirable.

Table 11.09-1 presents design equations for impedance-matching net-
works of the form in Fig. 11.09-2. Theae design equations were derived
in essentially the same way as were the design equations for the fii:ers
in Secs. 10.03 and 10.05. (The derivations of the design equations in
Secs. 10.03 and 10.05 were discussed in Sec., 10.08.) 7lhe main difference
1s that the more gene;glupodified low-pass prototype in Fig. 11.09-3°
was used fur the equations in Table 11.09-1. Comparing this prototype
with the one in Fig. 10.08-6, note that the prototype in Fig. 11.09-3
does not use u series coil on the right, and provision heas been made so0
thet the t rmination R_,, on the right can be specified arbitrarily.’

A multipiving factor s has been included which is introduced so as to
alter the impedance level as gradually as poasible from one side of
the prototype to the other, by making C,,, = $C, for k = 2 to n ~ 2.
The relations between the prototype and the atub filter in Fig. 11.09-2
are much the same as for the cases discussed in Sec. 10.08. The
parameter d in Table 11.09-1 can be chosen 0 < d so as to adjust the
admittence level within the filter. Typical convenient values are
d=0.5¢t0 1.

Figure 11,09-4 shows an inr )edance-matching network for use with a
shunt-resonated load. This circuit is the dual of that in Fig. 11.09-2,
except that the filter has been converted to parallel-coupled form by
use of the relations in Fig. 5.09-2(b). Since series stubs ere
difficult to realize in a shielded construction, the parallel-coupled
form of this filter will usually be the practical one to use. Table
Table 11,09-2 presents design equations for this type of matching
network.’

.'l\u- design equationa were obtained from those in Teble 11,09-1 by duality, which first
geove s matching network comsisting of series stubs and connecting lines. Then thin
circuit was converted to parallel-coupled form using the relations in Fig. $.09-2(b).
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Table 11.09-1

DESIGN EQUATIONS FOM IMPELANCE-MATCHING NETWORKS OF THE FOMW IN
FIG. 11.09-2 FOR SERIES-RESONATED LOALS

Determine the low-pass prototype parameters from the losd decre-
ment § and the dats in Secs. 4.09 and 4.10. The generator resistance
R, way be chosen arbitrarily, but R, is a parsmeter of the load (see
text). The following equations apply for n * 3.

Compute:
n~3

N

C, * . < a2
: T & blasy to a-1, if a3 = gy

(If n=3 om1t this equetion.)

where d may be chosen arbitrarily within limit 0 < d (ses text).
C; = gll-d) . €3 = dg,

cl

" " - !
A B T L

Letting

G <&

iaaml . Lfal
4 a2 eon-t 8o | Baban

SO )
L T TP G 8o

6 - %(l'!')

and » = (f, - fi)/fy is the desired fractional bandwidth.

where

(continued on p. 700)
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Table 11.09-1 concluded

The characteriastic admittances of the shunt stubs are:

J

G
Y = 7‘: @Gy tan 6 + GAQ‘H ’7.“')

A

J J
Y = g\, _ +N -J.ZL.!’ il W 1/}
‘|i=3 toa-l, if a>3 "(' 1.4 bl A G‘

4 J
= Aty + - oAzl
' “4C, tan ol ¢ "A(Nn-l,n G‘ )

a3

The characteristic admittances of the connecting lines are:

J
Y | . ¢ (Tran
LELALY T S ‘( G,

Loy, A )
V. A - - ww =
Gg+ [ s Cy ¢!
J . ' 3
% s p 1] c"H (ST
n-2 1
. /% " WHERE R,,, IS ARBITRARY , ni 3,
ael
k-2 40,
C2o8 + G Tdey v LGy T
k313 70 a-1
Cpoagli=¢),Cpady, , C, | sC, 1€, =Cy,
ht3T0n

WHERE @ MAY BE CHOBEN ARBITRARILY WITHIN LIMIT O<4d,

N / El clvl
.t $a

hz2 TOA=

Jk.lﬂ

A-3827-430

FIG. 11.09-3 MODIFIED LOW-PASS PROTOTYPE USED IN DERIVING
THE EQUATIONS IN TABLE 11.09-1
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FIG. 11.09-4 WAPEDANCE-MATCHING NETWORK IN PARALLEL-COUPLED
FORM FOR MATCHING SHUNT-RESONATED LOAD
The stub Y, and the porailel-coupled sections S, ,, ore all o
quarter-wavelength long ot midband

Let us now consider some examples of impedance-matching network
design. Figure 11.09-5 shows a lumped-element loud network which has been
brought to resonsnce at f,, and the figure slso shows the resulting
computed impedance characteristic, Let us sssume that a good match is
desired from f,/f, = 0.85 to f,/f, = 1.15, which calls for fractional
bandwidth of » = 0.30. From Figs. 11.09-1(a) and 11.09-5, R, = Rez"lo
33.33 ohms. However, |In2,'|,l = 110 chms, while lIaZ”,2 = 95 ohms, s0
there is some confusion about the calculation of &, As a guess, an

in-between value of 100 ohms was used for some trial calculations so that®
33.33

0.3
100
Table 11.09-3 summarizes the parameters and resulting line admittances

for several n = 3 designs having different values of R, or different
choices for the parameter d. Note that Designs 1 and 2 both use R, «
100 ohms, but Design ] uses d = | while Design 2 uses d = 0.5.

.
A wsefel sigaificant figure was inadvertently dropped in these calculations,
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Table 11.09-2

DESIGN EQUATIONS FOR IMPEDANCE-MATCHING NETWORKS OF THE FORM (N U
FIG. 11.09-4 FOR SHUNT-RESONATED LOADS

Determine the low-pass prototype parameters from the load decrement
8 and the data in Secs. 4.09 and 4.10. ‘The generator conductance G. may
be chosen arbitrarily, but G, is a parameter of the load (see text). The
following equations cover cmses where n 2 3.

k=3 ton~1, if n>)
(If n=) omit this equation.)

Compute:

. a2
Lz & L. Ugys

[H
L'Iuﬂ: - ‘“"""'z: '

where d.may be chosen arbitrarily within limit 0 < d (=mee text).

Ly = sl -d) . Ly = dg,
L' = L"_ , Ln = ,' - LI
] 2l * 5
Letting
R
"G,
Ky oo | Y.
A lasgeonn  S0l8aban
K 2 1" can 6, \2
N | . il W50\ I el Sihehetiiid
LI at] FYr TP Ry &
where

8 - 3(1-1)

and » = (fy = f,)/f, is the desired fractional bandwidth.
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Table 11.09-2 concluded

The oven- end odd-mode impedemces of the parallel-coupled lines are:

Ifangy
Rl Kyy
(209 w SREY LT ,’
Ronl,
\
(z..)" . -—‘-—’- tan 0‘ ¢ R‘ (N“ ‘——)
o
(), * Rty vn o, + 0, (N t 1
23 . 4 | Nas *
° LA
R n" Kyy
() - ™ wo +R (":s
Hadg,
R K
(25,)gy * 2wjlytem o, +N, (n”. iﬂ)
8 N 4
§, K2
(Z0)gy = — wily ten 8, ¢ Ry{Nyy -
< 4
K
23
) = 1y (”z: ",]_)
. 4
‘ K
23
(2309 "A(”n',_')
4
Ky, 401
(2,004,301 = R Maat x,
k=3 to a~2
(Omit if a < 8)
‘ Ki a1
(Z, 00401 = MM ",
=3 to n~32
(Omit il » < 5)
R‘ ‘rl.u
(z:.)..,'. - ‘—o' "‘l" tan O, ¢ R AN ¢ —ﬂ‘
. ‘L tan 6, + R (n - "-l")
(2) 1.0 " ':0""1 tam 8, ¢ Ry\Noe1n ,
N x .
.“o.
(l‘ )rl.u . "A("rl.u’ R‘ )
K
~l,n
@)t * "A(".-m " )
7
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FIG. 11.09-5 A HYPOTHETICAL LOAD AND ITS COMPUTED IMPEDANCE

Table 11.09-3

IMPEDANCE-MATCHING NETWORK DESIGNS 1 to 4 FOR THE LOAD IN FIG. 11.09-5
The impedance-matching network is of the form in Fig, 11.09-2

For 2]l designs below: v = 0.30, R, = 33,33 ohms, § = 0,30; and for
n =3 Sec. 4,09 gives g, = 1, g; = 3.30, g, = 0.52, g, " 2.10, 8, = 0.40

@ o1, (L) 0= 1.2db, and (L) . = 0.9 db,
Desiga d Ry Y2 T2 Yy
{ohms) (whos) {mhos) (mhos)
1 1.0 100 0.05494 0.01095 0. 02495
2 0.5 100 0.05582 0.01095 0.02563
3 1.0 20 0.04495 0.02449 0.1548
4 1.0 500 0.06026 0.004899 0. 002283

Within two significant figures the line admittances Yz. Ypy. and ¥,

of the matching network are very nearly the same.

This is to be

expected since the choice of d should, in theory, not affect the design
unless there are more than two resonators in the matching-network portion
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of the circ;lit.. . (In this case, the matching-network portion has only
two resomators.)

Figure 11.09-6 shows the computed response of the load in Fig. 11.09-§
connected to matching-network Design 1 of Table 11.09-3. The dashed
curve is for the load as shown in Fig. 11,09-5 without any retuning.
Note that the attenuation (i.e, transducer attenuation’) curve tilts a
little to the right because of the dissymmetry of the reactance curve
of the load. The solid curve in Fig. 11.09-6 shows the result of
retuning the load by increusing the midband inductive reactance X, from
340.3 ohms to 348.3 ohms. Note that the effect is to correct (actually
overcorrect) the tilt in the response. By Figs. 4.09-3 and 4.09-4 the

-

.WIIIT‘T1lj"T'Y_TT_r'rTVITIII'T]rj'r]hl‘r

DESION | AND

! LOAD AS SMOWN

L~ 1M FI8.11.00-8

DESIGN | WITH
X, IN £16.1.09-8

INCREASED TO
3403

[} A_LAAJALAIIAJLLJ_LLALLLALLAIAIJILILILIALIL

040 090 1.00 1.0 1.20

1/%

A-3827- 435

FIG. 11.09-6 TRANSDUCER ATTENUATION INTO THE LOAD IN
FIG. 11.09-5 USING MATCHING-NETWORK DESIGN 1

.ln Ses, 3.11 for s discussien of this tern.
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peak pass-band attenuation into the load should be 1.2 db for this case,
while the minimum pass-band attenuation should be about 0.9 db. As can
be seen from Fig. 11.09-6, the pass-band ripple characteriatic comes
quite close to meeting these values.

Figure 11.09-7 shows the computed attenuation characteristics for
the same retuned load as described above (i.e., with XL = 348.3 ohms),
but using matching-network Designs 3 and 4. Note that for Design 3
the generator resistance is B. * 20 ohms, while for Design 4,R. = 500 ohms.
Thus, these two designs cover a range of choice of generator impedance
of 25 to 1. As can be seen from the figure, the choice of R. had no
serious effect on the performance.

Figure 11,09-7 also shows the performance when no matching network
is used but R, is chosen to match the load impedance at reasonance. Note

7T LA LA L L AL AU L L B L L B B/ A B
DESIRED RANGE OF __
\ IMPEDANCE MATCH

NO MATCHING
NETWORK (Rg+ 33 33 chme)

»

La—éd
-

v vl
DESIGN 3
(Rg+20 s} 1, /1o
olllllllllllllllll lllAlllllllAlllllAl
080 990 1.00 L0 1.20
'/'o
A-23007-438

FIG. 11.09-7 TRANSDUCER ATTENUATION INTO THE LOAD IN
FIG. 11.09-5 USING MATCHING-NETWORK DESIGNS 3
AND 4, AND ALSO FOR CASE OF NO MATCHING-
NETWORK
in all cases shown the load is as in Fig. 11.09-5 except
that X, has been increased to X, = 348.3 ohms at f
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that the attenuation at the band edges in this case is 5.4 db as compared
with around 1.2-db maximum attenuation across the 30 percent band when

an n = 3 matching network is used. By Fig. 4.09-3, for a load with

5 = 0.30, the best possible pass-band performance even with an infinite
number of impedance-matching resonators would have a pass-band attenuation
of 0.72 db.

Figure 11.09-8 shows another series-resonated load whose impedance
characteristic deviatea quite markedly from the idealized symmetrical
characteristic in Fig. 11.09-1(a). Suppose that we wish to match over
s 40-percent band, ReZ, varies over a 2 to 1 range in the band of
interest, while the reactance characteristic is also unsymmetrical. In
thia case R, = IicZ‘_|I0 = 20 ohms, while |IlZ,_|’l = 80 ohms and

|1az, | = 67 ohms. Averaging these latter two values gives 73.5 ohms.
L' g

Re 100 ohms, X¢\* SO ohms .,
100 }— Xc2* 190 ohms, Xi* 190 ohme AT (o -

}‘_—or u&‘o‘a‘&t“ ':m:n——’i

Re Z, AND Im I, — obme
8

8

20 -
\
4]
or0 } 1.30

A Jir.428

FIG. 11.09-8 A SERIES-RESONATED LOAD WHICH
DEVIATES MARKEDLY FROM THE
IDEALIZED CASE IN FIG. 11.09-1(a)
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g Thus, an estimated decrement value is

}

' 20
8 = —— = 0,272
73.5

Table 11.09-4 summarizes the parameters of an n = 3 matching-network

design for this load.

Table 11.09-4

IMPEDANCE -MATCHING NETWORK DESIGN 5 FOR THE LOAD IN FIG. 11.09-8
The impedance-metching network is of the form in Fig. 11.09-2

Design parameters: w = 0,40, R, = 20 ohms, 5 = 0.272; and for
n =3 Sec. 4.09 gives & " 1.00, & " 3.70, g, " 0.48, &y " 2,35,

8,%0.36 w =1, (L), = L.4db and (L) . = 1,07 db.

Design d R, y2 y23 YJ
(ohas) (mhos) {(ahos) (mhoa)
5 1 100 0.06281 0.01342 0.01498

Figure 11,09-9 shows the computed transducer attenuation for the
matching-network Design § in Table 11.,09-4, used with the load in
Fig. 11.09-8. The solid curve is for the original matching network
with the stubs a quarter-wave-length long at frequency f,. The
dashed curve for Design 5 was computed with the Y, and Y, atubs
lengthened by 2.5 percent in an effort to correct the skewedness of
the response curve. As can be seen, this achieved the desired reault
but with a small loss in bandwidth. Note that the pass-band ripple
wey = 1.4 db
and (L,), ;, = 1.07 db values predicted for & = 0.272 using Figs. 4.09-2
and 4.09-3. Figure 11.09-9 also shows the attenuation characteriatic

maxima and minima are reasonably consiatent with the (L))

when no matching network is used but the generator resistance is
chosen 80 as to give a match at resonance. Note that on this basis
the attenuation is 5.9 db at the lower band edge and about 6.85 db at
the upper band edge.

The above examples show that though the procedures for matching-
network design based on the methods of Chapter 10 are approximate, they
can give good results in close agreement with the theory. Also, the
techniques described in this section are seen to be useful even if the
load characteristics deviate appreciably from the idealized, symmetrical
characteriastics in Fig., 11,09-1. If the load impedance characteristics
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FIG. 11.09.9 TRANSDUCER ATTENUATION INTO THE LOAD IN FIG. 11.09-8
WITH AND WITHOUT MATCHING-NETWORK DESIGN 5
The parometers 6,, 6,,, and 6, given are the electrical lengths of
the lines Y,, Y,,, and Y, of the matching network at frequency f

are skewed, this can often be compensated for by minor tuning adjustments

on the load or on the resonant elements of the matching network.

In this section design data for only two specific types of wideband
matching networks have been given. Though most of the other structures
in Chapter 10 could also be used, the ones given in this section were
chosen as particularly useful examples. If desired, data for other
forms of matching networks can be obtained by the methods of Chapter 10
along with a modified low-pass prototype such as that in Fig. 11.09-3.
Other forms of networks may be desirable in special situations where
they might give more practical dimensions for the impedance levels and

space limitations involved.

SEC. 11.10, DESIGN OF WIDE-BAND COUPLING STRUCTURES
FOR NEGATIVE-RESISTANCE AMPLIFIERS

The same procedures as discussed in the preceding two sections
can also be used for the design of coupling networks for negative-

resistance devices. Consider, for example, the negative-resistance
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amplifier shown in Fig. 11.10-1., The required negative resistance is
assumed to have been achieved by use of a device such as a tunnel diode
which has parasitic reactive elements in its equivalent circuit as well
as a negative resistance. A broad-banding network is then desirable in
order to compensate for the effects of these reactive elements so as

to give as good performance us possible over the required operating band.

=== m
| qu Ry
| L & | %2 ]
| -0 INPUT
l " Cl 3 C
' !
l —f
| semes-nesonareo, |
| gu&vt-msnsumc | outPuT
Vi
L_...f‘_._g._._.l % Y
A N7 - 440

FIG. 11.10-1 EXAMPLE OF THE USE OF A FILTER STRUCTURE
FOR BROAD-BANDING A NEGATIVE-RESISTANCE
AMPLIFIER
The negative-resistance is assumed to have been
achieved using o device such as a tunnel diode which
hos parasitic equivalent reactances as well as negative
resistance

In Sec. 1.04 it was explained thut a negative resistance amplifier
with a prescribed response characteristic can be obtained by first
designing a related filter having the specified negative resistance
replaced by a positive resistance of the same magnitude. Then when a
circulator is placed at one end of the filter and the specified negative
resistance at the other, the desired gain characateristic can be obtained.
Section 4.11 along with Sec. 4.10 explained how to obtain element values
for a low-pass prototype so as to achieve a given gain characteristic

in a negative-resistance amplifier,

The following procedure is suggested for the design of coupling

networks for negative-resistance amplifiers of this sort:

(1) The negative-resistance device should be mounted as it will be
in the finished amplifier including any voltage bias leads,
etc. The negative-resistance device should be brought to
resonance at the desired midband frequency fo by adding an
addictional reactive element,
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(2) If the device is resonated in series, the impedance character-
istic of the device should be determined. If the device was
resonated in shunt, its admittance characteristic should be
determined,

(3) The real part of the impedance or admittance characteristic wil)
be negative. The real and imaginary part of the characteristic
sho:ld be plotted, but with the sign of the real part changed
to positive. (This corresponds to changing the negative
resistance in the equivalent circuit of the device to a positive
resistance.)

(4) The decrement 5 of the plotted load characteristic for the
desired operating bhandwidth should be determined as indicated
in Fig. 11.09-]1 and the examples of Sec. 11.09. The parameter
R, or G, should also be obtained.

(5) The low-pass prototype for.the coupling network is determined
as described in Sec. 4.11.

(6) Using the specified R, (or G,) parameter of the load along
with the low-pass prototype parameters and the specified
resistance R' (or conductance G,) looking into the circulator,
the coupling network is designed in the same manner as the
matching networks discussed in Secs. 11.08 and 11.09.

The resonated negative-resistance device in the example in Fig. 11.10-1

has the same equivalent circuit as the load in Fig. 11.09-8, except

for the negative resistor. Plotting -ReZ, and IuZL for the resonated
negative-resistance device in Fig., 11.10-]1 would give a characteristic
of the same general form as that in Fig. 11,09-8, and the determination
of the decrement 3 would bhe done in the same manner as was described
with respect to that figure. The design of the coupling network would
follow the same procedures as that for Design 5 which was summarized

in Table 11.09-4, except for that the factors controlling the choice

of the low-pass prototype would be somewhat different. In the case of
Design 5 of Sec. 11,09 it was assumed desirable to minimize (L‘)..‘,
the prototype element values were obtained from Fig. 4.09-7 which gives
element values which are optimized for that requirement. However, in
the case of a negative-resistance amplifier, a fiat gain characteristic
may be a dominant requirement, and using the procedures of Secs. 4,10

and 4.1]1 a somewhat different prototype might be chosen.

*
Note in Sec, 4,11 that fur ressuns of circuit stubility as well as tu obtein maximum bandwidth,

the prototype elements [ and 5 (rather than g and 'nfl) must be awsociated with the

n
resonuted negotive-reatatance device.

m
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1. i8 interesting to note what the gain of the circuit in Fig. 11,10-1
would be if the plots in Fig. 11.09-8 were its -ReZL and T8Z, load
characteristics and if the matching network Design 5 of Table 11.09-4
were used as the coupling network. Referring to the slightly retuned
response for Deaign 5 in Fig. 11.09-9, by use of the graph in
Fig. 4.11-1, we see that the peak transducer gain in the pass band would
be about 7 db [corresponding to (L,)ain of about 1 db), while the
minimum gain in the pass band would be about ¢ db [corresponding to
(L), of about 1.45 db). For this apecified negative-resistance
device, if more gain were desired with the same pass-band-gain-variation

tolerance, it would be necessary to go to a narrower bandwidth.

Additional discussions of negative-resistance amplifiers will be
found in Ref. 8, and in numerous other references. The case of parsmetric
amplifiers is similar in some respects, but is complicated by the manner
in which the impedance seen at the idler frequency ias reflected through
the time-varying capacitance of the diode as an added impedance

component seen at the input frequency.®’

SEC. 11.11, BAND-PASS TIME-DELAY FILTERS

Although all of the information required for the design of band-pass
time-delay filters has been preéented previously, it appears desirable
to review some of the band-pass delay-filter design procedures. Some
general concepts related to time-delay filters were discussed in
Sec. 1.05; element values and related data were given in Sec. 4.07 for
low-pasa prototype filters having maximally flat time delay, and in
Sec. 4.08 the time-delay characteristics of filters with Tchebyscheff
and maximally flat attenuation characteristics were compaured with thoae
of maximally flat time-delay networks. It was noted in Sec. 4.08 that
for many cases a Tchebyscheff filter having small pass-band ripple
(sey 0,1 db or less) may make a more desirable type of time-delay
network than will a maximelly flat time-delay network. This is because
although the maximally flat time-delay network has a more nearly
conatant time-delay characteristic, its attenuation may vary considerably
over the range of interest., Thus, in cuses where both the attenuation
and delay characteristics are important, Tchebyscheff filters

with small pass-band ripple may make an excellent compromise.

Let us suppose that a band-pass time-delay filter is desired to give
0.016 microsecond delay in an operating band from 1000 to 1100 Mc, and
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that from the discussion in Sec. 4.08 it is decided to use a Tchebyscheff
low-paas prototype for the delay filter having 0.01-db pass-band ripple.

By Eq. (4.08-4) the midband time delay @ 0 for the band-pass filter is

d
Zw; .
“0 - ;2—.;:' ';0 seconds (lloll'l)

where @, and @, are the radian band-edge frequenciez of the band-pass
filter corresponding to the band-edge frequency w; of the low-pass
prototype, and ';o is the time delay in seconds of the low-pass prototype
as w'~ 0. For the problem at hand,

w, - w
;;o .(—2;—;——-):“ seconds (11.11-2)

6.28(1100-1000)10¢
2(1)

(0.016 x 1079)

= 5,02 seconds,

where aﬂ = ] is assumed for the low-pass prototype. By Eq. (4.08-2),

t) = C, (11.11-3)

where by Fig. 4.13-2, for a Tchebyscheff filter with 0.01-db ripple,
and a band-edge frequency of w; = 1 radian/sec, for n = 7, C1 = 4,7 seconds,
while for n = 8, C, = 5.7 seconds. Letting n = 8 so tio ® Cy » 5.7 seconds,
the desired delay can be obtained by enlarging the bandwidth siightly
s0 that

2w;t;°

tao

(11.11-4)

2(1)5.17

—_—— 7.14 % 10® rad/sec.
0.016(10-9)

7.14 x 10°

fa = h 6.28

113 Mc/sec.
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Thus, « band-pass filter designed from a 0.01-db-ripple, n = 8

Tchebyscheff prototype [whose element values are tabulated in
Table 4.05-2(a)] s0 as to give a 113-Mc pass-band centered at 1050 Mc
should have the desired midband time delay..

When using Eq. (11.11-1), it should be realized that it is based on

the assumption that the low-pass prototype phase characteristic maps

linearly into the band-pass fiiter phase characteristic, so that the

frequency mapping

2a* w -
w v — (

w w
where
@,
w =
w,
and
W
=
(Aio 2

@
) (11.11-5)

is valid. The mupping Fy. (J1.11-5) is generally accurate for narrow-

band designs (i.e., for designs with fractional bandwidths of, say,

around w = 0.05 or less), and depending on the type of filter it may

have satisfactory accuracy to quite large bLandwidths. However, it

should be realized that to the degree

that the band-pass filter pass-hand

characteristics vs. frequency are not a linear mapping of the low-pass

filter pass-band characteristics, the shapes of the low-pass and band-

pass time-delay characteristics will differ since time delay is the

derivative of the phase with respect to frequency.

Another factor that can alter the time-delay characteristic of the

band-pass filter from that of its prototype is the dissipation loss,

In general, the dissipation loss in a
frequencies of vibration of a circuit
the compliex frequency plane away from
2.04). This will cause the phase and
somewhat different than they would be

filter tends to cause the natural
to move toward the left side of
the jw axis (see Secs. 2.02 to
time-delay characteristics to he

if the filter circuit had no

dissipation loss. For cases where the attenuation due to dissipation

is not large (say a few tentha of a db or less), the alteration of the

.
Thia asaumes that the time delay due to the phyaical length of the microwave filter cam be

neglacted, as is ususlly true.

14



time-delay characteriatic due to this cause is probably small., The
part of the response where attenustion will be most evident will be
near the band edges, and there it should tend to smooth the time-delay
characteristic, which should not be harmful.
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CHAPTER 12

BAND-STOP FILTERS

SEC. 12.01, INTRODUCTION

In most microwave systems the signal frequency has to be transmitted
and guided from one place to another with a minimum of attenuation, while
unwanted frequencies are strongly sttenuated by band-pass filters which
pass the aignal frequency with low attenuation. The common types of band-
pass filter provide adequate protection for most applications. However,
should some interfering frequency be particularly strong, special measures
may have to be taken to suppress it; or when a limited number of fre-
quencies are generated in & i{requency generator system, high atteuuation
may be needed only at certuin frequencies. In such cases, a band-pass
filter, which discriminates against wide ranges of frequencies outside
the pass band, will not be as efficient as one or more band-stop filters

which discriminate against specific unwanted frequencies.

Figure 12.01-1 shows two types of band-stop filters to be discussed
in this chapter. Both of these filters are useful for situations where
relatively narrow stop bands are desired. The structureinFig. 12.01-1(a)
is moat suitable for designs having stop-band widths of, say, around
20 percent or less, while the same statement woufd also apply for the
structure in Fig. 12.01-1(b) if reciprocal guide wavelength (i.e., 1/A‘)
is used as the frequency variable. The structure in Fig. 12.01-1(a) can
he fabricated in either strip line or coaxial line, and it uses capaci-
tively coupled, hand-stop resonator stubs which are spaced a quarter
wavelength apart at the stop-hund center frequency. The waveguide filter
structure in Fig. 12.01-1(b) is similar in principle, but uses hand-stop
resonator cavities which are coupled to the main waveguide by inductive
irises. In order to avoid interaction hetween the fringing fields at the
various resonator irises, the resonators are spaced three quarter guide

wavelengths apart.

Figure 12.01-2 shows another type of hand-stop filter discussed in
this chapter. The structure shown is of atrip-line form, though the

stubs are often most conveniently made from wire rods. This type of

nv .,
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(a)

£-3027- 600

(b)

SOURCE: Quarterly Repont 3, Contract DA 36-039 SC-87398, SRI;
reptinted in /RE Trans. PCMTT (see Rel. 1 by Young,
Matihaei, and Jones)

FIG. 12.01-1 STRIP-LINE AND WAVEGUIDE STRUCTURES FOR BAND-STOP
FILTERS WITH NARROW STOP BANDS
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FIG. 12.01.2 A BAND-STOP, STRIP-LINE FILTER STRUCTURE
HAVING A BROAD STOP BAND

filter can be designed to give quite wide stop bands, with well controlled
Tchebyscheff or maximally flat pass bands, or pass bands of other shapes
between the stop bands. The stop bands are centered at frequencies where
the open-circuited stubs are a quarter-vnvélength long or an odd multiple
of a quarter-wavelength long. The structure in Fig. 12.01-2 could in
principle aiso be used for filters having narrow stop bands; however, as
the stop-band width becomes narrower, the stub impedance required may
become very high. In order to avoid unreasonable impedances, the struc-
tures in Fig. 12.01-1 become preferable for narrow.stop.banu or relatively

narrow-stop-band cases.

SEC. 12.02, LUMPED-ELEMENT BAND-STOP FILTERS FROM
LOW-PASS PROTOTYPES

A low-pass filter prototype such as those discussed in Sec. 4.05 can
be transformed by suitable frequency transformations into either a baad-
pass, a high-pass, or a band-stop filter. The transition from low-pass
to band-stop characteristic can be effected by the transformation

1 w
. L <i-_°> | (12.02-1)
w Wx wo [}
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wvhere w' stands for the radian irequency of the iov-puu prototype filter
and @ for that of the band-atop fiiter. The remaining quantities in
Eq. (12.02-1) are defined in Figs. 12.02-1 and 12.02-2.

It can be seen from Eq. (12.02-1) end Figs. 12.02-1 and 12.02-2 that
the prototype- and band-stop-filter frequencies inTable 12.02-1 correspond.

L'ty Lo*tn
- o ———
NE o Co Cye £Z o d Ry
%f -I- 10 I *ey o, Cotn S,
o -——————— .
N oven nsodd
(o)
La'8n
‘s L9 o Gna
Q‘ S 1!‘0! ‘ﬁ:.l -
LAY

(3]
i :
: :
3 :
e ¥
] ]

- -
w, w' =
() )
. "2 i

SOURCE: Quarterly Heport 3, Comtract DA 36-039 SC-87398, SRi;
topristed in IRE Trans. PGM™T (sss Rel. | by Young,
Matthaei, and Jomes)

FIG. 12.02.1 LOW.PASS PROTOTYPE FILTER: (a) AND (b), FOUR BASIC CIRCUIT TYPES,
DEFINING THE PARAMETERS g, 9, ..., 9,,41; (c) AND (d), MAXIMALLY FLAT
AND EQUI-RIPPLE CHARACTERISTICS, DEFINING THE BAND-FDGE .o}
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SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398, SRI;
reprinted in [RE Trans. PGNTT (see Ref. 1 by Young,
Matthaei, and Jones)

FIG. 12,02-2 BAND-STOP FILTER: (o) AND (b}, FOUR BASIC CIRCUIT TYPES DERIVABLE
FROM THE!R FOUR LOW-PASS COUNTERPARTS IN FIG. 12.02-1; () AND (d),
MAXIMALLY FLAT AND EQUI-RIPPLE CHARACTERISTICS DEFINING CENTER
FREQUENCY w,, AND FRACTIONAL BANDWIDTH w
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Table 12.02-1

RELATION BETWEEN VARIOUS FREQUENCIES
IN THE PROTOTYPE- AND BAND- STOP
FILTER RESPONSES

To obtsin the L, and C; in

Fig. 12.02-2interms of the g, in
Fig. 12.02-1, it is simpler (but not es-
sential) toderive Fig. 12.02-2(a) from
Fig. 12.02-1(a) and Fig. 12.02-2(b),
fromFig. 12.02-1(b) so that series im-
pedances, go over to other series imped-
ances, and shunt admittances to other
shunt admittances. Multiplying both
sides of Eq. (12.02-1) by 1/g,, one ob-
tains the desired relation. For

shunt branches, equating reactances,

. w
o, - — « L . (-“—’-—"—) (12.02-2)
oy 8« Vo8 \ @y @
which reduces to
1 1
wly, » —— = —— (12.02-3)
@y Lad LT
For series branches, equating susceptances,
l w
R B —,—(-“l-—-"-> (12.02-4)
wl ; g, g \w, @
which reduces to
w = — + — (12.02-5)
! wol, woy g,

The reactance slope parameter « of a resonator reactance X = awl -

1/aC is

@Wo dX
x = = =

2 dw

W w
0

= wl (12.02-6)

1
wOC
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and similarly the susceptance slope parameter 4 of a resonator susceptance
B=auC - 1/uwl is

b 22 ¢ . 2 (12.02-7)
] 2 o w-wo wo , m- . . 12.02-7

Now Eq. (12.02-3) for a shunt branch becones

1 .
S p——— (12.02-8)
v, 8

and Eq.'(12.02~5) for a series branch becomes

P

’
! w,g,

(12.02-9)

The circuits shown in Fig. 12.02-2 have the same impedance levels as the
prototypes in Fig. 12.02-1. To change to another impedance level, every
R and every L should be multiplied by the impedance scsle factor while
every G and every C should be divided by it.

SEC. 12.03, THE EFFECTS OF DISSIPATION LOSS ON BAND-STOP
FILTER PERFORMANCE

The discussion in this section will be phrased in terms of the
lumped-element band-stop filters in Sec. 12.02; however, this discussion
also applies to the microwave-
filter structures such as those
in Figs. 12.01-1 and 12.02-2. WITHQUT DISSIPATION

The solid lines in LWITH DISSIPATION

Fig. 12.03-1 show the attenua-

tion characteristic of a typical

ATTENUATION — @b

band-stop filter of the forms in

Fig. 12.02-2 for the situation

where the resonators have no o W, wy W
dissipation loss. However, in

practical filters there will in- A-ysar-non

evitably be dissipation loss, and  FyG, 12.03.1 THE EFFECTS OF DISSIPATION
the dashed lines in Fig. 12.03-1 LOSS IN A BAND-STOP FILTER
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illustrate its effects on filter performance. Note that the attenustion
no longer goes to infin'ty ut @4, byt instead levels of f at some finite
value. Also note that near the edges of the pasa bands of the filter
there is an appreciable increase in the pass-band attenuation as a result
of the dissipation. However, this increase in pass-band ettenuation due
to disasipation decreases rapidly as the frequency moves away from the

stop bund.

Figure 12.03-2 shows a filter of the type in Fig. 12.02-2 with re-
sistors added to account for the dissipation loas of the resonators. If

On{
e !

n 808pn4¢)
i) . 202, log,o (g, 0,) *+ 10 log,, (—-"!—) db

£1) ATTENUATION AT wy:

where O, = wuQ,,

(2) RETURN LOSS AT wy:

10 1 'M' db
T s vy,

(3) DISSIPATION L.OSS AT W AND wy:
o (6,8, 8,/8, 838; 8,4/8
ol, =« 8.086 = -O——lot-é—-oov—-:’oo 9,
4 hd |: ul [} .) (1)

8,/8, 8,.8p

+ T cel b T db

. ]lou o uu}lor
n=even atodd

AA-3827-233R

SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398, SRL;
reprinted in IRE Trans. PGMTT (see Rel. | by Young,
Matthaei, and Jones)

FIG. 12.03-2 A BAND-STOP FILTER WITH DISSIPATION, AND

FORMULAS FOR COMPUTING THE EFFECTS OF
THE DISSIPATION
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the unloaded Q’'s of the resonators are 0.1'0.2' ..., etc., then for the
shunt branches of the circuit

(12.03-1)

where «, is the reactance slope parameter of the resonstor, while for the
series branches of the circuit

Q-i
R, = T (12.03-2)

where 6. is the susceptance slope parameter of the resonator.

Figure 12.03-2 also presenta a formula for computing the attenuation
of the filter at the peak attenvation point w,. This formula was derived
from the low-pass prototype circuit as discussed in Sec. 4.15. A formula
is also given in Fig. 12.03-2 for the return loss at frequency w,. This
is of intereat if a band-stop filter is required to provide a short-circuit
(or open-circuit) to an adjacent circuit at frequency w,. A formula is
also given for estimating the increase in attenuation due to dissipation
at the pass-band edge frequencies w, and w,. This latter formula is based
on several rather rough approximations which were discussed in Sec. 4.15.
Though it is not highly accurate, this formula should be helpful in esati-
mating the order of the disusipation loss at the pass-band edges. (It
should give the AL, in db at w, and w, within a factor of 2 or less.)

SEC. 12.04, AN APPROXIMATE DESIGN PROCEDURE FOR
MICROWAVE FILTERS WITH VERY NARROW STOP BANDS

In this section a design approach for microwave filters with very
narrow stop bands will be outlined. This approach is very simple and
general in its application. However, in Sec. 12,09 will be found another
approach which will give superior accuracy, especially if the stop-band
width is appreciable. However, the design data there leads to designs
which are somewhat more difficult to build because of transmisaion-line
steps (which are not required when using the procedure of this section).

Both design approaches are included for completeness.

To realize a band-stop filter in transmission line, it is more con-

venient to use only shunt branches, or only series branches. The circuit
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of Fig. 12.02-2(a) can be converted into a circuit with only aeries-
resonant shunt branches by means of impedance .nverters (Sec. 4.12)
which here are approximeted by 90-degree line lengths, as shown in
Fig. 12.04-1. The reactance slope parameters of this circuit in terms
of the low-pass prototype parametera 8g'8y1s -1 B4y ond w; are sleo
given in Fig. 12.04-1. These formulaa can be deduced with the help of
Figs. 12.02-i and 12.02-2, and the impedance-inverting property of
quarter-wvave lines. V

In the circuit of Fig. 12.04-1(a), the output impedsnce and the
input impedance have both been aet equal to Z,. In the case of maxi-
mally flat filcers, or Tchebyscheff filtera with n odd, the whole
sequence of impedance inverters can be uniform, with the 90-degree lines
sll having impedances Z, = Z,. However, for Tchebyscheff filters with
n even, the low-pass prototype is not symmetrical, and the simplest way.
to obtain a symmetrical band-atop filter of the type shown in
Fig. 12.0°-1(a) is to set the impedances of all the 90-degree lines
equal to Zl' which ceases to be equal to ZO' and ia given by

2 2
(-‘_) . A (12.04-1)
zo 8o8aei

as stated in Fig. 12.04-1(a).

If the slope parameters determined by Fig. 12.04-1(a) are either
too small or toco large to realize conveniently, they may be sdjusted up
or down by controlling the impedances of the 90-degree lines. The for-
wulas for the general case are given in Fig. 12.04-1(b). They reduce to
the case of Fig. 12.04-1(s) when Z, = Z, = ... = Z _,. It should be
noted that if the Z, are chosen to be very unequal, then greater reflec-
tions will uaually result somewhere in the pass band than would occur
with a uniform impedance level Z, = Z,. This is because the 90-degree
line sections between resonators are frequency-sensitive and approximate
idealized inverters only over a limited frequency range. If the line
sections in Fig. 12.04-1 were replaced by ideal inverters (Sec. 4.12)
then the responses of the circuits in Fig. 12.04-1 would be identical
to those of corresponding circuita of the form in Fig. 12,02-2 at all

frequencies.
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reprinted in /RE Trans. PGNTT (see Ref. 1 by Young,
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FIG. 12.04-1

BAND-STOP FILTER WITH SHUNT BRANCHES

AND QUARTER-WAVE COUPLINGS:

(a) EQUAL INVERTER IMPEDANCES, Z,;

(b} GENERAL CASE OF UNEQUAL INVERTER
IMPEDANCES
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SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398, SRI;
reprinted in IRE Trans. PGNTT (see Rel. 1 by Young,
Matthaei, and Jones)

FIG. 12.04-2 BAND-STOP FILTER WITH SERIES BRANCHES AND
QUARTER-WAVE COUPLINGS: (a) EQUAL INVERTER
ADMITTANCES, Y,; (b} GENERAL CASE OF UNEQUAL
INVERTER ADMITTANCES
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Figure 12.04-2 shows dual circuits to those in Fig. 12.04-1. The
circuits in Fig. 12.04-2 use series-connected resonators which exhibit
high reactance at resonance. The transmission properties of the filters
in Fig. 12.04-2 are identical to those of Fig. 12.04-1.

We shall now consider the practical realization of resonstors for
microwave filters of the forms in Figs. 12.04-1 and 12,04-2.

SEC. 12.05, PRACTICAL REALIZATION OF BAND-STOP RESONATORS
FOR NARROW-STOP-BAND FILTERS

The aesign procedures in Secs. 12.04 and 12.09 give the reactance-
slope parameters «, or susceptance-slope parameters &i of the resonators
of a narrow-stop-band filter and the impedances or admittances of the
connecting lines. The practical design of microwave band-stop resonators

so as to have prescribed slope parameters will now be considered.

In strip transmission line or coaxial line, the circuit of
Fig. 12.04-1 may be realized by using non-contacting stubs, as shown in
Fig. 12.01-1(a), with the gaps between the stubs and the main line
forming the capacitances required in Fig. 12.04-1, and the stubs ap-
proximating the inductances. The stubs may be short-circuited and just
under 90 degreea long, as shown in Fig. 12.01-1(a) and indicated in
Fig. 12.05-1(a); or they may be open-circuited and just under 180 degrees
long, as indicated in Fig. 12.05-1(b). Figures 12.05-1(c) and (d) show
the corresponding dual cases. The inductively coupled resonator in
Fig. 12.05-1(d) which is slightly less than a half wavelength long at
resonance, is the type of resonator used in the waveguide band-stop
filter in Fig. 12.01-1(b). The case of Fig. 12.05-1(a) will now be
treated specifically, and then the cases of Figs. 12.05-1(b), (c), and

(d) can be treated by extension of this first case.

The transmission lines will be supposed to be non-dispersive. (If
waveguide or other dispersive line is used, replace normalized frequency
w/w° by normalized reciprocal guide wavelength A.O/A‘, where A. and A‘O
are the guide wavelengths at frequencies w and w,, respectively.)
Forcing the resonator reactance to be zero when w = w, and ¢ = ¢, re-

quires that

Z, tan ¢, = —— . (12.05-1)

wOC‘
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SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398, SRI;
reprinted in IRE Trans. PGNTT (see Ref. 1 by Young,
Matthaei, and Jones)

FIG. 12.05.1 REALIZATION OF RESONANT.CIRCUITS IN TRANSMISSION LINE: (o) AND

(b), SERIES RESONANT CIRCUIT, SUITABLE FOR STRIP OR COAXIAL
LINE; (c) AND (d), SHUNT RESONANT CIRCUIT, SUITABLE FOR WAVEGUIDE
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Since ¢ is proportional to w,

fﬂi fEi (12.05
2 " ' \ .05-2)
and the reactance slope parameter is
@ 24 (z tan ¢ ) (12.05-3)
v ———\Z, tan ¢ - — .05-
2 dw wrw, B,
z, z,
] 7 (@, sec? ¢, t tan @) = —2F(¢o) (12.05-4)
where the function F(¢) is defined by
F(¢) = ¢ sec? ¢ + tan ¢ . (12.05-5)

This function can be determined numerically from Table 12.05-1.

To determine the three parameters C,, Z., and ¢°, one of them may
be selected arbitrarily, for instance Z.. The slope parameter « or 4
is determined from Fig. 12.04-1 or 12.04-2, or from Sec. 12.09. For
the circuit of Fig. 12.05-1(a), P, is determined from the assumed value
for Z, by use of Eq. (12.05-4) and Table 12.05-1, and finally
Eq. (12.05-1) yields C,. These formulas and the ones corresponding to

all four cases are summarized in Fig. 12.05-1.

For a given ¢, and Z, or ¥,, the slope parameter of the near-180-
degree line is almost Lwice as great -us the slope parameter of the
near-90-degree line. More precisely, for the near-180-degree lines
{Cases (b) and (d) in Fig. 12.05-1] one has to substitute

G() = (% + ¢) sec? ¢ + tan ¢ (12.05-6)

(¢ in rndilﬂa) for F(¢), which was uscd with the near-90-degree lines
[Cases (a) and (c) in Fig. 12.05-1). This can be written more con-
veniently as
25 -~ =i S
Clp) - @) + 220D (12.05-7)

"
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Table 12.05-1
TABLE OF F(#) = ¢ sec® ¢ + van ¢

¢° Fe) +° ) | ¢ K& | & md| ¢ Fe| & ke
89.80 128907.0! | 33.80 134.59]77.80 35.03|71.80 15.88]65.80 9.05!59.00 5.54
89.60 32227.14 | 83.60 126.34]77.60 33.92 {71.60 15.54| 65.60 8.91 | $8.00 5.20
89.40 14324328340 118.82]77.40 32.86 [71.40 15.22[65.40 8.77 [57.00 4.8%
89.20  8057.53|83.20 111.96|77.20 31.85|71.20 14.90(65.20 8.63 [56.00 4.60
89.00  §157.05) 83.60 105.68; 77.00 30.88 [71.00 14.59| 65.00 8.49 | 55.00 4.34
88.80  3581.46!82.80 99.91|76.80 29.96|70.80 14,29 64.80 8.36154.00 4.10
88.60 2631.38|82.60 94.60]76.60 29.09 [70.60 14.00] 64.60 8.23 |53.00 3.88
88.40  2014.78 | 82.40 971 | 76.40 28.24 |70.40 13.72| 64.40 8.10|52.00 3.67
88.20  1592.03 | 82.20 85.19]76.20 27.44|70.20 13.45|64.20 7.98 [51.00 3.48
88.0C 1289.64 1 82.00 81.00|76.00 26.67 [70.00 13.19| 64.00 7.86 | 50.00 3.30
87.80  1065.91 | 81.80 77.11 | 75.80 25.93 |69.80 12.93|63.80 7.74 |49.00 3.i3
87.60 895.73 | 81.60 73.50|75.60 25.22 [69.60 12.68{63.60 7.62 |48.00 2.98
87. 40 763.30 | 81.40 70.14 | 75.40 24.55169.40 12.44| 63.40 7.51 |47.00 2.83
87.20 658.21 | 81.20 £7.01]78.20 2389|6920 12.21|63.20 7.40 |46.00 2.69
87.00 573.44 [ 81.00 64.08|75.00 23.27 [€0.00 11.98|63.00 7.29 {45.00 2.57
86.80 504.05 | 80.80 61.34|74.80 22.67 [68.80 11.76|62.80 7.19 [44.00 2.44
86.60 446.55 | 80.60 58.77 | 74.60 22.00 |68.60 11.54|62.60 7.08 [43.00 2.33
86.40 398.36 | 80.40 56.36| 74.40 21.53 |68.40 11.33]62.40 6.98 [42.00 2.22
86.20 357.58 [ #0.20 54.10{ 74.20 21.00 |68.20 11.13]62.20 6.88 |41.00 2.12
86.00 322.76 | 80.00 51.97 ]| 74.00 20.48 |68.00 10.93 | 62.00 6.79 | 40.00 2.02
85.80 292.79/79.80 49.97 [ 73.80 19.90 |67.80 10.73 | 61.80 6.69 !39.00 1.93
85.60 266.82179.60 48.08(73.60 19.51 |67.60 10.55|61.60 6.60 |38.00 1.84
£5.40 244.16 | 79.40 46.29| 73.40 19.05 | 67.40 10.36| 61.40 6.51 [37.06 1.76
85.20 224.21179.20 44.6173.20 18.60 [67.20 10.18]|61.20 6.42 |36.00 1.68
85.00 206.73 | 79.00 43.01 | 73.00 18.17 |67.00 10.01|61.00 6.33 |35.00 1.61
84.80 191.16 | 78.80 41.50 | 72.80 17.76 |66.80 9.84|60.80 6.24 |34.00 1.53
84.60 177.20[ 78.60  40.07 { 72.60 17.36 |66.60 9.68|60.60 6.16 |33.00 1.46
84. 40 164.89 | 78.40  38.71|72.40 16.97 |66.40 9.51 | 60.40 6.08 [32.00 1.40 |
84.20 153.74 | 78.20 37.42]72.20 16.59 |66.20 9.36]|60.20 6.00 (31.00 1.33
84.00 143,691 78.00 36.19)72.00 16.23 [66.00 9.20{60.00 $.92 |30.00 1.27
Note:

A = (1/2)Cle)

SOUKCE:

Cusrterly Heport 3, Contract DA 36-039 SC-87398, SRI; reprinted

PGNTT (see Hef.,

132

1 by Young, Matthaei, and Jones)
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where

- ¢ (12.05-8)

is the amount by which the line length falls short of 7/2 or 7 radians,
respectively. The last term in Eq. (12.05-7), namely (25 - sin 28)/m,
is usually very small, so that G(¢) is very nearly ctwice F(¢). For
inastance, when ¢ = /3 =« 60 degrees, the error in G(¢) due to neglecting
thia term in Eq. (12.05-7) is less than % percent, while for ¢ = n/4 =
45 degrees, the error is 3.4 percent. One may therefore still uae

Table 12.05-1 to solve for ¢, looking up F(¢) = (1/2)G(¢), and subse
quently making a small correction if ¢, is smaller than about 60 degrees.

SEC. 12.06, EXPERIMENTAL ADJUSTMENT OF THE COUPLINGS
AND TUNING OF BAND-STOP RESONATORS

In conatructing resonators of the forms in Fig. 12.05, usually the
coupling capacitances C, are realized by capacitive gaps, while the
coupling inductances L, usually apply to waveguide filters where the
coupling inductance is achieved by an inductive iris. Since it is often
difficult to compute the appropriate gap or iris size with as much ac-
curacy as is desired, it is frequently convenient to experimentally
adjust these couplings to their proper value. This is done most easily
by testing one resonator at a time with the other resonators remcved
(in the case of a strip-line filter with capacitive gaps), or with the
coupling irises of the other resonators covered with aluminum tape (in
the case of a waveguide filter). Using this procedure the measured
3-db bandwidth for each resonator can be compared with a computed value,
and the coupling altered until the computed value of 3-db bandwidth is
obtained. Since in many cases the filter will be symmetrical, it will
usually be only necessary to make this test on half of the resonators.
Once the proper coupling gaps or iria sizes have been determined, they
are simply duplicated for the other half of the filter.

The 3-db fractional bandwidtha of the four types of reaunators in
Fig. 12.05-1 are given in Fig. 12.06-1. Case (a) in Fig. 12.06-1 may,
for instance, be derived by noting that the insertion loss of a react-
ance X in shunt with two resistances R, = R, is 3 db when the reactance
has the value X = (1/2)R,. By Eq. (12.05-4)
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SOURCE:  Quarterly Report 3, Contract DA 36-034 SC-H7398, SRI;
reprinted 1n IRF Trans, PGMTT nee Ref. | by Young,
Matthaei, and Jones)

FI1G. 12.06-1 THREE-db FRACTIONAL BANDWIDTHS
OF THE RESONATORS IN FIG. 12.05-1
PLACED ACROSS THE JUNCTION OF
TWO TRANSMISSION LINES
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Z. wo dx
> e— F = = - — — N . -
5 Fl@,) « - (12.06-1)

w-wo

Since we are only considering small bandwidths, we may replace 2dw/w° by
the 3-db bandwidth, u, and dX by (]/2)Rl' Then

B 1
Z, F(o,)

(12.06-2!

This equation would apply to the case of a resonator of the form in
Fig. 12.05-1(a) connected across a uniform transmission line of charac-
teristic impedance equal to Z, = R, = R, which is terminated at both ends

in its characteristic impedance.

The equations in Fig. 12.06-1(a) and 12.06-1(b) were derived in a
similar but more general fashion. Note that these equations previde for
unequal} loading at the left and right sides of the resonators. This is
of interest for cases where the main transmission line may have impedance
steps in it. In narrow-stop-band filters the loading resistances R  and
Rl can be estimated by computing the impedances seen looking left and
right from the resonator in question with all other resonators removed.

These impedances will be purely real at w_, but, of course, they will

o
vary with frequency 1f impedance steps are present. However, in the case
of narrow-stop-band filters, it should in most cases be permissible to
regard these impedances as constant resistances across the range of in-
terest. This is because the frequency band involved is small, and in
practical situations any impedance steps involved will usually also be
small. In many practical cases the main-line impedances will all be

equal so that the factor h(r) in Fig. 12.06-1 is equal to one.

The discussion above also applies to the dual cases inFig. 12.06-1(c)
and 12.06-1(d), where the cquations are in terms of admittances instead
of impedances. We may note in passing that if r = R /R or G /G is
greater than 3 + 2v2 = 5.8284 or less than 3 = 22 = 0,.1716, then the
3-db bandwidth does not exist, since the intrinsic mismatch of the junc-
tion causes a 3-db reflection loss and any reactance at the junction can
only serve to increase it. A 10-db or similar handwidth would then have
to be used for the experimental adjustment. However, such cases are not

likely to arise in practice and will not be considered further.
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In the case of filters with narrow stop bands, the tuning of the
resonators must be quite precise if the response is to be as specified.
Tuning is easily accomplished using tuning screws located in a high-
voltage region of each resonator. One resonator should be tuned at a
time while the other resonators are detuned or decoupled by adding
foreign bodies near the other resonators (in the case of a strip-line
filter) or by covering the coupling irises of the other resonators with
aluminum tape (in cthe case of waveguide filters). With the other reso-
natoras detuned or decoupled, a signal at the mid-stop-band frequency is
fed through the main line of the filter, and then the resonator in ques-
tion is tuned to give maximum attenuation of the signal (around 30 or
40 db in many practical cases). The main advantage in incapacitating the
other resonatoras while any given resonator is being tuned is that this
techniqie helps to keep the signal level sufficiently high so that a
distinct minimum can be obse ed when cach resonator is tuned. If more
than one resonator is resonant at a time the signal level may become so

low as to be undetectable.
SEC. 12.07, EXAMPLE OF A STRIP-LINE, NARROW-STOP-BAND
FILTER DESIGN

Let us suppose that a filter is desired with the following specifi-

cations:

Frequency of infinite attenuation, f,: 4.0 Ge
Pass-band ripple: 0.5 db

Fractional stop-band bandwidth to equal-ripple
(0.5-db) points: w = 0.05

Minimum attenuation over 2-percent stop band: 20 db.

In order to estimate the number of resonators required, Eq. (12.02-1) is

used in the form

(12.07-1)

»
- | —
w Yo
w, @

which with » = 0.05 and w/wy, = 1.01 (corresponding to the prescribed
upper 20-db point) yields |w'/w;| = 2.5. From Fig. 4.03-7, which appliea
to Tchebyscheff prototypes with 0.5-db ripple, we find that for hu'/wil = 2.5
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the attenuation is 12.5 db for n = 2 and 26 db for n = 3. Thus a design
with n = 3 resonators will be required. Since the peak attenuation of
this filter will surely be much greater than 20 db, the calculation of
peak attenuation at w  (discussed in Sec. 12.03) need not be made in
order to fix the design. The design equations in Sec. 12.04 will be
used in working out this example; however, the somewhat more accurate

equations in Sec. 12.09 could also be used.

From Table 4.05-2(a), the low-pass prototype parameters for 0.5-db
ripple and n = 3 are

8, = 8, = l.0
€, - 8, = 1.593 (12.07-2)
&, =* 1.0967

and w’ = 1. The filter takes the form shown in Fig. 12.01-1(a). From

Fig. 12.04-1(a) with Z, = Z,,

x, Ty
- = — a1 12,528
lo Zo
(12.07-3)
Ly
-— = 18.232 .
z, J

The physical embodiment of the filter is shown in Fig. 12.07-1.

The characteristic impedance of the main line, Zo, was made 50 ohms,
and the line consisted of a solid strip conductor 0.184 inch wide and
0.125 inch high, with a ground-plane spacing of 0.312 inch. The branch
stubs were each made of square cross section, 0.125 inch by 0.125 inch,
which gave the impedances Z,, = Z,, = Z,, = 59.4 ohms (by Fig. 5.04-2).
Therefore from Fig. 12.05-1(a),

2%, ° 3
F(py,) = Flpy,) = 77 = 21,1
0 b,
and L (12.07-4)
2%2 Z0
¥ , 2 —— v —— = 30,7
(¢4,) z, 252 )




o er

a-5087- 8300

SOURCE: Quarterly Report 3, Comract DA 36-039 SC-87398, SRI;
roprinted in IRE Trens. PGMTT (ses Ref. ) by Young,
Matthaei, and Jones)

FIG. 12.07-1 A STRIP-L! - . BAND-STOP FILTER
WITH TH"  : RESONATORS

which can be solved by Table 12.05-1 to give

¢“ = Py - 74.2° = 1,295 radians
12.07-5)
¢°, = 77.0° = 1.344 radians (
Again from Fig. 12.05-1(a) we obtain
woC'l = u.voC.3 = 0.004764 mho
(12.07-6)
woc,z = 0.003888 who

c, = C, = 0.1893  pf
1 3
} (12.07-17)

C2 = 0.1546 pf
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With . 125-by-0.125-inch stubs, such capacitances are obtained with a gap
of the order of 0.03! inch, which is a quite suitable value, being small

compared to a wavelength but still large enough to be achieved accurately
without special measures such as using dielectric in cthe gap, which would

increase the dissipation loss.

The length of the stubs is determined by Eq. (12.07-5) and the wave-
length, which is 2.950 inches at 4.0 Gc. 1t was at first assumed that
the referance plane was in the gap face opposite the main line. The
capacitive gap of each stub was udjusted to give peak attenuation at
4.0 Gc and the 3-db bandwidth of the stop band of stubs 1 and 2 were
then measured individually. ‘The 3-db fracticnal bandwidths u  are given
by Fig. 12.06-1(a):

u = u = ;Ei ! = 0.040 W
! } Z,, Fleg)) '
k (12.07-8)
u = :El ! = 0.0274
! 252 Fley,) . J

At first, the measured handwidths were slightly too narrow, showing the
coupling to be too loose. The coupling gaps of the stubs were reduced
until the required 3-db bandwidths were ohtained. Then the lengths of

the stubs were corrected to give the desired 4-Gc resonant frequency.

The final dimensions were: outer stub lengths 0.605 inch, gaps 0.0305 inch;
middle stub length 0.629 inch, gap 0.045 inch. The three stubas were then
placed along the line as shown in Fig. 12,07-1. They are nominally 90
degrees apart between reference planes at 4.0 Gc, but the spacing is not
critical, and they were simply pldced a quarter-wavelength apart between

centers (0.738 inch), and not further adjusted.

It is important that there should be no interaction, or mutual cou-
pling, between stubs: with a ground-plane spacing of 0.312 inch, the
attenuation of the TE, mode (electric vector parallel to the ground
planes) from stub to stub is more than 50 db at 4.0 Gc, which should be
adequate; it is also necessary to maintain proper centering so as not

to excite the parallel-plate mode.
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The response of this filter was computed on a digital computer and
is plotted in Fig. 12.07-2. The points shown are the measured results
on the experimental filter. The circles represent the measured reflec-
tion loss of the filter, which may be compared with the computed curve,
while the solid dots represent the total measured attenuation, including
the effect of dissipation. The computed reflection loss reaches a ripple
height of 0.7 db below, and 0.8 db above 4.0 Gc (instead of 0.5 db, which
was called for by the low-pass prototype). The measured reflection loss
reaches a peak of 1.2 db below, and 0.7 db above 4.0 Gec.

The somewhat oversize pass-band ripples in this filter are due mainly

to the frequency sensitivity of the A /4 coupling lines between resonators.

30 T | BN REE A R | (NS R M R | |
YR Y]
4 | e

a0 o o 4

COMPUTED ATTENUATION

s o o MEASURED ATTENUATION

s o oREFLECTION LOSS COMPUTED FROM
MEASURED VSWR

NORMALIZED FREQUE

[[e
ch-'lo—

32 34 36 38 40 a2 aa PVY a8
FREQUENCY —— Gc

LITUITN TR L)

SOURCF.: Quarterly Report 3, Contract DA 36-039 SC-87398, SRI;
reprinted in /RE Trans. PGMTT (see Ref. 1 by Young,
Matthaei, and Jones)

FIG. 12.07-2 COMPUTED AND MEASURED RESPONSE OF A STRIP-LINE BAND-STOP
FILTER WITH A ;/4 SPACINGS BETWEEN RESONATORS
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If the design method described in Sec. 12,09 is used, selectivity of

the coupling lines can be taken into account in the deaign process so
that the pass-band ripples should be very nearly as prescribed. A pos-
sible drawback of the procedure in Sec. 12,09 is that it necessarily
calls for steps in the impedance level of the main transmission line.
However, in the case of a strip-line filter, this should cause little
difficuley., 1If this same filter design were tc be obtained by the
methods of Sec. 12.09, the main-line impedances and the resonator slope
psrameters would be obtained by the equations of that section. From that
point on, the design procedure would be the same as described above.

The peak attenuation of the three-resonator filter was too great to
measure, but the peak attenuation of each branch separately was measured.
This gave 32 db for each of the two outer branches, and 28 db for the
middle branch alone. Working back from the data in Fig. 12.03-2, this
leads to unloaded Q values of 1000. The theoretical unloaded Q of such
a pure all-copper line at this frequency is 2600. In this case thestrip
conductors of the resonatars were made of polished copper and the ground
planes were aluminum. Other losses were presumably introduced by the
current concentrations caused by fringing fields at the gap, and by the
short-circuit clamps. The value of Q, = 1000 is consistent with experi-
mental results generally obtained. The peak sttenuation of all three
branches together should by the first formula of Fig. 12.03-2 reach a
value of 104 db, which, however, was beyond the measurement range of the
available test equipment. There are, of course, additional stop banda

at frequencies where the stubs are roughly an odd multiple of A /4 long.

According to the formula for the dissipation loss OL, inFig. 12.03-2,
the dissipation loss should he about 0.74 db at the equal-ripple band
edges w, and w,. The measurements indicated dissipation loas of roughly

that size at the pass-band edges.

The bandwidth of the stop band to the 0.5-db points, both measured
and computed, is very nearly 5.0 percent, the design goal. The attenua-
tion over a 2-percent bhand exceeds 25.4 db by computation. (Compare the
20-db design specification, and the 25.8 db predicted for a three-branch
filter.) The measured points in the stop band fall close to the computed
curve, as can be seen from Fig. 12.07-2. For frequencies moving away
from the stop-band edges into the pass bands, the dissipation loss will

drop quite rapidly.
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SEC. 12.08, NARROW-STOP-BAND WAVEGUIDE FILTER DESIGN
CONSIDERATIONS, AND AN EXAMPLE

A waveguide band-stop filter is most conveniently realized using
resonators connected in series and spaced an odd multiple of a quarter
wavelength apart along the waveguide. The equivalent circuit of such
a filter is as shown in Fig. 12.04-2, while Fig. 12.01-1(b) shows a
sketch of a waveguide realization of such a filter. It is seen that
the resonators in Fig. 12.01-1(b) are spaced at intervals of three-
quarters of a guide wavelength. It is believed that placing the reso-
nators at one-quarter guide-wavelength intervals is not practical,
because strong interaction results between the resonatora by way of the
fields ahout the coupling apertures. This interaction in an experimental
band-stop filter, with quarter-guide-wavelength-spaced resonators, caused
the stop-band response to have three peaks of high attenuation, with
relatively low attenuation valleys in between, instead of the single
high attenuation peak that is desired.

The appropriate normalized frequency variable to use with dispersive
lines, as in a waveguide filter, is the normalized reciprocal guide wave-
length, A.O/K.. Thus, & waveguide filcer and a strip-line filter, each
designed from the same low-pass prototype, can have identical responses
if the waveguide filter response is plotted on K‘O/A'scule and the
strip-line filter responss on a w/wo scale. On this hesis, the formula,

which for the strip-line filter was

w
v = — 2 0 2L (TEM mode) (12.08-1)

where w), w,, and w, are as defined in Fig. 12.02-2, is now replaced for
s waveguide filter by
A

A
o -2 (waveguide) (12.08-2)

s2 sl

where A K.l, and K.z are analogously defined as the guide wavelengtha

s’
at mid-stop-band, and at the lower and upper edges of the stop band, on
a reciprocal guide-wavelength scale. If both responses are plotted on a

frequency scale, however, the response of the waveguide filter derived
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from the same prototype will be conaiderably narrower. For small stop-
band bandwidths, the fractional width of the waveguide filter stop band
on a frequency scale will be approximately ()\o/)\‘o)2 times w,, which is
the fractional bandwidth on a reciprocel guide-wavelength scale given by
Eq. (12.08-2). (A, is the free-space wavelength at the center of the
stop band.) Thus in designing for a frequency fructional bandwidth w,
the bandwidth w, in the formulas is set to be equal to (A‘O/Ko)zv for

the narrow bandwidths considered here.

In the waveguide filter each resonator formed from a waveguide of
characteristic admittance ¥,, which has a length slightly less than
one-half guide wuvelength, is connected to the main waveguide of char-

acteristic admittance Y by means of a small elongated coupling iris.

‘Each coupling iris has a length, !, which is less than one-half free-

space wavelength, and can be represented to a good cpproximation as an

inductance in series with the main waveguide. The equivalent circuit

of the resonator and coupling ivis combination is shown inFig. 12.05-1(d).

The susceptance, B, of each coupling iris can be determined approxi-
mately in terms of the magnetic polarizability, M', of the iris. From

Fig. 5.10-11 the expression is found to be

A ab’
_ s
AnM |

B
— s (12.08-3)
Y,

where a and b’ are as defined in Fig. 12.01-1(b). For irises cut in
walls of infinitesimal thickness, t, having a length | which is much
less than one-half free-space wavelength, the magnetic polarizability

M; = ¥, is given in Fig. 5.10-4(a). In the usual situation when t is
not infinitesimal and ! is not much less than one-half free-space wave-
length, one must use the magnetic polarizability ¥|, which is related

to M, by the approximate empirical relation

M J(L3se Q..!z
Mo lo(' ) "0) (12.08-4)

where A is again the free-space wavelength at center frequency
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corresponding to w = Wg ] ¢°, and k. . hco’ The resonant condition
for each resonator hecomes

Y,ab’
Y, tan ¢, = — A (12.08-5)
o o AmM| 80
where
2nl
by * o (12.08-6)
Ao 2

and L is the length of the resonator.

The susceptance slope parameter, &, for cach resonator as viewed

from the main transmission line becomes

Y

’
L —;—G(¢) ~ Y, F(¢) (12.08-7)

wheve F(¢) is defined in Eq. (12.05-5) and G(¢) is defined in Eq. (12.05-7),

and M| has been assumed to be frequency invariant.

Example of a Waveguide Filter Design—As an example of the use of
the above technique, we consider here the design of a 3-resonator wave-
guide band-stop filter using the same low-pass pretotype circuit used for
the strip-line filter described in Sec. 12.07. The filter has a design
center frequency f o= 10 Ge and the resonators and main transmission line
ure fabriceated from WH-90 waveguide. The fractional bandwidth of the
strip-line filter was w = 0.05 on a frequency basis (Eq. (12.08-1)].
Here, we use vy = 0.05 on a reciprocal guide-wavelength basis
(Ey. (12.08-2)). The susceptance slope purameters fur the two end reso-

nutors and the middle resonator can be determied from Fig. 12.04-2(a)

with ¥, =Y . They are, respectively,
6l ! &3 12.528
Yy w1 8 1 %) Yo .
(12.08-8)
b, &
= . = 18.232
Yo "’l“!'k
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which correaspond exactly to those previously computed for the strip-line
filter. The stub characteristic admittances Y, were chosen to be equal
to Y,. Therefore,

2&,'
G(ey,) = G@,y;) = i 25.056
0
(12.08-9)
2&2
G(e,,) = —— = 36.464
yo
Referring to Table 12.05-1, we find
oy +90° = ¢ .+ 90° = 159.5°
(12.08-10)

b,0 + 90° = 163.0°

At a frequency of 10 Gc, k.o in #{-90 waveguide is 1.5631 inches.
Therefore the lengths L, = L, of the two end resonators and length L,

of the middle resonator are

0.693 inch

I~
[
Lyl
-
"

(12.08-11)

o~
"

2 0.709 inch

The magnetic polarizability, (M]) = (M]) , of the irises in the end
cavities, and the magnetic polarizability, (M;)., of the iris in the

middle cavity can ve determined from kq. (12.08-5) to be

M) = (M) = 0.0167 inch?
1 3

(12.08-12)
(M',)2 =~ 0.0137 inch?

It was decided to use elongated irises with round ends, as for the second

curve from the top in Fig. 5.10-4(a). 7The iris sizes were determined by
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first fixing the iris widths® as vllu w, = w, » 0.125 inch, and then com-
puting successive approximations using Fig. 5.10-4(s) and Eq. (12.08-4).
Since it was planned that the iris sizes would be checked experimentaily
as discussed in Sec. 12.06, the iris thickneus t in Eq. (12.08-4) was
assumed to be zero (which should cause the irises to come out slightly
undersize). A luggelte& ﬁny for making these calculations is to convert
Eq. (12.08-4) to the form

Ao

Then using Fig. 5.10-4(a) and the desired polarizabilities (ﬂ;)., pre-
liminary values of the iris lengths I, are obtuined. Inserting these
preliminary values of I, in Eq. (12.08-13), compensated values (M) for
the polarizabilities are obtained which are then used with Fig. 5.10-4(a)
to obtain compensated values for the iris lengths I,. If desired, this
procedure can be repeated in order to converge to greater mathematical
accuracy; however, since Eq. (12.08-13) is in itself a rather rough ap-
proximation, the value of very high mathematica) accuracy is rather
doubtful.

By the above procedure, initial iris dimensions of I, =1,=0.430inch
and I, = 0.415 inch for the iris lengths with w, = w, = », = 0.125 inch
were obtained, After tests made by measuring the 3-db bandwidth of
Resonators 1 and 2 separately (by the methods discussed in Sec. 12.06),
final values of I, = I; « 0.481 inch and I, = 0.458 inch for the iris
lengths were obtained. The first version of this filter had A /4
spacings between resonators, but this was found to be unsatisfactory
due to interaction between the fringing fields around the irises of the
various resonators (which reaulted in considerable d.sruption of the
stop-band performance). Thus a second version was constructed with
3A\,/4 spacings between resonators, and Fig. 12.08-1 shows the dimensions

of this filter.

The slot widih » [l‘i.. s.lo-o(.)] is represented by the aame symbol as the fractionsl band.
width. This is Lhe usuel notstion for :oth quemtities. Since the alot calculation is ealy
incidental in this centext, it wes felt to be Jess confusing to retain the o for slot width,
thea to change it.
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X- BAND WAVE QUIOE FLANGE, TYPE UG-30/V

SECTION 8-9'

PRECISION X~-BAND WAVEGUIDE

SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398, SRI;
teprinted in /RE Trans. PGMTT (see Ref. 1 }, Young,
Matthaei, and Jones)

FIG. 12.08-1 DIMENSIONS OF A WAVEGUIDE BAND-STOP FILTER

The filter was tuned using the technique discussed in Sec. 12.06.
Figure 12.08-2 shows points from the resulting measured response of the
filter as compared with the theoretical response of this filter design
as determined using a digital computer. As can be seen from the figure,
the agreement is excelleat.

Though the measured performance of this filter is in very good
agreement with its computed performance, it will be noted fromFig. 12.08-2
that the computed performance indicates pass-band ripples of about 1.2db
inatead of 0.5 db as was called for by the lumped-element prototype.

These oversize ripples have heen found to he due to the frequency sensi-
tivity of the lines between resonators. If the 3A;/4 coupling lines

between resonators were replaced by ideal impedance inverters the
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Tchebyscheff ripples would be exactly 0.5 db. Computer calculations
show that if A /4 coupling lines are used, the ripples should peak at
approximately 0.7 db. In Fig. 12.08-2 the 1.2-db ripple peaks are due
to the still greater selectivity of the 3A;/4 coupling lines used

in this design. Use of the design procedure discussed in Sec. 12.09
would make it posaible to take into account the selectivity of the cou-
pling lines so that the ripples should come out very closely as pre-
scribed.® However, the price that must be paid for this is that the

an.

T - —Tr71 T
a0}~ ~
30+ -

emmmeme COMPUTED ATTENUATION

s o s oMEASURED AYTENUATION

l o o oPASS-BAND REFLECTION LOSS

) COMPUTED FROM MEASURED VSWR

620'— b -t

3

<

NORMALIZED RECIPROCAL GUIDE -WAVELENGTH Ei?

nJ T T ¥ T
0 2 94 9% 9 100 102 04 05
FREQUENCY —- Ge

SOURCE: Quarterly Repent 8, Contract DA 36-039 SC-47398, SRk
reptinted in IRE Trans. PCMTT (see Rel. | by Young,
Matihaei, and Jones)

FIG. 12.08-2 COMPUTED AND MEASURED RESPONSE OF THE WAVEGUIDE
BAND-STOP FILTER IN FiG. 12.08-1

* The design procedure described in Sec. 12.09 is exact if the filter io realised using only

treansmission lines and ntubs., However, in the cese of aerrow-stop-band filters the stub
inpedences become unressoneble su thet it is necessary to replace thea with resctively coupled
resonators. This substitution, of course, introduces an appronimatiom.
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procedure in Sec. 12.09 necessarily requires that there be steps in
impedance along the main line of the filter. This introduces some
added complication for manufacturing, but the difficulties introduced
should not be great. Once the main line impedances and the resonator
slope parameters are determined from the data in Sec. 12.09, the design

process is the same as that described above.

SEC. 12.09, A DESIGN PROCEDURE WHICH IS ACCUHRATE FOR
FILTERS WITH WIDE (AND NARROW) STOP-BAND WIDTHS*

In this section an exact design procedure will be discussed which
is useful for the design of band-stop filters with either wide or narrow
stop bande. The design equationa given apply to filters with A /4 stubs
separated by connecting lines which are either Ko/4 or 3\ /4 long, where
A, is the wavelength at the mid-stop-band frequency. An example of this
type of falter is shown in Fig. 12.01-2. In theory this type of filter
can have any stop-band width; however, in practice the impedance of the
stubs becomes unreasonable if the stop-band width is very snarrow. In
that case it would be desirable to replace the open-circuited stub reso-
nators in the filter in Fig. 12.01-2 with capacitively coupled short-
circuited stub resonators [as shown in Fig. 12.01-1(a)] having the same
resonator slope parameters This introduces some approximation into
the design, but permits praciical impedances. As has been mentioned
previously, the main difference betwecen a practiral narrow-stop-band
filter design obtained by the methods of this section and one obtained
by the methods of Sec. 12.04 is that the method of this section calls
for ateps in transmission line, while usually none are necessary by the
method of Sec. 12.04. However, the method of this section will give
higher design accuracy even for narrow-stop-band cases where the ap-

proximation mentioned above has been introduced.

The methods of this section permit exact design of filters of the
form in Fig. 12.09-1(a) or their duals (which consist of A,/4 short-
circuited stubs in series with A /4 connecting lines). Filters of these
types which have been desiguned by the wethods of this section have attenuation
characteristics which are related to the attenvation characteristics of

low-pass prototype filters of the form in Figs. 12.02-1 by the mapping'

)
The equetions in this section snd the examples in Sec. 12.10 were worked out by B. M. Schiffmen.

1t can be shown that other methods of duinz" can lead to circuits of the form in Fig. 12.09-1(a) which
heve attenuation characteristics that are not mappings of the attenuation characteristica of low-psss pro-
totypes of the form in Figs. 12,02-1(a), (b)
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ALL STUBS AND CONNECTING LINES ARE A,/4 LONG

{e)

"
e
g
<«

W, 12w, v wy) ascot (Rw, f2wp)

Apye2mviw e T

v s VELOGITY OF LIGHT IN MEDUM “o
L]

B-3827-983

FIG. 12.09-1 BANDSTOP FILTER: (o) n-STUB TRANSMISSION-LINE FILTER
DERIVED FROM n-EL EMENT L OW-PASS PROTOTYPE; (b) EQUI-
RIPPLE CHARACTERISTIC DEFINING CENTER FREQUENCY ..,
PARAMETER o, AND STOP BAND FRACTIONAL BANDWIDTH w

)' , n w
u = mla tan { — — (]2.09-])
2w
0
where
n
a * cot (-—) 4-—--) (12.09-2)
- '“0
w) t w,
R (12.09-3)

w' and w; are frequency points in the low-pass filter response [such as
thut 1n Fig. 12.02-1(d)], and w, wy,vw,, and w, are frequency points in
the corresponding band-stop response in Fig. 12,.09-1(b). Note that the

band-stop filter response in Fig. 12.09 1(b) has arithmetic symmetry,
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and that the infinite attenuation point at w, is repeated at frequencies
which are odd multiples of w,. At these frequencies the stubs in the
filter in Fig. 12.09-1(a) are an odd multiple of A /4 long, so that they
short out the main line and cause infinite attenuation (theoretically).
In the dual case which uses series-conngcted stubs, the stubs present
open-circuits to the main line at these frequencies. Using the methods
of this section, if the low-pass prototype has, say, a Tchebyscheff re-
sponse with 0.1-db ripple, then the band-stop filter response should have
exactly 0.1-db Tchebyacheff ripple, with the entire response exactly as
predicted by the mapping Fqs. (12.09-1) to (12.09-3). (This statement,
of course, ignores problems such as junction effects which occur in the

practical construction of the filter.)

Tuble 12.09-1 presents design equations for filters of the form in
Fig. 12.09-1(a). After the designer has selected a low-pass prototype
filter (which gives him the parameters g,, 8,, ..., §,,,. and wl); and
has specified w;, w,, and the source impedance Z,; he can then compute
all of the line impedances. Table 12.09-1 treats filters of the form in
Fig. 12.09-1(a) having n = 1 up to n = 5 stubs.. The same ejuations also
apply to the duul cases having short-circuited series stubs if all of the
impedances in the equations are replaced by corresponding admittances.
However, the cuse for which series stubs are of the most practical interest
18 the case of waveguide band-stop filters, and as was noted in Sec. 12,08,
it will usually be desirable to use 3A;/4 spacings between stubs for wave-
guide band-stop filvters. Figure 12.09-2(a) shows a band-stop filter
with 3A,/4 spuélngs between Ay /4, short-circuited, series stubs, while
Fig. 12.09-2(b) shows the dual case having A /4, open-circuited, shunt
stubs. Table 12.09-2 presents design equations for filters of the form

in Fig. 12.09-2(a) having n = 2 or n = 3 stubs

As has previously been mentioned, the equations in Tables 12.09-1]
and 12.09-2 are exact regardless of the stop-band width. However, in the
case of Table 12.09-1 and filter structures of the form in Fig. 12.09-1(a),
the impedances Zl of the shunt stubs become so high as to be impractical,
in the casc of narrow-stop-band designs. This difficulty can be gotten
around by replacing each open-circuited shunt stub, which has a resonator

reactance slope parameter of

w, = —27 (12.09-4)
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Table 12.09-1

FXACT EQUATIONS FOR BAND-STOP FILTERS
WITH A,/4 SPACING BETWEEN STUBS

The filter structure is as shown in Fig. 12.09-1(a). For the dusl case
having short-circuited seriea atubs, replace all impedancesin the equa-
tions below by corresponding ndnunnce- .
n = number of stubs
Z,end Z, = terminating impedances
ZJ. (J*1 to n) = impedances of upen-circuited shunt stubs
4

(j =2 to n) = connecting line impedances

<y

g, = values of the elements of the low-pass prototype

Y network as defined in Fig. 12.02.1.

A= e
where

U

w) = low-pass prototype cutoff frequency -
and

a = bandwidth parameter defined in Eq. (12.09.2)

(In all cases the left terminating impedeonce Z‘ is arbitrary).

Case of n = 1:

z

N

A 2

2, = ; Z, - —=

Aloll s 8
Case of n = 2

1

7z, = z,[1 v\, 2, = Z (1 + Agg
1 ( A‘o‘l) 12 A ( 0 l)

2,8
7, = A2, Zy = Zigsy

Alz

Case of n = 3:

Zl, Zlz and Zz—-u— formulas as case n = 2
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Table 12.09-1 concluded

& 1
Z, = =—(1+ : Z
Y ( A'slo) »
Z.
Case of n = 4
z, =z (2+ 2 ) : 7,
Aggsy
1 )
zZ, = Z + Z
2 4 (l + A‘o‘, I\....(l + /\.on)2> 2
Z
z, = A z
' 3
3 A'O‘l )
4
z, = A1+ A 2,
8o8s A'C‘S
Case of n = 5:
Zl, le, Zz, Z”, Za—nn formulas as cese n = 4
Z 8
¥4 = A 1 + 6 ) H ¥4
M) (l * Aegeg Mgyl + gyeg)” ¥
Z 8 l
z = AZ6 [y, ; z
s bo ( A‘s‘o) 8
ZD
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FI1G. 12.09-2 BAND-STOP FILTERS WITH 3 A ;/4 SPACING BETWEEN Ao/4 STUBS

[see Fig. 5.08-1(d)), by @ capacitively coupled short-circuited stub
resonator as shown in Fig. 12.05-1(a), having the same resonator =lope
parameter. Then the design process becomes the same as that in the ex-
ample of Sec. 12.07. The filter might tuke the strip-line form in
Fig. 12.07-1, except that in this case the main line of the filter would
have some steps in its dimensions since the connecting line impedances
Zl.i’l are generally somewhat different from the terminating impedances.
The computed performance of a filter design of this type obtained using

the equations of this section is discussed in Sec. 12.10.

As previously mentioned, the case in Fig. 12.09-2(a) is of interest
primarily for waveguide band-stop filters. Since the useful bandwidth of
waveguides is itselfl rather limited, it is probable that band-stop filters
with narrow stop-bands will be of most interest for the waveguide case.
For narrow-stop-band designs the series-stub admittances Y’ will become so

large as to make them difficult to construct (and especially difficult to
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' Teble 12.09-2

EXACT EQUATIONS FOR BAND-STOP FILTERS WITH 3A o/4 SPACING
BETWEEN STUBS OR RESONATOR IRISES

The filter structure is of the form in Fig. 12.09-2(a). For
the dual case in Fig. 12.09-2(b), replace all admittances in
the equations below with corresponding impedances.

n = number of atubs

Y‘. Y. = terminating admittances

Y. (j = 1 to n) ® adeittances of short-circuited
Y series stubs

(Y._l .). « adeittance of kth (k=1 2 or 3) con-
LAY necting line from the left, between stubs
j = 1andj

g. ® values of the elements of the low-pass prototype
network as defined in Fig. 12.02-)

A= wia where w} * low-pass cutoff frequer-y and
N . . ny
a ¥ bandwidth parameter defined in Eq. (12.09-2}

(In ali cases the left terminating impedance is arbitrary)

Case of n - 2:

1
Y, =¥, <| . A!oﬁl); (Y), = Y1+ Aggg)

& 1
B, N 7;2“’?/‘12«:’; Yy2dy = Yisots (T:m)

1+ Ngyey
Y’ * Yaty i (Yn)a = Y08, I’Aﬂglg
Case of n = 3
1+ W )
| of1
Y, = ¥, {3+ Yo), = Y, | ————
1 A< AG(’I) 1271 A(l*z’kos‘
oy [ e
)y = Yy 1+ Nggs,
&o
T2 * N i, Fyp)y = Y1+ Aggey)
, . & .
Wa)y = '4; (1+Agg,)
) 1 vy =y lo(‘ ’A“a!c)
Y. * Mg Pt A, Wagdy = Yo \T+ Agge,
&g LY 1+ 3'\63!‘
h * YA;: (Fy3)y = ¥y 5, \I + ey,
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construct with good unloaded Q's). Now the series stubs have a resonator

susceptance slope parameter of

T

h = —Y (12.09-5)

and for narrow-stop hand cuses it is convenient to realize these resonator
slope parameters using inductively coupled A /2 short-circuited stub
resonastors of the form in Fig. 12.05-1(d). From this point on, the design
process is the same as that in the example in Sec. 12.08. The completed
filter might look like that in Fig. 12.08-1 except that the design
equations of this section call for steps in the impedance alony the main

waveguide of the filter.

berivation of the Design Equations in this Section—FExact methods for

transmission line filter design such as the methods of Ozaki und Ishii??

* have existed for some time. However. Lhough these methods

and of Jones
are muthematically clegant, they are computationally so tedious that they
have found litvle application in actual practice. The case described
herein is an exception in that it is an exact method of design, yet is
also very simple Lo use for the design of practical filters. 'The funda-
mental principie of this design method was first suggested by Ozaki and

Ishii,> while the design equations in this section were worked cut by
B. M. Schiffman.$

The design procedure of this section hinges on Kuroda's ideut.it.y.""3
This identity in transmission-line form 18 us shown in Fig. 12.09-3.
Note that this identity says that a circuit consisting of an open-circuited
shunt stub and a connecting line, which are both of the same lengtl, has
an exact equivalent circuit consisting of » short-circuited series stub

with a connecting line at the opposite side.

Figure 12.09.4 traces out the way in which Kuroda's identity is used
to relate a bund-stop filter of the type in Fig. 12.09-1(a) to a low-pass
prototype filter. Figure 12.09-4(0) shows a low-pass prototype filter for
the case of n = 3 reactive elements. Applying the mapping Eq. (12.09-1)

to the shunt susceptances and series reactances of this filter gives

e ! i (12.09-6)
" ‘] .’a)la tan { — — s -

FARTY 0
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FIG. 12.09-3 KURODA'S IDENTITY IN TRANSMISSION LINE FORM
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1
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[
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LR TCINATY

FIG. 12.09-4 STAGES IN THE TRANSFORMATION OF A LOW-PASS PROTOTYPE
FILTER INTO A BAND-STOP TRANSMISSION-LINE FILTER

758



[

R——

WL} . Llw) “.n(%f-) : (12.09-7)
0

Note that the right side of Eq. (12.09-6) corresponds to the susceptance
of an open-circuited stub having a characteristic admittance

Y, = Cula , (12.09-8)

the stub being A /4 long at w,. Similarly, the right side of Eq. (12.09-7)
corresponds to the resctance of a short-circuited stub of characteristic
impedance

z, = L'oja , (12.09-9)

the stub being A,/4 long at frequency w,. Thus, the shunt capacitors in
the low-pass prototype become open-circuited shunt stubs in the mapped
filter, while the series inductance in the prototype becomes a short-

circuited series stub in the mapped filter.

Note that in the mapped filter in Fig. 12.09-4(b), the terminations
seen by the reactive part of the filter are still R onthe left and Ky on the
right. However, on the right, two additional line sections of impedance
Z,, = Z,, = Ry have been added. Since their characteristic impedance
matches that of the termination, they have no effect on the attenuation
characteristic of the circuit, their only effect on the response lLeing
to give some added phase shift. The circuit in Fig. 12.09-4(b) then has
a response which is the desired exact mapping of the low-pass prototype
response. The only trouble with the filter in Fig. 12.09-4(b) is that it
contains & series stub which is difficult to construct in a shielded

TEM-mode microwave structure.

The series stub in Fig. 12.09-4(b) can be eliminated by application
of Kuroda's identity (Fig. 12.09-3). Applying Kuroda’s identity to stub
Y, and line Z,, in Fig. 12.09-4(b) gives the circuit in Fig. 12.09-4(c).
Then applying Kuroda’s identity simultaneously to stub Z, and line Z;z,
and to stub Z; and line Z,, in Fig. 12.09-4(c) gives the circuit in
Fig. 12.09-4(d). Note that the circuit in Fig. 12.09-4(d) has exactly
the same input impedance and over-all transmission properties as the
circuit in Fig. 12.09-4(b), while the circuit in Fig. 12.09-4(d) has no
series stubs.
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The equations in Tables 12.09-1 and 12.09-2 were derived by use of
repeated applications of the procedures described above. For reasons of
convenience, the equations in the tables use a somewhat different notation
than does the example in Fig. 12.09-4; however, the principles used are
the same. The equations in the tables in this section also provide for a -
shifc in impedance level from that of the low-pass prototype.

SEC. 12.10, SOME EXAMPLES ILLUSTRATING THF PERFORMANCE
OBTAINABLE USING THE EQUATIONS IN SEC. 12.09

In this section both & wide-stop-band filter example and & narrow-
stop-band filter example will be discussed, both being designed by the
methods of Sec. 12.09. 1In the case of the narrow-stop-band design, the
high-impedance shunt stubs will be replaced by capacitively coupled stubs

of moderate impedance, as waa discussed in the preceding section.

A Wide-Stop-Band Fxample —Let us assume that a design is desired
having 0.1-db pass-band Tchebyscheff ripple with the band edges at
fy = 1.12 Gc and f, = 2.08 Gc. This puts the stop-band center at
fo = (fy * f3)/2 = 1.60 Gec. Let us further suppose that at least 3G-db
attenuation is required at the frequencies f = 1.600 t 0.115 Ge. Now
wyfwy = f1/fg = 1.12/1.60 = 0.70; while at the lower 30-db point,
wfwy = f/fy = (1.600-0.115)/1.500 = 0.9283. By Eq. (12.09-2), a = 0.5095;
and by Eq. (12.09-1), the low-pass prototype <hnuld have at least 30-db
attenuation for w'/w] = 4.5. By Fig. 4.03-5 we find that an n = 3 proto-
tvpe will have 34.5-.db attenuation for w'/w; = 4.5, while an n = 2 design

will have only 15.5-db attenuation. Hence, an n = 3 design must be used.

From Table 4.05-2(a) the low-pass prototype parameters g, = 1,
g, = 1.0315, g, = 1.1474, g, = 1.0315, g, = 1.0000, and w) = 1 were ob-
tained. Using Table 12.09-1 with Z, = 50 ohms, the line impedances were
then computed to be Z, = Z, = 145.1 ohms, Z,, = Z,, = 76.3 ohms, Z, = 85.5
ohms, and Z. = 50 ohms. The filter was constructed in strip-line form,
and its dimensions are shown in Fig. 12.10-1. Note that the Z, = 85.5-ohm
stub has been realized as two 176-ohm stubs in parallel. This was done so

that narrower stubs could be used which should have less junction effect.®

.

As this watacisl is going to press some evidence has been obtained os amother filter structure, vhich indi-

cates that at least wnder some circumstances it may be wnwise to replace a single stub bydouble stubs in
parsllel. Some exparimental results auggest that there may be intersction between the tvo stubs in
arellel so that regardless of their tuning they will always give twe separate resonances vhere they are
oth expected to resonste st the seme frequemcy. Also, betwesa the two resonances the sttenuation of the
pair of stebs may drop very low. This possible behavior of double stubs needs further study, and 1s
mentioned here to alart the reader of ':n. could be a pitfall,
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FIG. 12.10-1 A STRIP-LINE, WIDE-STOP-BAND FIL TER

The stubs in this case are realized using round wire supported by Polyfoam.

The dimensions of the round wires were determined by use of the approximate
formula

d = 4 (12.10-1)
. ve Z
7 antilog,, (—Téa)

where d is the rod diameter, b is the ground plane spacing, €, is the

refatiye dielectric constant, and Z is the desired line impedance.

Figure 12.10-2 shows the measured and computed performance of the
filter in Fig. 12.10-1. Note that Lhe computed performance is in perfect
agreement with the specifications, as it should be. The measured per-
formance of the filter is also in excellent agreement with the specifica-
tions, except that the filter is tuned slightly high. This could have
been corrected by the addition of tuning screws.

A Narrow-Stop-Band Filter Example—Figure 12,10-3(a) shows another
3-stub band-stop filter design worked out using Table 12.09-1 and the same
low-pass prototype as was used for the design described above, However,

in this case the pass-band edges were defined so as to give a stop-band
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fractional bandwidth of w = 0.05 aa measured to the equal-ripple pass-
band edges. As can be seen from the figure, in this case the line
impedances Z,, = Z,, are very nearly the seme as the terminating imped-
ances; however, the stub impedaunces are in excess of 1,000 ohms. To
eliminate these impractical stub impedances, the open-circuited stub
resonators wcre replaced by capacitively coupled short-circuited stub
resonators as described in Sec. 12.09. The stub impedances were arbi-
trarily set at 151.5 ohms, but probably a lower impedance would have
been a better choice from the standpoint of obtaining maximum resonator
unloaded ('s. Figure 12.10-3(b) shows the design using capacitively

coupled resonators.

Figure 12.10-4 shows the computed responses of these two designs.
Note that the exact design [in Fig. 12.10-3(a)) has the desired 0.1-db
puss-band ripple as specified. Though the approximate design with
capacitively coupled stubs deviates a little from the specifications,
it comes very close to the response over the frequency range shown.
However, as can be seen from Fig. 12.10-5, which shows the same responses
with enlarged scale over a larger frequency range, at higher frequencies
the response of the approximate design deviates a good deal from that of
the exact design. This is due to the variation of the coupling suscep-
tances with frequency. Though eirther the method of Sec. 12.04 or the
method of Sec. 12.09 will involve some error, unarrow-band designs worked
out by starting with the equations in Sec. 12.09 can be expected to give

more accurate results.
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CHAPTER 13

TEM-MODE, COUPLED- TRANSMISSION-LINE DIRECTIONAL COUPLERS,
AND BRANCH-LINE DIRECTIONAL COUPLERS

SEC. 13.01, INTRODUCTION

Though there are many possible kindas of directional couplers, the
discussion in this book will be confined to only two types., They are
TEM-mode couplers consisting of parallel, coupled transmiasion lines'"’
(Secs. 13.01 to 13.08), and branch-line couplers which may be of either
TEM-mode or waveguide form®™'! (Secs. 13.09 to 13.14). TEM-mode,
coupled-tranamiscion-line couplers are included because they relate
very closely to some of the directional filters discussed in Chapter 14,
they are a very widely used form of coupler, and they are a type of

coupler of which the authors have special knowledge, The branch-line

" couplers are included because, as is.discussed in Chapter 15, they are

useful as part of high-power filter systems, and because they also are
a form of coupler of which the authors happen to have special knowledge
in connection with high-power filter work. No effort will be made to

treat the numerous other useful forms of-couplers which appear at this

time to be less closely related to the topics in this book.

Figure 13.01-1 illustrates schematically a quarter-wavelength
coupler and a three-quarter-wavelength coupler, together with their fre-
quency responses. These couplers, like all couplers analyzed ia this
chapter, have end-to-end symmetry. The coupled signal travels in the’
direction opposite to that of the input signal and therefore these couplers
are often referred to as "backward couplers.'” The electrical length, &,
of each coupled section in the two couplers is 90 degrees at midband.
The variation of coupling with frequency in the single-section, quarter-
wavelength coupler is approximately sinusoidal. The coupling variation
with frequency is much less in the 3-section coupler, which is formed by
cascading three, quarter-wavelength couplers. It can be made to be
maximally-flat or equal-ripple by adjusting the couplinga of the three
individual couplers. Even gréater bandwidths can be obtained by cas-
cading more than three couplers,
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PIG. 13.01-1 SKETCH SHOWING TYPICAL CONFIGURATIONS AND FREQUENCY
RESPONSES FOR TEM-MODE, COUPL ED-TRANSMISSION-LINE
DIRECTIONAL COUPLERS OF ONE AND THREE SECTIONS

A variety of physical configurations for the coupled TEM lines can
be used in these couplers, as is illustrated in Fig. 13,01-2. The con-
figurations (a), (b) and (c) are most suitable for couplers hlfing weak
coupling such as 20 db, 30 db, etc. The configurations (d), (e), (f),
(g) and (h) are most suitable for couplers having tight coupling such as
3 db. Intermediate values of coupling can usually most easily be obtained
with configurations (d), (e), (f), and (g), although configuration (a) ia
often useful. Configuration (e) has a disadvantage in that the individual
lines are unaymmetrically located with respect to the ground planes; hence
the connections at the ends tend to excite ground-plane modes. This can
be prevented, however, if the atructure is closed in at the sides so that
only the desired TEM modes can propagate. Configuration (f) avoids this
difficulty by making one of the lines double, while the other line inter-
leaves the double line in order to give tight coupling., In this manner

the structure is made to be electrically balanced with respect to the
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ground planes, and ground-plane modes will not be excirLed. Configuration
(k) uses conductors A and B of circuylar cross section, surrounded by a
conductor C. The electrical potential of C is floating with respect to
the potentials of the ground planes D and of conductors A and B. The ad-
dition of the floating shield C has the effect of greatly increasing the
coupling between lines A and B.

The actual configuration to use in a particular application depends
on a number of factors. However, configuration (a) is most frequently
used for weak coupling while configuration (e) is often used for tight
coupling. Both of these configurations can be fabricated by printed-
circuit techniques. Configuration (c), utilizing round conductors, is
particularly good for weak-coupling, high-power applications. When con-
figuration (e) is fabricated using thick strips with rounded edges, it is

(L}

o O

{c)
WEAK COUPLING CONFIGURATIONS

[(1]

(L1}
TIGHT COUPLING CONFIGURATIONS

OIELECTRIC
0 convucron aser? st

FIG. 13.01-2 CROSS SECTIONS OF TYPICAL TEM-MODE,
COUPL ED-TRANSMISSION-LINES
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suitable for strong-coupling, high-power applications. Reference to the
detailed designs presented in Secs. 13,05 and 13.06 may also help the
reader decide on the most appropriate configuration for his particular
applicotion,

It is essential for the operation of these couplers that the crozs
section be uniformly filled with air or some other low-loss dielectric
material. Configurations (c) snd (g) have enough rigidity so that they
can be air-filled. With the other configurations it is usually necessary

to use a rigid, low-loas dielectric material for mechanical support.

SEC. 13.02, DESIGN RELATIONS FOR TEM-MODE, COUPLED-TRANSMISSION-
LINE DIRECTIONAL COUPLERS OF ONE SECTION

TEM-mode coupled-transmission-line directional couplers theoretically
sre perfectly matched and have infinite directivity at ull frequencies.
When a wave of voltage amplitude £ ia incident upon Port ] of a quarter-
wavelength coupler (Fig. 13.01-1), the voltage at Port 2 is given by

E

2 Jjc sin 6
E

(13.02-1)
Vi=c? cos & +j siné

while the voltage at Port 4 is given by

Wl S (13.02-2)
E V1 - c? cos 8+ j sin 8

where ¢ is the coupling factor, which is the midband value of |E,/E|.

Since the phases of 52 and E‘ are usually of little interest,
Eqs. (13.02-1) and (13,02-2) can be reduced to

E ! 2 ,in? 8
| ’l . L BB 7 (13.02-10)

E 1 = ¢? cos? 6
and
E, ! |
’-—‘ .ot (13.02-2a)
£ 1 - ¢? cos? 6



E— L~ ]

»*

For small values of ¢, Eq. (13.02-1) predicts that E,/E varies as sin 6.
For large values of ¢ the coupling variation with frequency is as shown
in Fig. 13.02-1. The voltage at Port 3 is sero.

proved in Sec. 13.07.)

(These results are -

The electrical length, &, of the coupled lines is related to the
physical length | by means of the relation & = 27l /A, where A is the vave-
length in the medium surrounding the coupled lines. The midband voltage
coupling factor ¢ is

z.'/z.. - l ( o )
] B ——————— 13. 2’3
z.'/z.. + l
where Z, and Z are the even- and odd-mode impedances discussed below.

In order that the coupler be perfectly matched to its terminating trans-
mission line of characteristic impedance Z.. it is necessary that

zZ, = VZ..E.. (13.02-4)
The even-mode impedance Z , is. the characteristic impedance of a single

coupled line to ground when equal currents are flowing in the two lines,
while the odd-mode impedance Z, is the characteristic impedance of a
single line to ground when equal end opposite currents are flowing in the

two lines. Values of Z , and Z'. for a number of cross sectiona are

. presented in Sec. 5,05.

Equations (13.02-3) and (13.02-4) can be rearranged to give the con-
venient design relations )

1 +¢
z, - Iy (13.02-5)
and
7 . z 2 C (13.02-6)

[
°
L J
umt
+
;]

The physical dimensions necessary to give the required even- and odd-mode

impedances Z,, and Z,, can then be obtained from Sec. 5.05.

m



..

w N AT Dt o S o v o« -

EREN
201 =20
-20 A g
-2.2
22 5 : N
- 24 N\
2 ;/ RN \\ .
- N/ -26 | "\
. (/. ) N \
28 /Y AA 2 QAN
/ AN \\
-30 ([ A, AN
. Y / RN \
T -2 ' / AN
s R
[ \ [
8 WL
-36
¢ =MIDBAND COUPLED VOLTAGE RATIO
38 O'EEEQ:EAL LENGTH OF COUPLING “ \
AN
-40 1
-l \ N
~4A ‘N
—“F %
—an ]
$0 60 70 80 920 100 110 120 130
- € — degrees
A A NN NN NN N N NN SN
0.8 0.6 0.7 X ] 0.9 | (K] L2 L3 . (K-

NORMALIZED FREQUENCY — 1 /14 a-atar-at?

FIG. 13.02-1 COUPLING AS A FUNCTION OF FREQUENCY FOR
TEM-MODE, COUPL ED-TRANSMISSION-LINE
DIRECTIONAL COUPLERS OF ONE SECTION,
HAVING TIGHT COUPLING

172



- mwmmm

SEC. 13.03, DESIGN RELATIONS FOR TEM-MODE, COUPLED-TRANSMISSION-
LINE DIRECTIONAL COUPLERS OF THREE SECTIONS

The analysis of TEM-mode'couplero of more than one section soon leads
to long and complicated expressions. The problem simplifies somewhat when
one recognizes that the TEM-mode coupler is analytically similar to the '
quarter-wave transformer. That ia to say, the even and odd modes of
operation are dusls of each other (impedance in one corresponds to admit-
tance in the other, and vice versa), and the mathematics of each mode then
reduces to the analysis of cascaded transmission-line sections, each of
which is one-quarter wavelength long at center frequency. There is, how-
ever, one major difference between the desired performance of the TEM-
mode coupler and that of the quarter-wave transformer of Chapter 6: Whereas
the quarter-wave transformer is required to have low reflection in the
operating band, the “quarter-wave filter”* on which the TEM coupler is
based is required to have a sizeable specified and nearly constant reflec-
tion coefficient across the band of operation. Thus the transducer loss
functions are not the same, and the numerical data in Chapter 6 then do
not apply to TEM-mode directional couplers. A new analysis has to be
undertaken for the quarter-wave filter prototype. Figure 13,03-1(a) shows
a three-section coupler and Fig. 13.03-1(b) shows a quarter-wave-filter

prototype from which it can be designed.

The resulis of an analysis of a symmetrical three-section coupler
(Fig. 13.03-1) will be given without proof in this section. It will be
followed in Sec. 13.04 with a first-order formula for a symmetrical coupler
of any (odd) number of sections, and some particular solutions for five-

section couplers.

Since this type of coupler has matched resistive impedances at all of
its ports, IE/E‘l2 corresponds to the transducer loss ratio, For three-
section couplers it is given by a polynomial in cos? & (compare with

Sec. 6.02),

2
= A, t A cos? 9 + A, cost 6 + A’ cos$ 6 (13.03-1)

.
The term “quarter-wave filter” 18 introduced to distinguish the resulting physically symmetrical
structures from quarter-wave impedance tranaformers with a monotone sequence of steps, as in Chapter 6.
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vhere Ao, Al, Az' and A‘ are functions of the end- and middle-section

coupling factors c, and ¢ The A’'s are given by

A, » L} (13.03-2)

Ay = Ly = D? - L3 = LyLL, (13.03-3)
LL,\

Ay » \ ) t Lk, 2, - ) (13.03-4)
2 Ll"lz

Ay s -\ (13.03.5)
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in which

L. 1+ c: - 2¢,¢, 9
¢ (1-chHvr -l
L. — 2 \ (13.03-6)
! V1 - cf '
2(1 ~ ¢c,c,)
Lo« o2+ 12
(1= ¢$)1 - c3) J

The coupling voltage E, is then found (from conservation of energy)
to be related to E and E, by

- -
E E e

Design Formulas—Since the three-section coupler shown in Fig. 13,03-1
is symmetrical, one has to determine two even-mode and two odd-mode im-
pedances, so that its physical dimensions can be determined from Sec. 5,05,
The even- and odd-mode impedances (Z")l’ (Z°')1' (Z.’),, and (Z“)2 are
related to the coupling factors ¢, and ¢, by

1+e¢,
(z,,) = z, (i = 1,2) {(13.03-8)
i 1 -c,
and
1=-c,
Z,), = Z Y13 (i = 1,2) (13.03-9)

. Design formulas for <, and c, will now be stated, and their deriva-
tion wi}l be indicated afterwards. The midband over-all coupling is de-
noted by'co.‘which is the value of |Ez/E| at midband. The coupler
performance is usually specified by the midband coupling c, and one other
parsmeter which determines the shape of the coupling response against fre-

quency, for instance whether it is to be maximally flat or to have a

78



specified ripple. This parameter is here denoted by ¥V, and is determined
from Figs. 13.03-2 and 13.03-3 as will be explained below. The design
procedure for a three-section coupler (Fig. 13,03-1) is then as follows:

1.

Determine the midband coupling, c¢,. For instance, for a three-
section 3-db coupler with 0.3-db ripple, 10 log,, (c:) = 3.3 db.

Then determine ¥V, .. from Fig. 13.03-2. For a maximally flat
coupler, V, « Vi.ur- For an equal-ripple coupler, determine
V‘ from Fig. 13.03-3. Use the 10-db curve for all couplers
with coupling weaker than 10 db.

If the ripple is specified (for instance, if the coupling is to
lie between 2.7 and 3.3 db, the ripple is 0.3 db), then the lower
curves in Fig. 13.03-3 are used. If the fractional bandwidth »
ia specified, the upper curves in Fig. 13.03-3 are used. (The
fractional bandwidth w is here defined, as usual, by

f,-f] 2({:‘!1) ( 3-10
v = — o , . 03-
1 fi* 1, 13.03-10)

where f, and f, are the band-elge frequencies of the equal-ripple
pass band. Either the ripple or the bandwidth may be specified,
and they are related as shown in Fig. 13.03-4.°

Determine R from

1 +e,

R = (13.03-11)

l1-c¢c,

where c, is the coupling factor. [The midband coupling in decibels
is 10 log,,{(c3) db.]

Determine V, from

v, = VWVR . (13.03-12)

Determine Zl and Z, from
zZ, =V, v Zy, = V)V, (13.03-13)
Finally, determine <, and €y from

z} -1 2} -1
and oy "
zZ}+ Cozd v

i (13.03-14)

* There is o oli,ll inconsisteacy ia these surves oving to a leck of more cosplete numericel dats. The

10+db curve reo

ora to 10 db ot conter frequency; the 3-db curve refers te 3-db sverage over the band.
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The (Z,,) and (Z_,) are then given by Eqs. (13.03-8) and (13.09-9)

¢
and the physical dimensions can be obtained from Sec. 5.05, as already
pointed out.

»
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SOURCE: Proc. IEE (eee Ref. 24 by L. Young)

FIG. 13.03-4 FRACTIONAL BANDWIDTH AS A
FUNCTION OF RIPPLE FOR
THREE-SECTION TEM-MODE
COUPLERS WITH 3-db, 10-db,
AND WEAK COUPLING FACTORS

Quarter-Wave Filter Parameter<--The parameters Vi. ¥y, Z,, Zg snd

R juat introduced have meaning in terms of the quarter-wave filter pruto-
type circuit, which will be explained more fully in Sec., 13.08. The essence
of this design concept is that the backward-coupled wave of the TEM-mode
coupler (E, in Fig. 13.03-2) corresponds analytically to the reflected wave
of the quarter-wave filter, as indicated in Fig. 13.03-1(a) and (b). One
therefore has to synthesize only a two-port (instead of a four-port),
making its reflected wave behave as one would want the coupling to be.

The V‘ are the step-VSWR's, and the Z‘ are the normalized impedances

{Fig. 13.03-1(b)} which are turned into the (Z,,) and (Z..) by means of
,Eqs. (13.03-8) through (13.03-14). Equation (13.63-6) also :implifiel to
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1 Vn V, h
Lo 8 —le—
2 Vz Vl
L, Ve L (13.03-15)
1 1 Vl *
1
L s V, + 2 + —
2 H yz y

The parameter R corresponds to the midband VSWR of the quarter-wave filter,
and ¢, is its midband reflection coefficient. Furthermore, at midband its
section lengths are 6 = 7/2, and the reflected and transmitted powers are

then given by

2
£ 2 R-1\ ,
—;— = co - R . l \13.03'16)

and
.E 2‘
1 1

L L I (13.03-17)
E A L2 R+ D?

Maximally Flat Coupling--To obtain a maximally flat response at
¢ = n/2, we may specify

A =0 (13.03-18)

in Eq. (13.03-1). Eliminating V, leaves a quartic equation in V,:

VL — tA 2 T
1 vWR|  oF (2Vl*"'*V1V"* (13.03-19)

) 3R+ 1)2
1 v, V?Vﬁ'

4R

The solution of this equation is graphed in Fig. 13.03-2 where V, = V‘..r
is plotted against the midband coupling in decibels. Selecting V, =V, .
from Fig. 13.03-2 or Eq. (13.03-19) will give a maximally flat response.

(It turns out that when Al is thus made to vanish, Az is not equal to zero.
To obtain a flatter response with both A, and 4, equal to zero, the coupler

or filter cannot be symmetrical between ends.)
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When the midband coupling is maintained constant while ¥, is in-
creased above the curve in Fig. 13.03-2, the coupling-versus-frequency
characteriscic turns from maximally flat to equal-ripple. The rvipple
region for V, is indicated in Fig. 13.03-2.

10-db Couplers-—A maximally flat, 10-db coupler has the quarter-wave
filter parameters ¥V, = 2, = 1.041, V, = Z,/Z, = 1.446 (s0 2, ~ 1.505),
and hence ¢, = 0.0403, c, = 0.388. Aa V, is increased, the coupling re-
sponse develops ripples, as can be seen from Fig. 13.03-5 which shows six
curves of coupling against frequency for V, = 1.04, 1.06, 1.08, 1.10,
1.12, and 1.14. The coupling is symmetrical about the center frequency
in Fig. 13.03-5, and is therefore plotted only for frequencies above mid-
band. The midband coupling has been maintained at 10 db by satisfying
Eq. (13.03-12) with R = 1,926. [This R is obtained from Eq. (13.03-11)
with ¢, = 0,3162, corresponding to 10-db coupling.] For any given vy,
the parametcis ¢, and c,, and the even- and odd-mode impedances, (Z,,)
and (Z..)‘, can be derived from Eqs., (13.03-8) through (13.03-14).

|
1%‘"‘ —"—r"*"—ﬁ
10
- o - 4
'\} \\
e NN
o4 \
411 L .t N )
) N
[SESEaREsEEanNAS
B T Y T S M T S Y BT

NORMALIZED FREQUENCY, 1/15

SOURCE: Proc. IEE (see Ref. 24 by L. Young)

FIG. 13.03-5 COUPLING AS A FUNCTION OF
FREQUENCY FOR SIX THREE-
SECTION TEM-MODE COUPLERS
HAVING 10-db MIDBAND COUPLING

3-db Couplers™ —Similar curves for 3-db couplers are reproduced in
Fig. 13.03-6, except. that here the average coupling is maintained constant
at 3 db. (In Fig. 13.03-5 the midband coupling was maintained constant
at 10 db.) The five curves shown in Fig. 13.03-6 have coupling ripples of
0.1, 0.2, 0.3, 0.4, and 0.5 db, respectively, and their coupling factors

are given in Table 13.03-1.
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SOURCE: Final Report, Contract DA-36-039 SC-63232, SRI;
repeimted in IRE Trans. PCMTT (sce Ref. 8 by
). K. Shiwizsu and F. M. T. Jones)

FIG. 13.03-6 COUPLING AS A FUNCTION OF FREQUENCY FOR
FIVE THREE-SECTION TEM-MODE COUPLERS
HAVING 3-db AVERAGE COUPLING

0-db Coupling--1t can be shown for Table 13.03-1
the maximally flat, three-section coupler DESIGN PARAMETERS FOR
that in the limit as H tends to infinity, THREE - SECTION, 3-db,
and as the coupling ratio therefore tends TEM-MODE. COUPLERS
to unity (0-db), V¥, tends ultimately to db RIPPLE < <y o
V372, (¥, tends to infinity.) Thus V, 0.1 db | 0.15505 | 0.8273 | 0.6908
for the maximally flat three-section :g% 3'; g%ﬁg‘i ggggil 323;‘,?,
coupler never exceeds Y37 + 12a1as, | 543 | SR | S |5 6ed

or equivalently, ¢, never exceeds 0.2. SOURCE: Fimal Report, Contract DA-36-

039 SC.63232, SRI; reprinted
in IRE Trans. PGNTT (see
Ref. 5 by J. K, Shimizsu and
E. M. T. Jonea)

(Of course it is not possible to cver
attain 0-db coupling, just as it is
impossible to ever attain complete reflec-

tion in a stepped-impedance filter.)

SEC. 13.04, RELATIONS FOR TEM-MODE COUPLED-TRANSMISSTON-LINE
DIRECTIONAL COUPLERS OF FIVE AND MORE SECTIONS

First-Order Design Theory—I1t is not difficult to show that for weak

couplings the amplitude coupling ratio, ¢(€), of an n-section coupler as
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a function of 9, is

E

= e sin n ¢t + (c2 - ¢,) sin (n =~ 2) 6+ .

t (¢. - c._l) sin (n = 21 + 2) 6 + ...

tlefineryra] T €l(a-1)s2) ) sin 0 (13.04-1)

in the notation of Fig. 13.04-1. If, for example, it is required to ob-

tain maximally flat coupling, then the c, must satisfy a set of (n - 1)}/2

‘[d’c )}
— = 0
B dor fsn/2

2, 4, 6, ..., n -1

linear equations

(13.04-2)

"

for p
in addition to one equation, determining the center-frequency coupling.
The soluticns of the system of equations (13,04-2) for n = 3 and n = §

can be shown to be,

for n = 3, € = 10 ¢} €y = €, =~ 2¢; = Bc, (13.04-3)

COUPLING
FACTORS: € €y et e € €

a-3927-801

SOURCE: Proc. IEE (see Ref. 24 by L.. Young)

FIG. 13.04-1 TEM-MODE COUPLER OF n SECTIONS
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and for n = 5,

c
3 [4

536 84 9
(13.04-4)

e T €y " 2c2 t 2, = 3860‘/9

It can also be shown that Eq. (13.03-19) for the maximally flat,

three-section coupler reduces in the first-order approximation to

7+ VR

vV, = —— (13.04-5)
8
Solutions for Five-Section Couplers— As was the case with the

three-section coupler in Sec. 13.03, the solution of the five-section
coupler is most easily expressed in terms of the normalized quarter-wave
filter impedances Z,, Z,, and Z,, which are again related to the coupling
factors ¢ (Fig. 13.04-1) by

1t e 7i -1

' z? + 1
(v =1, 2,3 (13.04-6)

corresponding to Eq. (13.03-14) for the three-section coupler. Again
the (Zee)‘ and (Z”)l are obtained as in Eqs. (13.03-8) and (13.03-9),
but with ¢ = 1, 2, 3.

The first-order solution in Eq. (13.04-4) for maximally flat
coupling must become less accurate as the ¢ approach unity, since
they can never exceed unity. Equation (13.04-4) becomes more accurate
for appreciable couplings if we substitute log Z for c . [Compare
the similarly expedient substitution used in Eq. (6.06-11) in the first-
order theory of quarter-wave transformers.] Then for maximally flat
couplers, to a good approximation,
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log 23 log Z, log Zl

536 J ™ - 5 . (13.04-7)

The Z,, Z,. and Z, are completely determined when the midband coupling
factor LA is also specified, from the formula

1 1 tey
log Zy = 2 log Z, *+ 2 log Z, = —log ( - ) (13.04-8)

2 1 - ¢,
(which is a special case of the more general formulas for n-section couplers
given later in Sec. 13.08). The first-order equations, Eqs. (13,04-7) and
(13.04-8), for maximally flat coupiing have been found to hold very well
for coupling as tight as 10-db (c: = 0.1). The coupling becomes weaker as
the frequency deviates from midband. The following fractional bandwidths
are obtained for various coupling deviations from the midband , (when ¢,
corresponds to 10-db coupling or less): w» = 0.82 for 0.1 db deviation;
w = 1.0! for 0.25 db deviation; ' = 1,13 for 0.5 db deviation; w = 1,32

for 1.0 db deviation; and w = ' 1 for 2.0 db deviation.

The firat-order relation .n kqs. (13.04-7) and (13.04-8) for
maximally flat coupling were even solved for a 3-db coupler (c: = 0.5)

with the following results. The solution is easily found to be

Z, = 1.0207

2, = 12114 (13.04-9)
Z, - 3.4004

As the frequency departs from midband, the coupling st first becomes
stronger, going from 3.01 db to 2.97 db, and then becomes weaker. It
is 3.11 db at the edges of a 103-percent band (v = 1.03), and 3.51 db
at the edges of a 124-percent band (v = 1.24),

An exact solution for a particular 3-db coupler has been given by
Cohn and Koontz.'? They found by trial-and-error that with

Z, - 1.098
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Z, = 1417

Z, = 4.130
an equal-ripple characteristic (with three ripples) was obtained, the
coupling being 3.01 ¢+ 0,163 db over a fractional bandwidth of w = 1.41,
(The midband coupling is 2.847 db.)

In all cases the coupler is determined by the Z , which give the
¢, from Eq. (13.04-6), and the (Z ) and (Zao)‘ from Eqs. (13.03-8)
and (13.03-9), the physical dimensio;s then being obtained from
Sec. 5.05.

SEC. 13.05, TYPICAL DESIGNS FOR TEM-MODE, COUPLED- TRANSMISSION-
LINE DIRECTIONAL COUPLERS OF ONE SECTION WITH
APPROXIMATELY 3 db AVERAGE COUPLING

_ Figure 13.05-1 shows what has proved to be a very popular method
of construction for a completely shielded quarter-wavelength coupler
having tight coupling.® In this structure the individual lines are not
symmetrically located with respect to the upper and lower ground planes;
hence there is a tendency for the connections at the ends to excite
ground-plane modes. However, if the structure is completely closed 1n
at the sides as shown in Fig. 13.05-1, such modes are cut off, and no
difficulty should be encountered. The coupler illustrated was designed
to have 2.9 db midband coupling at Port 2, The actual measured coupling,
directivity and VSWR of the coupler is also shown in the figure. The
excellent values shown were obtained without recourse to any special
matching techniques since the center frequency was only 225 Mc. For
operation at frequencies on the order of 1000 Mc and higher it is usually
necessary to place capacitive tuning screws at either end of the coupled
lines. These compensate the discontinuities there, and allow satisfactory
values of directivity and VSWR to be achieved. The coupling response is
usually little affected by these matching devices.

The procedure used to design this coupler which uses 0,002-inch-
thick copper strips supported by polystyrene dielectric having a relative
dielectric constant ¢ = 2.56 is as follows. The midband coupling is
2.9 db, so ¢ = 0.716. The terminating impedance Z, is equal to 50 ohms,
and therefore Fqs. (13.02-5) and (13.02-6) yield /E: Z,, = 197 ohms and
/2: Z,, = 32.5 ohms. The spacing between the strips wus chosen to be
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PHYSICAL REALIZATION OF COUPLER
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SOURCE: Scientific Report 1, Contract AF 19(604)-1571,
SRI (see Ref. 6 by J. K. Shimisu)

FIG. 13.05.1 CONSTRUCTION DETAILS AND MEASURED PERFORMANCE
OF A PRINTED-CIRCUIT, 3-db COUPLER
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0.032 inch so that with b = 0.400 inch in Fig. 13.05-1, s/b = 0.08,

and t/b = 0.005. The value of w/b is then determined from either

Eq. (5.05-16) or Eq. (5.05-17), using the values of C}./c s 0.545 or
C;ule = 1,21 determined from Fig. 5.05-4. In using Eq. (5.05-16) one
should use the value (s + 2t)/b « 0.09 for s/b in that formula, which
assumes t/b = 0, since it is the fields external to the atrips that

oe: One finds that w/b = 0.373. Using
Eq. (5.05-17) with s/b = 0.08, since the fields between the strips are
of most significance in determining Z, , one finds w/b = 0.337. The

are significant in determining Z

fact that different values of »/b are obtained using these two formulas
is a reflection of the fact that they are only approximately correct.

The actual value of w/b used in this coupler was 0.352, which lies
between these two theoretical values. It was computed by an approximate
technique before Eqs. (5.05-16) and (5.05-17) were available. The
spacing (v’ - w)/2 between the edges of the strips and the side walls
of the metal case is great enough so that it does not have any appreciable
effect on the even- and odd-mode impedances of the strips.

Another useful type of printed-circuit configuration!? for tight
coupling is illustrated in Fig. 13.05-2. The measured response of a
coupler constructed with these dimensions is shown in Fig. 13.05-3.
This coupler was designed to operste at a 50-ohm impedance level and
to have 2.8-db coupling at midband. ~However, the absorption in the
dielectric material having relative dielectric constant €_ = 2.77 was
sufficient to reduce the transmission by 0.2 db.

The dimensions of the strips are determined as follows. Equations
(13.02-5) and (13.02-6) multiplied by Ve yield V€, 2,, = 205 ohms and
/E: Z,, = 32.8 ohms. A value of AC/e = 4,82 is then determined from
Eq. (5.05-20). Next, a value of g/b = 0.096 was chosen and a/g = 0.445
read from Fig. 5.05-5. Figure 5.05-6 and Fig. 5.05-7 then yield Cl, /¢ =
0.55 and C:'/c = 0.115, respectively, Using these values and the value
of C,,/e = 1.81 determined from Eq. (5.05-21) one finds an initial value
of ¢/b = 0.108. Figure 5.05-8 yields C_ /e ==0.105, and Eq. (5.05-22a)
yields a/b = 0.284. Since the atrip width ¢ is narrow enough compsred
to b so that the fringing fields at either edge interact and decrease
its total strip capacitance, it is necessary to increase the value of
¢ as given in Eq. (5.05-22c), yielding the final values of c¢/b = 1,42,
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NOTATION UBED FOR COUPLER DIMENSIONS
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COPPER STRIPS REXOLITE * 2200

EXPLODED VIEW OF SECTION A-A

SOURCE: Fisal Report, Comtract DA 36-039 SC-74862, SRI; reprinted in
IRE Trans. PCNTT (see Ref. 6 by W. J. Getsinger)

FiG. 13.05-2 DETAILS OF CONSTRUCTION OF 1000-Mc, 3-db COUPL ED-TRANSMISSION-LINE
DIRECTIONAL COUPLIER USING INTERL EAVED STRIPS
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FIG. 13.05.3 MEASURED PERFORMANCE OF 1000-Mc, 3-db BACKWARD
COUPLER USING INTERLEAVED STRIPS

The wethod of construction used for this coupler is clearly indica-
ted in Fig. 13.05-2. The series inductive discontinuities introduced
by the mitered corners at each port of the coupler were compenaated by
means of the capacitive screws shown in the figure. These screwa were
introduced in a saymmetric fashion about the’nidpllne of the coupler to
prevent unwanted excitation of the parallel-plate TEM mode. This method
of compensating the coupler was found to be much more effective than
adding cepacitive tabs directly to the strips themselves.
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A directional coupler having tight coupling can slso be constructed
using thick stripa!* of the type illustrated in Fig. 13.05-4. The strips
in this method of construction are thick
enough so that they have a substantial

s F_-'-—ﬂ.i amount of mechanical rigidity. Hence,
'

they may be supported at discrete points

he— o —
'T
;

by means of low-reflection dielectric

spacers, similar to those used to support
A-3027-330

the center conductors of coaxial lines.

FIG. 13.05.4 NOTATION FOR 3-db In some cases they may be simply held in

COUPLER USING place by means of the connectors at each
THICK COUPLED f the f ¢ o _
STRIPS of the four ports. apacitive tuning

screws are usually necessary at each port
of this type of coupler to compensate

the inevitable discontinuities.

As an example of the method of choosing the dimensions of the
coupled strips for such a coupler the theoretical design of a quarter-
wavelength coupler having 2.7 db midband coupling and operating at a
50-ohm impedance level will now be considered. (The coupling over an
octave bandwidth will then be 3.0 ¢t 0.3 db.) Reference to Eqs, (13.02-5)
and (13.02-6) shows that Z_,= 127.8 ohms and Zuo = 19.6 ohma, and
Eq. (5.05-20) yields the value of AC/e¢ - 8.13. The thickness of the
strips is then arbitrarily set so that t/b = 0.1, Figure 5.05-9 then
yields the values of s/b = 0.015 and C;./e = 0.578. From Fig. 5.05-10(b)
one finds C;/e = 1.2, and from Fq. (5.05-18), C /¢ = 2.95. Then using
Eq. (5.05-23), one finds w/b = 0,396.

In order to minimize discontinuity effects it is usually best to
choose b < 0.1\, where A is the wavelength in the dielectric material
filling the crosa section. The length of the coupled strips is of
course 0.25A at midband.

An interesting structure due to Cohn’* which is suitable for strong coupling
was indicated in Fig. 13.01-2(h); a completely shielded version is
shown in Figs. 13.05-5 and 13.05-6. Two coaxial tranamisasion lines
are placed side-by-side. Their inner conductors A and B are entirely
separate, but their outer conductors touch and become the conductor C
in Fig. 13.05-5. The double-barreled conductor C is made one-quarter
wavelength long and its potential “floats” between that of the two

.
Patent spplied (or.
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conductors A and B, and that of the
metal case D, The conductor C is

held in position by dielectric sup-
ports (not shown in the figures).

The conductor A in Fig. 13.05-5
connects Ports 3 and 4 in Fig. 13.05-6,

a-3827-602 while conductor B connects Ports }

and 2. The characteristic impedance
SOURCE: '(‘:.':‘;,',‘_‘:‘,',;’sf“;';‘;,‘,’ﬁj‘;’,’,f,’,‘,’;{_’?‘ of C within D is denoted by Z,
(Fig. 13.05-5), and the two concen-
FIG. 13.05-5 RE-ENTRANT COUPLFD tric lines within C each have charac-
T T CROS S SECTION teristic impedance Z,,. The analysis
is again carried out in terms of an
even and an odd mode. For the odd
mode, A and B are at equal and opposite potentials, and C is at ground

potential. Therefore

N
"
N

et 2y, (13.05-1)

For the even mode, each inner 500 TERMINATING LINE
: coaxial line (A or B to C) is in

; ® TEmEe\ @
: \ A\ d

series with half the outer line

(C to D), because the floating A \ \

conductor C passes the currents I - o === W |

o~ »

; flowing from its inner surface onto

its outer surface which is therefore

in series with it. This leads to’ @ @
(o) TOP VIEW, COVER REMOVED

Z,, ~ Zyg,t 22, . (13.05-2) N ‘
g o (e P—T
The coupling is then determined as e

before from Egqs. (13.02-4) through (b) LONGITUDINAL SECTION
( 13.02-6). 23927 -603

SOURCE: Rantec Report, Contract DA-36-239 SC-873%

For example, it was shown above (nee Ref. Tby S. B. Cohn and S, L. Wehn)

that for a 2.7 db coupler with

Z =+ 50 ohms, one requires Z - FIG. 13.056 VIEWS OF THE RE-ENTRANT

0
127.8 ohms and Z,_ = 19.6 ohms. DIRECTIONAL COUPLER

M1



e T

ot ke s et riamnmn e

Solving for Z,, and Z,, from Fqs. (13.05-1) and (13.05-2),

Loy * 54.1 ohms Zoz = 19.6 ohms

In an experimental model?, two tubes of 0.250-inch vutside diameter
were soldered together to form C, and the space between the tubes was
filled with solder. The tube wall thickness was 0.022 inch, leaving

an inner diameter of 0.206 inch. The inner conductors A and B were of
diameter 0.149 inch to y1eld an impedance of Zy, = 19.6 ohms. The
impedance Z,, of the outer line was obtained from data such as that in
Fig. 5.04-2 for a rectangular inner conductor, by taking t = 0.250 inch;
the effective width v was Jetermined by equating cross-sectional areas.
Then w = (1 + 7/4)¢ = 1.786¢. From Fig. 5.04-2 the plate-to-plate
spacing is then b = 0.746 1nch.

The impedance of the tour lines emerging from the coupler is to be
50 ohms. (This applied to the region in which the inner conductors are
curved 90-degrees toward the four ports in Fig. 13.05-6.) The dimensions
for this “slab-line” region (circular inner conductor between ground
planes) were chosen to be: diameter of inner conductor = 0.125 inch,
plate-to-plate spacing b = 0.228 inch. (This gives a 50-ohm line.?)
Since this plate-to-plate spacing (0.228 inch),is less than the height
of the double-barreled conductor C (9.250 inch), a small gap has to be
allowed between the step in b from 0.746 inch to 0.228 inch and the
re-entrant section. This is clearly shown in Fig. 13.05-6. A gap of
0.050 inch was allowed.

Directivities better than 29 db over an octave bandwidth were
reported for two experimental couplers, one centered at 500 megacycles

T A three-section coupler was also built,

and one at 1500 megacycles.
with only the middle section re-entrant, the two outer sections being

of the type shown in Fig. 13.01-2(a).’?

SEC. 13.06, TYPICAL DESIGNS FOR TEM-MODE, COUPLED-
TRANSMISSION-LINE DIRECTIONAL COUPLERS
OF ONE SECTION AND WITH WEAK COUPLING

This section describes the theoretical design of TEM-mode couplers
operating at a 50-ohm impedance level and having 20-db coupling at
midband. Each coupler has a length £ = 0,25\ at midband, where A is
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the wavelength in the dielectric
surrounding the coupled lines, In

order to minimize discontinuity

v | o o v ]

effects, the spacing b between

j6— O —>4

ground planes in these couplers

should be no more than a tenth of A-3827-329
a wavelength at the higheat operat-
ing frequency. FIG. 13.06-1 NOTATION FOR 20-db
COUPLER USING EDGE-
Figure 13.06-1 illustrates zhe COUPLED FLAT STRIPS

cross section of the first coupler

to be considered. The coupled strips :

usually have a negligible thickness,

t, and are assumed to be supported by means of a dielectric of relative
dielectric constant ¢ = 2.56 completely filling the cross section.
Values of /:: Z,, = 88.5 ohms and /:: Z,, + 72.3 olms are obtuined

using Fqs. (13.02-5) and (13.02-6). Then using Fig. 5.05-2(a) onc finds
s/b = 0.32 and using Fig. 5.05-3(b) one finds w/b = 0.715.

The cross section of the second type of coupler to be considered
is illustrated in Fig. 13.06-2. The thickness, t, of these coupled
strips will be assumed to be negligible as well as the thickness of the
slot of width d. The length of this slot is of course a quarter wave-
length at midband. The dielectric material supporting these strips has
€ = 2.56. Fquations (13.02-5) und (13.02-6) yield /:T Z , = 88.5 ohms
and /Z: Z, . = 12.3 ohms. The value of /:T Z, is equal to f:: Z,, the
characteristic impedance of an uncoupled line, and therefore the value
of w/b = 0.86 can be obtained from Fig. 5.04-1. Then by the use of

Egs. (5.05-7) through (5.05-10) one finds d/b = 1.05.

The third type of coupler to be considered is shown in cross section
in Fig., 13.06-3. In this type of coupler the conductors do not need
to be surrounded with dielectric for support. 1n addition, the round
conductors make this type of coupler ideal for high-power applications.
Using Eqs. (13.02-5) and (13,02-6) we find Z_, = 55.3 ohms and Z__ -
45.2 ohms. Then from Eq. (5.05-11) one finds s/b = 1,01 and from
Eq. (5.05-12) one finds d/b - 0.59,
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SEC. 13.07, DERIVATION OF DESIGN FORMULAS FOR TEM-MODE,
COUPLED- TRANSMI SS1ON-LINE COUPLERS OF ONE
SECTION

The basic coupled-transmission-line directional coupler is shown
schematically at the top of Fig. 13.07-1 with resistance terminations
Z, et each port. 1t is excited with a voltage 2F in series with Port 1.
At the bottom of Fig. 13.07-1 cthe same directional coupler’ is shown in
two different states of excitation. In the odd excitation, out-of-phase
voltages are applied in series with Ports 1 and 2 while the even
excitation applies in-phase voltages in series with these ports. Through
the principle of superposition it may be seen that the behavior of the
directional coupler with voltage 2F applied in series with Port 1 can

be obtained from its behavior with even- and odd-voltage excitations.

Symmetry considerations show that a vertical electric wall may be
placed between the strips of the coupler when it is excited with voltages
having odd symmetry, and a vertical magnetic wall may be inserted between
the strips when it is excited with voltages having even symmetry. The
characteristic impedance of one of these strips in the presence of an
electric wall is Z_ |, while the characteristic impedance of a strip in

presence of a magnetic wall is 7 |

In order for the directional coupler to be perfectly matched at
all frequencies it is necessary that the input impedance Z , be equal
to Z,. . Applying the principle of superposition, one sees that the input
impedance of the directional coupler terminated in Z, can be written as
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Zlo + zlc
Z Elo+Ela zﬂ*z‘o z°+2|¢ (13.07 1)
e wt L, 1 . 1
‘o M zlo ‘o * Zla

where

z, - Z (13.07-2)

and

Z, * )Z,, tan 0

Z = Z . (13.07-3
1e °* Z,,4+ JZ, tan 6 : )

When Eq. (13.07-2) and Eq. (13.07-3) are substituted into Eq. (13.07-1)
it 1s found that Z‘n - Zo when

Zy, - ve 2 , (13.07-4)

for all values of 6.

Under the condition that Z; = /E:TE::. the voltage appearing at
Port 1 of the coupler is El = E. The voltages E, =E, and E; =E_,
may be determined from the straightforward analysis of a transmission
line of length ¢, and characteristic impedance Z terminated at either
end by an impedance /E:jfj: and fed by a voltage E. 'Likewise the normal-
mode voltages E, = —El° and E, = ~E, wmay be determined from a simi-
lar analysis of a transmission line of length & and characteristic
impedance Z _ terminated by /E::E::. The results of this analysia show
that

— Zot _ Zoo
sin v;;" v Z
. Lt eo - o0 oe —

E E J oe 00

2 cos Ot j sin 6{Y—+{—
‘00 ZQC
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RSP,

je sin 6 (13.07-6)
/1 - ¢? cos 6 + J sin 6

E, = E,, -E,, = 0 (13.07-7)

E E -k
4 de 40 2
—_ = - (13.07-
- - 71 13.07-8)
2 cos t/ t j sin ¢ 4=
ZOD zo'
/1 - ¢F

= (13.07-9)
V1 - ¢? cos 6 + ) sin &

The maximum coupled voltage Ez occurs when the coupler is a quarter-
wavelength long ( i.e., ¢ = 90°), Therefore, from Fq. (13.07-5) a
maximum coupling factor ¢ may be defined as in Fq. (13.02-3). VWith
this substitution, the voltage at Port 2 can be written as Eq. (13.02-1)
while the voltage at Port 4 can be written as Eq. (13.02-2). The
maximum coupling occurs at center frequency (¢ = n/2) and is given by
(Fq. (13.02-3).

SEC. 13.08, QUARTER-WAVE FILTER PROTOTYPE CIRCULTS

FOR TEM-MOLE, COUPLED-TRANSMISSION-LINE

DIRECTIONAL COUPLENRS

A single-section, quarter-wave filter prototype circuit is shown

in Fig. 13.08-1. It consists of two impedance steps (one up and one down),
separated by an electrical distance . All characteristic impedances
are normalized with respect to the characteristic impedances of the two
terminating lines, which are taken as unity. The wave amplitudes a,,
b,, and a, (Fig. 13.08-1) are defined in terms of the power flow, % i.e.
lal|2 and |a2|2 represent power curried forward, while |b||2 represents
reflected power. With the notation of Fig. 13.08-1 it can be shown!®
that

br g -evY (13.08. 1)
) ) 1 - TM-2)8 T

or equivalently,
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COUPLER
or
— in &
o ()
a4 S 4
( )con &+ j sin ¥
1+
(I2 (1 - l"?)e-Jﬁ
and —_ = -
a, 1 - [“26‘210

1 -T2
(1+r2
1 -1
< ) cos & + j sin &
1+

(13.08-2)

(13.08-3)

« -1{13.08-4)

Fquations (13.07-6) and (13.07-9) with Eqs. (13.08-2) and (13.08-4) now
show that b, /a, corresponds to Ez/E, and a,/a, corresponds to E‘/E,

and that these equations are mathematically equivalent when we set

or zi -1

1 + I A
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when Z, is chosen greater than unity. Conversely

1 -V1- 3
ro. --:;--5- (13.08-6)

It follows that quarter-wave, coupled TEM-mode directional couplers can
be solved as quarter-wave filters as discussed at the beginning of

Sec. 13.03. It can be shown that for the single-section coupler of
Fig. 13.01-1(a), [compare Eqs. (6.02-5) and (6.02-6)]

- E|? (R -1)?
E:l = 1+ -—_:E—l- sin? ¢ (13.08-7)
where
]_+
R - 22 . - (13.08-8)
1 -c

is the VSWR of the prototype filter (Fig. 13.08-1) at cciter frequency
(6 = n/2). The over-all power coupling ratio is then

2 2

E

£ E
E

= l- ——“-
E

s p (13.08-9)

c? ain? 6

1 - ¢? cos? 8 . J

Table 13.08-1 summarizes the principal formulas for TEM-mode couplers
(with and without end-to-end symmetry) in terms of the parameters of
the prototype quarter-wave filter,
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Table 13.08-1

GENERAL FOMMULAS FOR THE DESIGN OF

LINE DIRECTIONAL COUPLERS FHOM THE

TEM-MODF. COUPLED- TRANSMISSION -
QUARTER-WAVE FILTER PROTOTYPE

The midband VSWR R of the gquarter-wave
coupling factor cy of the coupler by

l*co

R = =——— oOr

l-co

The midband VSWR R of the quarter-wave

(z‘z,zs. .
o L
2,2.2...

filter is related to the over-all

R~
c =
° A+
filver is

N~
v
-

vhere the ZI, are the normalized impedances of the yuarter-wave filter prototype

sections.

The coupling factors ¢ of the seversl

normalized impedances Z of'the quarter-wave fi

1 +e¢
1

1 ~-c
1}

The even-mode and odd-mode impedances,
sections are given by

cougler s2ctions are related to the
ter prototype aections by

z? - )
1]

22
it

(Z, ), and (Z ) , of the coupler

»

Certain simplifications result for counlers with end-to-end symmetry. In that case n

is odd, and
i T Catlmy
Zi = Zyy-,
Vo® Voo ©
and
R

VSWR of ith step in prototype

SN (AAARUAL

* (Ve Vo)




Figure 13.03-1 showed a symmetrical TEM-mode coupler of three sec-
tions together with its quarter-wave filter prototype, and the associated
notation. Notice that the filter has end-to-end symmetry, unlike the
transformers in Chapter 6. This prototype filter is not matched at

[ center frequeniy, as zero reflection in the prototype corresponds to
gsero coupling in the corresponding directional coupler. The TEM-mcdsz
coupled-transmission-line directional coupler performs exactly as a
quarter-wave filter in which the forward and backward waves have been
separated and have become two traveling waves (in opposite directions)
on two parallel transmission lines, the over-all reflection coefficient
of the prototype becoming the over-all coupling factor of the coupler,
This is indicated in Fig. 13.03-1.

No quarter-wave filter prototype solutions for couplers with seven
or more sections have been obtained to date. The equal-ripple charac-
teristics desired of three-, five-, and seven-section symmetrical
couplers (and prototypes) are summarized in Fig. 13.08-2. Solutions
for the three-section coupler were presented in Sec. 13.03, and for
the five-section coupler in Sec. 13.04.

Phase Relation Between Outputs-—For a symmetrical coupler the two
outputs E, and E, (shown for a three-section coupler in Fig. 13.03-1)
are in quadrature at all frequencies (i.e., differ by 90 degrees when
, measured at the extremities of the coupler). This result follows at .

once from the quarter-wave filter analogy, since for any symmetrical
dissipation- free 2-port, the reflected and transmitted wave amplitudes

are orthogonal.¥

SEC. 13.09, CONSIDERATIONS AND GENERAL FORMULAS FOR
) BRANCH-LINE COUPLERS

Branch-line couplers are directional couplers consisting of two
paralle]l transmission lines coupled through a number of branch lines
(Fig., 13.09-1). The lengths of the branch lines and their spacings
are all one-quarter guide wavelength at center frequency, as shown in
Fig. 13.09-1. The characteristic impedances of the two parallel main
lines may be changed from section to section, and the branch impedances

may be adjusted also to improve the electrical performance.

Figure 13.09-1 could represent the cross section of the inner
conductor of a coaxial line, or the printed center conductor of a strip
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FIG. 13.09-1 BRANCH-LINE COUPLER SCHEMATIC

transmission line, or the E-plane cross section of a waveguide

(Sec. 13.14). The output at the in-line termination is denoted by P, db
(below the input), the coupling is P, db, and the directivity is

D db (see Fig. 13.09-1).

The branches may be in shunt with the main line (as in coaxial and
atrip transmission line) or in series with it (as in waveguide). For
shunt junctions it is more convenient to use admittances, and for series

“immittance”

junctions it is more convenient to use impedances. The term
will be used to denote either (shunt) admittances or (series) impedances.
The notation giving the characteristic immittances is depicted in

Fig. 13.09-2. The coupler is supposed to have end-to-end symmetry, so

that H.” s ”l' etc., and I(l

Ko K Ky oo Kiog Ki Kie o %% KK K, etc. It will be convenient
M, b - My o Mo, to normalize with respect to the
Ko K, Ky o Ky K Ky e R T terminating immittances K, =
ssoee Kpey = 1 throughout this chapter.
SOURCE: IRE Trans. PCMTT (see Rsl. 11 by Lso Youag) All the junctions will be
' assumed to be ideal shunt or
FIG. 13.09-2 BRANCH-LINE COUPLER series junctions in the design

NOTATION procedure, and each line length

between junctions will be assumed

to vary as a line one-quarter
guide wavelength along at the center frequency. The effect of the
junction reference planes (Sec., 13.14) is included only in calculating
the final physical dimensions; the effect of junction discontinuity
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reactances is often not large, and in many cases can be compensated
using the data in Sec. 5.07 and in Refs. 18, 19, and 20, as will be
discussed in an example in Sec. 13.14. The appearance of branch-line
couplers (Sec. 13.11) in rectanrgular wave-guide frequently works out

as indicated in Fig. 13.09-1 (see Sec. 13.14), where the two outer walls
(top and bottom of Fig. 13.09-1) have been shown ax straight lines.
llowever, this result should not necessarily be assumed to hold in all

cases,

Even- and Odd-Mode Analysis-—Branch-line couplers may be analyzed
in terms of an even mode (two in-phase inputs) and an odd mode (two out-
of-phase inputs) which ate then superposed, adding at one port and
cancelling at the other, thus yielding only one actual input; This is
summarized in Fig. 13.09-3. For shunt-connected branches the two inputs
of the odd mode produce zero voltage across the center of all the
branches, and thus a short-circuit may be placed there; the two halves

muy therefore be “separated’, each half consisting of a tranamission
line with 45-degree shorted atubs at 90-degree.spacings. Meanwhile
the even mode similarly yields 45-degree open-circuited stubs

(Fig. 13.09-3). The 45-degree short-circuited stubs, and the 45-degree
open-circuited stubs produce equal and opposite phase shifts :4 at
center frequency in the even- and odd-mode inputs. For a matched
coupler with perfect dirvectivity the two outputs are then cos?d and
sin?0 in power, when the input power (sum of even and odd modes) is
unity. For the case of series-connected stubs, the same reasoning
applies, only the roles of the even and odd modes are reversed. For
a fuller explanation, the references should be conault.ed."n

Cascaded Matched Directional Couplers-—When matched couplers are
cascaded, as shown in Fig. 13.09-4, they act as a siugle directional
leon a4 P
are readily calculated from the individual couplings I?l'l db and
P,,, db by the following formula:

coupler, and the over-all couplings of the combination, P 2. con

N
Phu_ = 20 log,, [cos(lglﬁi)] db (13.09.1)
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N
Py = 20 log,, [.in(iglei)] db (13.09-2)
whers

-1 . Plo‘ -1

6. = coa antilog {— (13.09-3)
' 20

- Pz‘-

= sin~! |antilog ETY (13.09-4)

For instance, s phase shift of & = 30 degrees yields a 6-db coupler,
and a phase shift of & = 90 degrees yields a 0-db coupler; therefore,
a caacsde of three matched 6-db couplers results in a 0-db coupler.

Midband Formula:--There are certain relations which ensure perfect
match and perfect dircctivity at center frequency. Furthermore, at
center frequency the ratio of the two output voltages E, o« antilog
(-P,/20) and E, oc antilog (-P,/20) can be written down fairly simply
in terms of the H, and K, in Fig. 13.09-2. Table 13.09-1 gives these
formulas for up to six branches., Also given are simpler formulas which
determine the conditions for 3-db and 0-db coupling, together with
perfect match and perfect directivity, at center frequency.

SEC. 13.10, PERIODIC BRANCH-LINE COUPLERS

Additional restrictions may be placed on the immittances of
symmetrical couplers (Fig. 13.09-2). In particular when

K, = Ky, i =12,...,n%1,
(13.10-1)

H; = H,, 22 1i<n,

and further, when #1, = H ., is chosen to give a perfect input match
at center frequency, then such couplers will herein be called periodic.
Thus the through-lines are uniform, and all the interior branches are

the same. Such couplers have been analyzed by Reed and Wheeler.®® Let
the power coupling ratio at center frequency be denoted by
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P .
= antilog (— 1—;) (13.10-2)
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vhere P, is in decibels and was defined in Fig. 13.09-1. (For example,
for a 6-db coupler, cg » 14.) The solution of periodic couplers
involves the Tchebyscheff polynomials § (x), which have been tabulated
numerically,?! and which are defined by

N
Selx) = 1

S,(x) = =

S,(x) = x2 -1

Sy(x) = 2% - 2x 3 (13.10-3)
S‘(x) « x4 -3x2+1

Sg(x) = x5 - 4x*+ 3

Sglz) = x8 - 5x4 + 62 - 1

S(z) = xS _(2) -S,_, (x) . J

The immittences H, and H, of a periodic coupler then have to satiafy?

V1l - cg , when n = odd
Sn-l(-H:) = (13.10-4)

or c, ., when n = even
and

W =ST_ (=i l-1s, ., (-H )|
H - | T : (13.10-5)

Su‘l(-"l)

Table 13.10-1° gives solutions for some 0-db, 3-db, and 10-db coupiers.

The performances of four different 3-db periodic couplers given by
Table 13.10-1 are summarized in Tables 13.10-2 and 13.10-3. The maximum
VSWR over three specified fractional bandwidths

Ay = A
v - 2 (_11____11) (13.10-6)

k.l + A‘,
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Table 13.10-1
EXAMPLES OF 0-, 3-, AND 10-db PERIODIC COUPLERS

Neaber 0-db 3-db 10-4b
of Coupler Causler Coupler
Sections v
2 1.000 1.000 0.4141 { 0.7071 | 0.162 0.3162
3 0.500 1.000 0.2346 | 0.5412 | 0.0945 0.2265
4 0.613 0.618 0.2088 | 0.3810 | 0.0&L1 0.1602
H] 0.309 0.618 0.1464 | 0.3179 | 0.0592 0.13)2
6 0.445 0.445 0.1374 | 0.2%85
7 0.2225 | 0.445 0.1064 | 0.2257
8 0.3473 | 0.3473 | 0.1022 | 0.1948
9 0.1736 | 0.3473 | 0.0837 | 0.1752
10 0.2846 | 0.2846
1 0.1423 | 0.2846
12 0.2410 | 0.2410
13 0.1205 | 0.2410 | 0.0587 | 0.12i0

SOUNCE: IRE Trens. PGNTT (see Ref. 9 by J. Reed)

Table 13.10-2
MAXIMUM VSWR OF SEVERAL 3.db PERIODIC COUPLERS

OVER STATED BANDWIDTHS

FRACTIONAL COUPLERS
BANDMIDT | pour- | Five- Six- | Eight-
[} brasch branch bramch branch
0.16 1.02 1.05 1.02 1.01
0.28 1.08 1.10 1.05 1.04
0.48 1.32 1.12 1.15 1.07

SOURCE: Tech. Note 3, Comtract AF30(602)-2392,
SRI (see Ref. 22 by Leo Young)

Table 13.10-3

COUPLING UNBALANCE (db) OF SEVERAL 3-db PERIODIC
COUPLERS OVER STATED BANDWIDTHS

FRACTIONAL COUPLERS
BANDNIDTH Four- Five- Six Eight-
" branch branch branch brasch
0.16 0.20 0.18 0.16 0.14
0.28 0.67 0.51 0.49 0.43
0.48 2.3 1.6 1.5 1.4

SOURCE: Tech, Note 3, Comtract AF30(602)-2392,
SRI (see Ref. 22 by Leo Young)
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three specified fractional bandwidths.

of some of these end other couplers are given in Hefs

L T R

ia shown in Table 13.10-2, where A'l is the longest guide wavelength,

and X‘z is the shortest guide wavelength over the band under considera-
tion. The guide wavelength at band-center is given by

2A A
A = ( sl g2 )
80 AL A

(13.10-7)
gl 82

The coupling P, becomes strenger, and the coupling P, becomes weaker,
than 3 db at ebout the same rate, as the frequency chenges from band-
center. The total variation |API| + |A€|

, referred to as the “coupling
unbalance,”

is shown in Tabie 13.10-3 for the aame 3-db couplers.

The performances of five different 0-db periodic coupiérs“given by
Table 13.10-1 are summarized in Tables 13.10-4 and 13.10-5 over the same

Table 13.10-4

MAXIMUIM VSWR OF SEVERAL 0-db PERIODIC COUPLERS
OVER STATED BANDWIDTHS

FRACTIONAL COUPLERS
BAND¥IDTH Six- Eight- Ten- Teelve- Fourteen-
*» brench branch branch- branch branch
0.16 1.10 1.06 1.04 1.03 1.02
0.28 1.09 1.05 1.03 1.02
0.48 1.10 1.12 1.09 1.05
SOURCE ;

Tech, Note 3, Contract AF30(602)-2392,
SRl (see Ref. 22 by Leo Young)
Table 13.10-5

HAXINlM INSERTION L(BS (db) OF SEVERAL 0-db PERIODIC COUPLERS
VER STATED BANDWIDTHS

FRACTIONAL COUPLERS
'A'“:"m Three- Four- Six- Eight- Ten- Twelve- Fourteens
b brench breaach branch brench brasch bramch branch
0.16 0.7 0.1 0.02 0.01 0.006 0.004 0.003
0.28 2.0 0.7 n.1 0.04 0.02 0.013 0.011
0.48 3.1 1.9 0.33 0.22 0.19 0.15 0.113
SOURCE: Tech. Note 3, Contract AF30{602)-2392, SRI (seo Ref

. 32 by Leo Young)

More detailed characteristics
. 9 and 22,

Only couplers with an even number of branches (n odd) are given in
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Tables 13.10-4 and 13.10-5; the performance of couplers with an odd
rumber of hranches (n even) is not as good. This is probably due to
the fact that all the branches have the same immittances, including the
two end ones, when the number of branches is odd, and thus there is no
end-matching effect. For instance, a twelve-branch, 0-db periodic
coupler gives better electrical performance than a thirteen-branch 0-db
periodic coupler.?

SEC. 13.11, THE CHARACTERISTICS AND PERFORMANCE OF SYNCHRONOUS
BRANCH-LINE COUPLERS

The sync..ronous tuning condition as it applies to transmission-line
filters was formally defined toward the end of Sec. 6.01. Now recall
that the even- and odd-mode analysis reduces a branch-guide coupler to
two transmission-line filters, as indicated in Fig. 13.09-3. When the
through-line impedance is uniform, neither of these two filters is
synchronously tuned, since the reflections from any two finite reactances

spaced one-quurter wavelength apart are not phased for maximum cancella-

.tioa. They can be so phased, however, by adjusting the through-line
impedances, and it turns out that both the even- and the odd-mode “filters”

(Fig. 13.09-3) then become synchronously-tuned with the same choice of

through- line impedances. !

A quarter-wave transformer (Chapter 6) can
then be used as a prototype circuit, resulting in a clearly marked pass
band, in which the VSWR and directivity are nearly optimized. To meet

a specified electrical performance over a given bandwidth, fewer branches
will then be required with such optimized couplers than with periodic
couplers (Sec. 13.10); from numerical examples, it appears that generally
avout half as many branches??will do. On the other hand, some of these
branches will be wider than any in the corresponding periodic design,

and so may depart more from ideal junction behavior. Such factors should
be taken into account before deciding on the type of coupler. The chief
advantages of synchronous couplers over periodic couplers are that they
are more compact (for a specified performance), since there are fewer
branches, and that the performance can be predicted fairly accurately.

The first step in designing a synchronous coupler with a specified
center frequency coupling P,, decibels and a specified fractional band-
width w, over which the performance is to be optimum, is to determine
the output-to-input impedance ratio R and the fractional bandwidth v,
of the quarter-wave transformer prototype. They are generally obtained
closely enough by the "approximate relations
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R+ 1) 13.11-1
Py = 20 log, F—_—'l') db (13.11-1)

and

v = 0.6v, (13.11-2)

Equation (13.11-1) is plotted in Fig. 13.11-1. 1t is exact for
couplers which are perfectly matched at center frequency (such as all
couplers with even n, and any maximally flat conpl?rl). It is accurate

’ enough for nearly all practical

cases, but overestimates the

- numerical value of P, in pro-
portion to the reflection losa,

(An exact formula, necessary

only when the center-frequency

- .

'4) VSWR is high, is given in
* Ref. 11). Notice that 0-db

inmm.

coupling would require R - o,

T and can, cnerefore, not be
' realized in a single synchro-
nous design. However, two
'-yhchronou- 3-db couplers, or
q three synchronous 6-db couplers,

N‘ etc., can be cascaded to give
a 0-db coupler.

Equation (13.11-2) is less
accurate, the numerical factor
#’ ) generally lying between 0.5 and

) 0.7. A more accurate determi-

COUPLING — P, 500

nation can be made from
Fig. 13.11-2 after the number

FIG. 13.11-) PLOT OF CENTER-FREQUENCY  of branches has been selected.
COUPLING :&2 vs. IMPEDANCE- In this figure are plotted the
RATIO PARAMETER R FOR A best estimates of the bandwidth

MATCHED BRANCH-LINE .
COUPLER contraction factor

SOURCE: IRE Trens. PCMTT (see Nel. 11 by Lue Young)

B = w/w, (13.11-3)
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FIG. 13.11-2 BEST ES TIMATES FOR BANDWIDTH CONTRACTION FACTOR 4
BASED ON 27 INDIVIDUAL SOLUTIONS

against R, or P, , and with n as a parameter, based on a large number
of numerical solutions !!

Having determined R and v, from the apecified coupling Py, and the
coupler fractional bandwidth w,, the only remaining independent parameter
is the number of sections, n, or number of bhranches, n + 1 (Fig. 13.09-2).

For a given R and w_, the ripple VSWR V_of the transformer decreases

'l
with increasing n, and is readily determined irom Sec. 6.02. The maximum

pass-band VSWR of the coupler, V_", and its minimum directivity D_, .,

may then be obtained to a good approximation by

v,- 1
14 ~ + . -
e 1 Cilog (P,/20) (13.11-4)
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v -1
b, ~ - -
mia 20 10310 [2 antilog (P‘/zo)

] - P, db . (13.11-5)

(The directivity D is defined as the ratio of power out of the *decou-
pled” arm to power out of the coupled arm, See Fig. 13.09-1.) Exact
formulas (necessary only for large ¥V, ) are given in Ref. 11. The
number of sections n must be made large enough to meet the desired

performance.

The frequency variation of the input VSWR V¥, the directivity D (db)
and the two couplings (the in-line coupling P, and the cross-over
coupling P,, both in db), are plotted in Figs. 13.11-3, 4 and 5 for
couplera based on maximally flat quarter-wave transformer prototypes
for n=1 2, 4, and 8, and for R = 1.5, 3 and 6, corresponding to

4 ”X :
: N
T // w=
I / : Jy//
55774
) /

72

Ao/hg

43476106

SOURCE: IRE Trens. PGNTT (ses Ref. 11 by Leo Young)

FI1G. 13.11.3 VSWR CHARACTERISTICS OF SOME
MAXIMALLY FLAT, BRANCH-LINE COUPLERS
Immittances of these couplers are given in
Tables 13.12.1 ond 13.12-2
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FIG. 13.11.4 DIRECTIVITY CHARACTERISTICS OF SOME
MAXIMALLY FLAT, BRANCH-LINE COUPLERS
immittances of these couplers ure given in
Tables 12.12-1 and 13.12-2
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FIG. 13.11.5 COUPLING CHARACTERISTICS OF
SOME MAXIMALLY FLAT, BRANCH-
LINE COUPLERS
Immittances of these couplers ore
given in Tables 13.12-1 and 13.12.2
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couplings P, o of approximately 14, 6, and 3 db.. The graphs are plotted
againat the quantity (X.O/K‘), where A. is the guide wavelength, and
A.. is its value at band-center. The response is symmetrical about
(X‘O/K.) = 1, so that Figs. 13.11-3, 4, and 5 actually cover the range
from 0.4 to 1.6, although only the portion from 1.0 to 1.6 is shown.
For non-dispersive (TEM mode) lines, the guide wavelength X‘ reduces

to the free-space wavelength A, and then K.O/K‘ reduces to A /A =

f/fq, where f is the frequency, and f, is ita value at band-center
(slso called the center frequency).

It cen be seen from Fig. 13.11-5 that the coupling P, generally
becomes stronger (P, measured in decibels decreases) on either side of
center frequency (the curves are symmetrical about k“/k. = 1), and
correspondingly P, becomes weaker (P, measured in decibels increases).

The frequency variations of P, and P, for couplers based on
Tchebyscheff transformer prototypes have been found to be very similar
to the curves shown in Fig. 13.11-5 for couplers based on maximally
flat transformer prototypes.

SEC. 13.12, TABLES OF IMMITTANCES OF SYNCHRONOUS
BRANCH- LINE COUPLERS

It was shown in Sec.13.11 how to determine the quarter-wave
transformer prototype parameters R, v, and the number of sectiona n
(corresponding to n t+ 1 branches). The computation of the coupler
immittances H and K (Fig. 13.09-2) is Table 13.12-1
quite tedious, and will not be treated BRANCH-LINE. COUPLER INMITTANCES

here. The design process is simplified FOR n > 1 SECTION (TWO BRANCHES)

by the use of a special chare,! which n=l

can handle any transformer impedances. A K, H,
In practice, it is likely that maximally

1.25]1.00610.1119
flat and Tchebyscheff transformers 1.50 | 1.021 | 0. 2040
{Chapter 6) will usually be taken for 2.00 | 1.061 | 0.3535
prototypes; the immittances H and K 2.5011.10810.4732
. 3.00]1.155] 0.577S
derived from such trensformers were +.001 1.250] 0.7500
computed on a digital computer® and are | 5.00]1.341]0.094
tabulated in Tables 13.12-1 to 13.12-8. 6.001.4291.021
. , , +8.00 [ 1.592| 1.238
Most cases of practical interest can be 10.00] 1.739} 1. 423

obtained from these tablea by inter-

. SOURCE: JAR Trans. PGNTT (see
polation, Ref. 11 by Leo Youag)
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Table 13.12-2

IMMITTANCES OF MAXIMALLY FLAT BRANCH-LINE COUPLERS FOR
n = 2 TO 8 SECTIONS (THREE TO NINE BRANCHES)

B EN DN DN D DR

a=2
1.50 § 1.0153 0.1010] 0.2052
2.0011.04:9 0.1715] 0.3639
2.50 ] 1.0783 0.2251] 0.4983
3.00 1.1124 0.2679] 0.6188
4.00]1.1785 0.3333] 0.8333
5.00 | 1.2399 0.3819] 1.0%249
6.00 | 1.2965 0.4202] 1.2008
8.00]1.3978 0.47751 1.519
10.00 | 1.4861 0.5194] 1.8070

n®3
1.50 ] 1.0089 ] 1.0206 0.05011 0.1539
2.00]1.0258 | 1.0606 0.0840| 0.2694
2.50 | 1.0446 | 1.1067 0.1086| 0.3656
3.0011.063411.1546 0.1274] 0.4498
4.00]1.09088 | 1.2499 0.1542] 0.5957
5.001i.1307 | 1.3416 0.1732] 6.7220
6.0011.159411.4288 0.1854] 0.8351
8.0011.2087 | 1.5909 0.2029] 1.0344
10,00 | 1.2501 ] 1.7392 0.2138] 1.209]

n =4
1.50 | 1.0047}i.0176 0.0249] 0.1017 1 4.1548
2.00]1.0137)1.0517 0.0415} 0.1750 ] 0.2738
2,50 11.0235] 1.0907 0.0533| 0.2331 | 0.3758
3.00]1.0333}1.1307 0.0620] 0.2814 | 0.4676
4.00]1.0514]1.2093 0.0740( 0.359% | 0.6326
5.00]1.0675]) 1.2835 0.0817} 0.4220 ] 0.7811
6.0011,0816]1.3530 0.0870| 0.4743 | 0.9185
8.0011.1057)1.4798 0.0935]| 0.5589 | 1.1698
10.00]1.1256 ] 1.5924 0.0971] 0.6265 | 1.3986

n=$
1.5011.002411.0124 | 1.0206 0.0124| 0.0630 | 0.1285
2.0011.0070) 1.0363 | 1.00606 0.0206] 0.1069 | 0.2259
2.5011.0121§1.063011.1067 0.0264] 0.1400 0.3070
3.00}1.0170] 1.0902 1546 0.0306]| 0.1662 | 0.3804
4.00f1.0262] 1.1421 2499 0.0363{ 0.2058 | 0.5078
5.0011.0342]1.18 3416 0.0398] 0.2348 | 0.6196
6.00]1.041371.2335 4288 0.0422] 0.2573 ] 0.7210
8.00:1,05321}1.3106 909 0.0450] 0.2904 | 0.9019
10.00 ] 1.0630 | 1.3769 7392 0464 0.3140 ] 1.0625

a®é
1.50|1.001211.0079 | 1.0185 0.0062] 0.0376 | 0.0957 | 0.1290
2.0011.0035| 1.0230 | 1.0544 0.0103] 0.0631 | 0.1658 | 0.2284
2.50]11.0061]1.0397]1.095 0.0131} 0.0817 } 0.2225 ] 0.3138
3.00{1.0086 | 1.0564 | 1. 1380 0.0152{ 0.0959 | 0.2707 | 0.3908
4.0011.0132]1.0878}1.2216 0.0180) 0.1162 ] 0.3509 | 0.5295
5.00]1.0172]1.1161]1.3010 0.0197] 0.1301 | 0.4170 | 0.6549
6.00)]1.0208) 1.14141.3758 0.02083 0.1402 1 0.4738 ] 0.7712
8.00]1.0268]1.18521{1.5128 0.0221] 0.1539 ] 0.5689 | 0.9846
10.0011.0317§1.222011.6361 0.0228] 0.1626 | 0.6477 ] 1.1796

we ?
1.5011.0006] 1.0047 | 1.0143 | 1.0206 ] 0.0031{ 0.0218 } 0.0665 | 0.1126
2.00]1.0018] 1.0137|1.0419]1.0606 | 0.0051| 0.0364 | 0.1135 1 0.1983
2.50]11.0030]1.0236 } 1.0731 |1.1067 | 0.0065} 0.0468 | 0.1499 | 0.2709
3.00] 1.0043}1 1.0334]1.1048 | 1.1546 1 0.0076} 0.0546 ] 0.1795 | 0. 3355
4.00]1.0066]| 1.0516 | 1.1662 | 1.2499 ] 0.0089] O. 0.2258 | 0.4497
5.00]1.0086]| 1.0678|1.2233|1.3416 | 0.0098] 0.0724 § 0.2612 § 0.5509
6.00]1.0104] 1.0822}1.2759 |1 42881 0.01037 0.0772 ] 0.2898 | 0.6431
8.00]1.0134) 1.106711.3699]1.5909}0.0110] 0.0834 ] 0.3339 ) 0.8090
10.00 ) 1.0159] 1.1270 | 1.4520 | 1.7392 ] 0.0113] 0.0869 | 0.3672 | 0.9574

as= 3
1.50]1.0003) 1.0027 | 1.0101 | 1.0190 | 0.0015] 0.0124 | 0.0440 1 0.089S | 0.1129
2.00]11.00091 1.0079 | 1.0293 | 1.0559 | 0.0025| 0.0207 | 0.0743 | 0.1558 | 0.2000
2.50]1.0015] 1.0135} 1.0508 | 1.0982 | 0.0032| 0.0265 | 0.0969 | 0.2100 | 0.2748
3.0011.0021] 1.0191 11.0724 11.1419} 0.0037} 0.0308 1 0.1146 ] 0.2567 ! 0.3425
4.00]1.0033§ 1,0295] 1.1134 | 1.2282] 0.0044] 0.0366 | 0.1408 | 0.3357 | 0.4644
5.00]1.0043] 1.0386 | 1.1508 | 1.3104 | 0.0049| 0.0402 [ 0.1595 | 0.4021 { 0.5749
6.00]1.0052] 1.0467 | 1.1846 | 1.3881 | 0.0051| 0.0427 | 0.1737 | 0.4601 | 0.677S
8.00)1.0067] 1.0603 ] 1.2436 ) 1.5308 | 0.0055] 0.0457 ] 0.1939 | 0.5591 | 0.8661
10.00] 1.0080] 1.0715 | 1.2940 | 1.6598 | 0.0056| 0.0474 | 0.2078 | 0.6426 | 1.0388

SOURCE: INE Trens. PGNTT (see Ref. 1] by Leo Young)
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Table '13,12-3

IMMITTANCES OF BRANCH-LINE COUPLERS FOR n ~ 2, 3, AND 4 SECTIONS
(THREE, FOUR, AND FIVE BRANCHES) WHEN v = 0,20
L

’ ! k3 " By n
n=T2 ’
1.50 1.0155 0.1022 0.2636
2.00 1.0453 0.1738 | 0.3594
2.50 1.0790 0.2282 0. 4922
3.00 1.1135 0.2717 0.6111
4.00 1.1803 0.3385 0.8229
5.00 1.2425 0.3883 1.0121
.00 1.3000 0.4276 1.1859
8.00 1.4029 0.4870 1. 5007
10.00 1.4929 0.5307 1.7845
n=3
1.50 1.0090 1.0206 0.0511 0.15%
2.00 1.0262 1.0606 0.0856 0.2678
2.50 1.0454 1.1067 0.1108 0.3634
3.00 1.0645 1.1546 0.1300 0.4473
4.00 1.1006 1.2499 0.1574 0.5925
5.00 1.1331 1.3416 0.1761 0.7182
6.00 1.162¢ 1.4289 0.1897 0.3309
L 8.00 1.2129 1.5909 0.2078 1.0295
10.00 1.2554 1.7392 0.2193 1.2036
n® 4
1.50 1.0048 1.0117 0.0256 0.1017 0.1535
2.00 1.0140 1.0519 0.0426 0.1751 0.2715
2.50 1.0241 1.0909 0.0547 0.2332 0.3727
3.00 1.0341 1.1311 0.0636 0.2817 0.4638
4.00 1.0527 1.2099 0.0760 0. 3602 0.6274
5.00 1.0692 1.2844 0.0839 0.4230 0.7747
6.00 1.0837 1.3543 0.0894 0.4756 0.9110
8.00 1.108$ 1.4814 0.0962 0.5610 1.1603
10.00 1.1290 1.5949 0.1000 0.6293 1.3872

SOURCE: Tech. Note 3, Comtract AF30(602).2392,
SA1 (s2¢ Ref. 22 by Leo Young)
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Table 13.12-4

IMMITTANCES OF HHANCH-LINE COUPLENS FOR n = 2, 3, AND 4 SECTIONS
(THREE, FOUR, AND FIVE BRANCHES) WHEN v, " 0.40

a 5 ) 4 4 ny
n=2
1.50 1.0159 0.1061 0.1958
2.00 1.0464 0.1807 0.3456
2.50 1.0811 0.2376 0.4733
3.00 1.1166 0.2835 0.5876
4.00 1.1857 0.3543 0.7913
5.00 1.2503 0.4078 0.9731
6.00 1.3102 0.4506 1.1400
8.00 1.4181 0.5162 1.4424
10.00 1.5132 0.5655 1.7148
a=3
1.50 1.0095 1.0206 0.0540 0.1500
2.00 1.0275 1.0606 0.0907 0.2627
2.50 1.0477 1.1067 0.11%6 0. 3567
3.00 1.0679 i.1546 0.1381 0.4391
4.00 1.1061 1.2499 0.1678 0.5821
5.00 1.1407 1.3416 0.1882 0.7062
6.00 1.17119 1.4288 0.2031 0.8174
6.00 1.2260 1.5909 0.2235 1.0139
10.00_ 1.2718 1.7392 0.2367 1.1862
n=4
-~ 1.50 1.0052 1.0178 0.0276 0.1016 0.1497
2.00 1.0150 1.0523 0.0459 0.1781 0.2647
2.50 1.0259 1.0917 0.0590 0.2335 0.3634
3.06 1.0367 1.1323 0.0088 0.2823 0.4522
4.00 1.0567 1.2119 0.0823 0.3617 0.6117
5.00 " 1.0745 1.2073 0.0911 0.4255 0.7554
6.00 1.0904 1.3580 0.0972 0.4791 0.8884
8.00 1.1173 1.4869 0.1048 0.5667 1.1315
10.00 1.1397 1.6023 0.1093 0.6373 1.3528

SOURCE: Tech, Note 3, Coatract AF30(602)-2392,
SR] (see Ref. 22 by Leo Young)



Teble 13.i2-8

IMMITTANCES OF BRANCH-LINF. COUPLERS FOR n = 2, 3, AND 4 SECTIONS
(THREE., FOUR, AND FIVE BRANCHES) WHEN w, = 0.60

A n 4 L oy oy
nt2
1.50 1.0165 0.1128 0.1824
2.00 1.0483 0.1925 0.3220
2.50 1.0846 0.2539 0.4408
3.00 1.1218 0.3037 0.5471
4.00 1.1945 0.3818 0.7363
5.00 1.2630 0.4418 0.9051
6.00 1.3269 0.4906 | 1.0598
8.00 1.4430 0.5674 1.3398
10.00 1.5464 0.6271 1.5917
Aa®3
1.50 1.0103 1.0206 0.059%4 0.1446
2.00 - 1.0299 1.0606 0.1000 0.2535
2.50 1.0518 1.1067 0.1299 0.3444
3.00 1.0739 1. 1546 0.1530 0.4243
4.00 1.1159 1.2499 0.1867 0.5632
5.00 1.1542 1. 3416 0.2104 0.6839
6.00 1.1889 1.4288 | 0.2261 0.7925
8.00 1.2497 1.5909 0.2529 0.9845
10.00 1.3018 1.7392 0.269% 1.1533
n=4
1.50 1.0058 1.0181 0.0313 0.1012 0.1432
2.00 1.0169 1.0530 0.0522 0.1746 0.2533
2.50 1.0292 1.0930 0.0672 0.2332 0.3476
3.00 1.0413 1.1342 0.0785 0.2824 0.4327
4.00 1.0642 1.2152 0.0942 0.3630 0.5853
5.00 1.0845 1.2920 0.1046 0.4283 0.7228
6.00 1.1027 1.3641 0.1119 0.4836 0.8500
8.00 1.1339 1.4960 0.1214 0.5746 1.0826
10.00 1.1600 1.6143 0.1271 0.6486 1.2944

SOURCE: Tech, Note 3, Contract AF30(602).2392,
SRl {(sec Ref, 22 by Leo Young)
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IMMITTANCES OF BRANCH-LINE C(}!jPI.ERS FOR n = 2, 3, AND 4 SECTIONS

Table 13.12-6

(THREE, FOUR, AND FIVE BRANCHES) WHEN = 0.80

[ K K b by Hy
=2
1.50 1.0173 0.1225 0.1630
2.00 1.0508 0.2097 0.2875
2.50 1.0891 0.2776 0.3933
3.00 1.1286 0.3333 0.4879
4.00 1.2062 0.4221 0.6557
5.00 1.2798 0.4919 0.8049
6.00 1.3491 0.5499 0.9413
8.00 1.4760 0.6437 1.1872
10.00 1. 5905 6.7192 1.4078
=)
1.50 1.0114 1.0206 0.0679 0.1361
2.00 1.0334 1.0606 0.1147 0.2388
2.50 1.0580 1.1067 0.1495 0.3247
3.00 1.0830 1.1546 0.1768 0.4004
4.00 1.1309 1.2499 0.2175 0.5324
5.00 1.17149 1.3416 0.2468 0.6476
6.00 1.2153 1.4288 0.2692 0.7513
8.00 1.2870 1.5909 0.3020 0.9353
10.00 1.3491 1.7392 0.3254 1.0975
=4
1.50 1. 0069 1.0184 0.0374 Vo9t .0.1339
2.00 1.0199 1.0540 0.0626 0.1724 0.2368
2.50 1.0344 1.09471 0.0808 0.2309 0.3251
3.00 1.0489 1.1368 9.0947 0.2803 0.4045
4.00 1.0763 1.2196 0.1143 0. 3620 0.5472
5.00 1.1009 1.2983 0.1276 0.4288 0.6757
6.00 1.1230 1.3725 0.1372 0.4860 0.7946
8.00 1.1514 1.5083 0.1501 0.5813 1.0119
10. 00 1.1939 1.6306 0.1582 0.6598 1.2097
SOURCE: Tech. Note 3, Comtract AF30(602)-2392,

SRl (aee Ref. 22 by Leo Young)
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Table 13.12-7

IMMITTANCES OF BRANCH-LINE COUPLERS FOR n = 2, 3, AND 4 SECTIONS
{THREE, rOUR, AND FIVE BRANCHES) WHEN v, " 100

A ! L A A uy
aw2
1.50 1.0183 0.1354 0.1373
2.00 1.0837 0.2326 0.2418
2.50 1.0944 0.3091 0.3303
3.00 1.1364 0.3728 0.4090
4.00 1.2195 0.4759 0.5480
5.00 1.2990 0.5590 0.6708
6.00 1.3742 0.6294 0.7824
8.00 1.5133 0.7463 0.9821
10.00 1.6397 | 0.8432 1.1595
a=3
1.50 1.0131 1.0206 0.0807 0.1233
2.00 1.0383 1.0606 0.1369 0.2165
2.50 1.0668 1.1067 0.1795 0.2948
3.00 1.0958 1.1546 0.2134 0. 3639
4.00 1.1521 1.2499 0.2652- | 0.4847
5.00 1.2047 1.3416 0.3039 0.5904
6.00 1.2534 1.4288 0.3347 0.6859
8.00 1.3412 1.5909 0.3817 0.8556
10.00 1.4189 1.7392 0.4173 1.0057
ne ¢
1.50 1.0084 1.0188 0.0472 0.0961 0.1214
2.00 1.0246 1.0552 0.0794 0.1667 0.2147
2.50 1.0426 1.09¢9 0.1030 0.2240 0.2946
3.00 1.0607 1.1400 0.1211 0.2728 0. 3665
4.00 1.0952 1.2251 0.1476 | 0.3545 0.4956
5.00 1.1207 1.3062 0.1661 | -0.4223 0.6118
6.00 1.1554 1.3828 0.1799 0.5803 0.7191
8.00 1.2057 1.5237 0.1994 | 0.5802 0.9152
10.00 1.2450 1.6510 0.2127 0.6635 1.0938

SOURCE: Tech. Note 3, Comtract AF30(602).2392,
SR1 (see Ref. 22 by Leo Young)



Table 13.12.8
IMMITTANCES OF P *"TH-LINE COUPLERS FOR n = 2, 3, AND 4 SECTIONS

(THREE, FOUR, AND FIVE BRANCHES) WHEN ., = 1.20

] K Xy LN H, Hy
ne2
1.50 1.0192 0.1513 0.1056
2.00 1.0565 0.26017 0.1855
2.50 1.0995 0.3479 0.25217
3.00 1,441 0.4212 0.3121
4.00 1.2328 0.5419 0.4160
5.00 1.3174 0.6410 0.5067
6.00 1.3982 0.7263 0.5884 B
8.00 1.5481 0.8708 0.7331
10.00 1.6852 0.9929 0.8601
»n -
1.50 1.0152 1.0206 0.0994 0.1046
2.00 1.0445 1. 0606 0.1696 0.1838
2.50 1.0780 1.1067 0.2238 0.2504
3.00 1.1128 1.1546 0.2680 0.3092
4.00 1.1800 1.2499 0.3376 0.4123
5.00 1.2438 1.3416 0.3918 0.5025
6.00 1.3040 1.4288 0.4364 0.5841
8.00 1.4140 1.5909 0.5082 0.7291
10.00 1.5133 1.7392 0.5657 0.8572
n=4
1.50 1.0108 1.0192 0.0631 0.0886 0.1047
2.00 1.031§ 1.0566 0.1066 0.1542 0.1851
2.50 1.0548 1.0994 0.1393 0.2080 0.2539
3.00 1.0785 1.1438 0.1650 0.2544 0.3157
4.00 1.1243 1.2316 0.2037 0.3331 0.4263
5.00 1.1667 1.3156 0.2320 0.3995 0.5256
6.00 1.2059 1.3951 0.2541 0.4578 0.6171
8.00 1.2761 1 5419 0.2873 0.5581 0.7837
10.00 1.3381 1.6753 0.3119 0.6437 0.9345
SOURCE: Tech. Note 3, Contract AF30(602).2392,

SRI (see Ref, 22 by Leo Young)
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The notation for the immittances H and K, is shown in Fig, 13.09-2.
For a coupler.with series 7-junctions, H, and K, are both characteristic
impedances (2.8, for E-plane junctions in waveguide); for a coupler with
shunt T-junctions, H  and K, are both characteristic admittances (e.g.:

for coaxial or strip transmission lines),

SEC. 13.13, EXAMPLES ILLUSTRATING THE DESIGN AND
PERFORMANCE OF SYNCHRONOUS BRANCH-
LINE COUPLERS

Example—A 3-db coupler is to have an input VSWR of leas than 1.10
and a directivity in excess of 20 db over a 24-percent fractional band-
width,

From Fig. 13.11-1, when P, = 3 db, then by Eq. (13.11-1), R = 5.84.
Try a two-branch coupler first, corresponding to a single-section, gquarter-
wave transformer prototype (n = 1). From Fig. 13.11-2, 8 = 0.64 for
n = 1, so that the prototype fractional bandwidth must be v./ﬁ .
24/0.64 percent, or nearly 40 percent by Eq. (13.11-3). The maximum
VSWRt of a single-section quarter-wave transformer of R = 6, and v, *
0.40, is 1.86, from Table 6.02-2. 1t follows from Eq. (13.11-4) that
14 of the coupler would then be considerably grester than the 1.10

specified.‘

Try a three-branch coupler next, corresponding to a two-section,
quarter-wave transformer (n = 2). From Fig. 13.11-2, 8 = 0.62 for
n = 2, so that the prototype fractional bandwidth must be 24/0.62 percent,
or almost 40 percent, Now the maximum VSWR of a two-section quarter-
wave transformer of B = 6, wo= 0.40, is 1.11 from Table 6.02-2. For a

~3-db coupler, Eq. (13.11-4) yields V = 1t 0,11/1.414 = 1.08, which

is below the 1.10 specx(léd. The directivity from Eq. (13.11-3) will be
better than =20 loglo (0.04) - p, = 25 db, which exceeds the 20 db
specified,

Thus the prototype quarter-wave transformer will in this case have
two sections (n = 2), R = 5.84, and bandwidth v, - 0.40. The corres-
ponding branch-guide coupler design can be obtained by interpolation from
Table 13.12-4.

If we may use Fig. 13.11-5 as a guide, then over the 24-percent band
specified, this three-branch, 3-db coupler would be expected to change

each of ita couplings, P, and P,, by a little under 0.3 db. Thus if



the coupler were designed to have 3-db coupling at center frequency (corre-
sponding to R = 5.84 picked before), then P, wouldgoto 2.7 db and P, to
3.3db at the 24-percent band edges. [fthe specification required both P,

and P, to be maintained to within $0.15 dbof 3 dbover the Z4-percent band,
or generally to optimize the balance over the band as a whole, then the coupler

would be designed with P, o = 3.15 db, correspondingtoR = 5.7, by
Fig. 13.11-1or Eq. (13.11-1). With this choice, and from Table 13.12-4,

Ko

1

1.2902 , #,

0.4363

H,

1.

0844

The performance of this coupler was analyzed by computer and is reproduced

inFig. 13.13-1.

It is found to conform very closely to the specifications.

(Again, this is plotted only for one side of band-center, since the iesponse

is symmetrical as plotted.)

over the 24-percent bandwidth is:

From Fig. 13.13-1, the analyzed performance

maximum VSWR, 1.07 (1.08 was predicted);

minimum directivity, 26 db (25 db was predicted);, couplings P, and P,
both within $0.2 db of 3 db (10.15 db was predicted).

Coxparison of Synchronous and Periodic Couplers—The maximum VSWR

and the coupling unbalance of several 3-db periodic couplers was given in
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SOURCE: /RE Trons. PGMTT (see Ref. 11 by Leo Young)
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FIG. 13.13-1 COMPUTED PERFORMANCE OF A THREE-BRANCH (n = 2) COUPLER
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Tables 13,10-2 and 13.10-3 for three particular " Table 13.13-1
bandwidths v,. Noneof the periodic couplers could PERFORMANCES OF THREE
be designed for any particular bandwidth, and—the SYNCHRONOUS 3-db COUPLERS

performance of any one coupler simply degenerates OF FOUR HHANCHES

slowly as ita operating bandwidth is increased. [rmcriond .mm
‘Y b 8 , . CASE thr",",'.""

(For inatance, the VSWR ripples keep getting ® (db)
bi r.) To improve the performance over an ar- 1 0.16 1.01 0.19

1ege ) rapro P v 2] o028 102 | 0.8
ticular bandwidth nne can increase the number of 3 0.48 1.0? 1.9
branches (but avoid an increase from an even toan SOURCE: Tech. Noto 3,
odd number of branches). ?::':;";,’2:651'%::&)3”

By contrast, synchronous couplers have aclearly defined pass band over
which at least their VSWil an ! directivity is optimized. Three different four-
branch synchronous couplers were obtained irom the tables in Sec. 13.12. Each
has n=3and R»5.5, and the.r several transformer prototype bandwidths are
v, o= 0.40 (Case 1), v, * 0.60 (Case 2), and w, - 0.80 (Case 3). These
three couplers give about optimum performance over bandwidths of
w, = 0.16, w, = 0.28 and w, = 0.48, respectively, corresponding to the band-
widths in Tables 13.10-2 and 13.10-3. ‘the maximum VSWR and coupling unbalance
over their respective pass bands is shown in Table 13.13-1. A comparison with
Tables 13.10-2 and 13.10-3 shows that the VSWRof the four-branch synchronous

couplers is as good as (or better than) that of the eight-branch periodic coupler.

There 18 also aslight improvement in the coupling unbalance over the four-branch

periodic coupler.

SEC. 13.14, DESIGN OF AN EXPERIMENTAL BRANCH-LINE
COUPLER IN WAVEGUIDE

The design of a 6-db coupler in waveguide will nowbe discussed. A proto-
type transformer havingn = 4 (five branches), R =3 and v, =0.40 vas selected.
At that time!! the tables in Sec. 13.12 were not available and the following

immittances were calculated by charts;" the more exact values from

Table 13.12-4 {not used in the construction) are shown in parentheses:

Ko = 1.0 (1.0) H, = 0.070 (0.0648)
K, = 1.036 (1.0367) i, = 0.274 (0.2823) } (13.14-1)
K, - 1.127 (1.1323) Hy = 0.450 (0.4522)

It was verified by analysis on a digital computer that the immittances
from the tables (in parentheses) would give aslightly improved coupler; the
improvement was, however, not large enough to warrant the expense of building

anew model. ‘Tt was also demonstrated® that the performance of this
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FIG. 13.14.1 PERFORMANCE OF FIVE-BRANCH (n = 4) COUPLER
Lines are computed; points are measured on experimental
models shown in Figs. 13.14-3, 13.14-4, and 13.14.5

coupler could be predicted accurately. The details of the calculation are
similar to the example in Sec. 13.13, and are not reproduced here.

The computed performance of this coupler is shown in Fig. 13.14-1. The ex-

perimental points are plotted in the same figure, and will be explained below.

Construction and Experimental Performance—The coupler was to be con-
structed in S-band, with rectangular waveguide outputs of 2.840 inchea by
1.420 inches. The center frequency was to be 2975 Mc. (Therefore, )\.o = 5.54 inches.)
Since waveguide T-junctions are series junctions, the immittances

K, and H, are impedances; however, since waveguide T-junctions are not

O s —



perfect series junctions, they can be represented by an equivalent cir-
cuit such as is shown in Fig. 13.14-2. (This is the same circuit es
Fig. 6.1-2 on p. 338 of Ref. 20.) At any T-junction of the coupler,
K,.; and K, are generally not equal, although they differ only slightly,
so that K, in Fig. 13.14-2(a) was set equal to their arithmetic mean
(K,., +K;)/2: Similarly the wave-guide height substituted into the
graphs of Ref. 20 to obtain the T-junction properties was b, = (b,_, +
bi)/2, and the junction was treated as if it were symmetrical [see

Fig. 13.14-2(a)].

‘The waveguide heights (iheir b-dimensions) were first taken as pro-
portional to the reapective K or H values (Eq. }3.14-1); they were fixed
by the b-dimensions of the four ports, which were each equal to b, =
1.420 inchea. This determined the b-dimensions in the through-guides
without further adjustments, but the b-dimensions of the branch guides
had to be further increased to allow for the transformer factor denoted

by n® in Ref. 20 (no connec-

tion with the number of sec- n

! | [

tions, n). This factor was

]
found from Table 6.1-10 on i H
p. 346 in Nef. 20, and the 2 Rt b a1 Kow ov
. . . — I —
branch b-dimensions, were in- R T LT %
creased by a factor 1/n?. C (ma‘:g)
Since this changed the junc- (0) SYMMETRICAL JUNCTION
tion dimensions, the quantity . .
n? had to be worked out again, I nnllﬂ
‘l

and more times if necessary il Y=/ A l -
(usually this is not neces- ;: r--£;---.y b Kioy 7 X,
sary) until each product of | e T
n? and the branch guide , REACTANCE

. R . \ (NEGLECTED)
b-dimension was proportiona (D) UNSYMMETRICAL JUNCTION
to the appropriate impedance H. b, *Y, K. oK,
Finally, the reference plane ‘T2 Kov* =3
positions, d and d’, of each 3470-90
Junction were determined?® SOURCE: Tech. Note 3, Contract AF 30(602)-2392, SR1;

(see Rel. 22 by Loo Young)
(Fig. 13.14-2). .

FIG. 13.14-2 EQUIVALENT CIRCUITS OF
T-JUNCTIONS
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. The dimensions of thia coupler were calculated, using the impedances
of Eq. (13.1{ 1) and the T-junction equivalent circuits in Ref. 20.

(The series reactances were included in several of the earlier computa-
tions anaslyzing the coupler performance, Their presence was found to
affect the performance only slightly, and has been ignored in all later
computations.)

The coupler E-plane cross section might be expected to require
stepped top and bottom walls (Fig. 13.09-1) to obtain the changes in .
impedance K called for in Eq. (13.14-1). However, the refercnce planes
(T; in Fig. 13.14-2) move in such & manner that the branches have to be
shortened more where the impedances K are lerger, with the result that
the top and bottom walls (Fig. 13.09-1) come out almost straight. In
order to obtsin straight top and bottom walls as shown in Fig. 13.09-1],
and yet maintain the correct impedences K, , bianch lengths some of
which differ slightly from the lengths calculated?®have to be accepted.

The dimensions so calculated are shown in Fig, 13.14-3. The coupler
was constructed in two halves as shown in Fig. 13.14-4. Three jig-plates
of aluminum were used to make a U-shaped channel, in which six ‘aluminum
blocks were placed and bolted down to form the wiveguide channels. The
end blocks contain transformers from the waveguide height of 1.420 inches

+
1]
-

B . 1137 = H -1038-1~ ~

-

L]
—‘il_l | T

ceccbeccccact ccin-

4

F::"*"'_*J"_‘L_iumf:‘:::: ‘~mu. ares

CHANNEL OEPTH © 1420

—fe - - -

ader0-
SOURCE: /RE Trens. PGMTT (see Ref. 11 by Lao Young)

FIG. 13.143 DIMENSIONS OF FIRST S-BAND, FIVE-
BRANCH, 6-db COUPLER



e o ¢

SOURCE: IRE Trans. PGNTT (see Ref. 11 byLeo Young)

FIG. 13.14.4 EXPLODED VIEW OF S-BAND, EXPERIMENTAL FIVE-BRANCH, 6-db COUPLER

831



e e i e IO

o v e TP B SR R BN oy £ e B RACE o 0y e s+

— 0 i ST s

to 1,340 inches, so that standard WR-284 waveguide test equipment could
be connected. The depth of all the channels is half of 2.840 inches,
or 1.420 inches. The two pieces shown in Fig. 13.14-4 were finally
superimposed and bolted together to form the 6-db coupler.

The measured performance of the completed coupler is shown by the
light points in Fig. 13.14-1, which go with the frequency scale (A) near
the bottom of Fig. 13.14-1. Plotted on a Alo/X.acule. the points
fit the computed curves very closely; however, thie center frequency is
3125 Mc instead of the design value of 2975 Mc. This discrepancy is
thought to result from the relatively large b-dimensions which, for
instance, make the length of an outline edge on the two center squares
in Fig. 13.14-3 only about one-seventh wavelength. Thus, non-propagsting
higher-order modes could be set up, giving rise to interaction =ffects
at such close spacings.

All branch lengths and spacings, nominally one-quarter wavelength,
were then scaled in the ratio of the guids wavelengths to reduce the
center frequency from 3125 to 2975 Mc, and the coupler was tested again.
Its center frequency moved down as expected, but the coupling there
became atronger, going from 6.1 to 5.8 db. Since the coupling becomes
stronger still at off-center frequencies, it was decided to reduce the
branch heights to weaken the couvpling by 0.5 db at center freguency,
changing the 5.8 db to 6.3 db coupling. The new dimensions calculated
are shown in Fig. 13.14.5. The measured results are shown by the black
points in Fig. 13.14-1 which go with the frequency scale (B) at the
bottom of Fig. 13.14-1. It is seen that this coupler gives the desired
center frequency, and its performance closely follows the computed curves.

Power-Handling Capacity-—All edges orthogonal to the electric field
of the TE;, mode were then rounded off to increase the power-handling
capacity. The edges of the eight rectangular blocks were rounded to a
radius of one-eighth inch; the edges of the four outside blocka, on the
faces defining the outside edges of the narrowest branches, were rounded
to a radius of one-sixteenth inch. These radii were estimated from
Fig. 15.02-5 to reduce the field strength at the edges to less than
double the field ‘strength in the waveguides.?® Any further rounding
would have helped very little. The performance of the coupler with
rounded edges was measured, and found to reproduce the performance shown
in Fig. 13.14-1 to within experimental accuracy.
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FIG. 13.14-5 DIMENSIONS OF S-BAND, FIVE-BRANCH,
6-db COUPLER AFTER MODIFICATIONS

It was estimated? that this coupler should handle about 39-percent
of the peak power handled by the waveguide. This is chiefly determined
by the radii of the T-junction corners. In WR-284 waveguide, this
corresponds roughly to 1.0 megawatt. The coupler was tested!'at high
power using a 3.8-microsecond pulse at 60 pps, at a frequency of 2857 Mc.
With air at atmospheric pressure, no arcing was observed with 1 megawatt
pesk power.
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of Fig. 14.01-1(c) is typical of a multi-resonator directional
filter.

The midband insertion loss, between the ports having the band-
pass frequency response, of an actual directional filter employiﬂg
resonators with a finite unloaded Q is the same as that of a two-port
band-pass filter having the same frequency response and utilizing
resonators with the same unloaded Q. The midband insertion loss can

be computed by the methods given in Secs. 4.13 and 11.06.

Figure 14.01-2 gives an example of the use of directional
filters. In the case of Filters a, b, and d, the isolated port is
not used. However, in the case of Filter ¢, it is used to permit
f, and f, to appear at a commort port. Because the directional filter
is a reciprocal device, Fig. 14.01-2 can also be used as an example of
a frequency combining device if all the arrows are reversed. Count-
less other interconnections of directional filters are feasible to

meet specific requirements.

INPUT . ® ¢ ¢
SIGNALS =~ Ra fe

(fa,%0,%.%0.%,)

A-3827-44a8

SOURCE: Final Report, Contract DA 36-039 SC-64628, SR1;
teprinted in Proc. JRE (see Ref. | by S. 3. Cohn
end F. S. Coale)

FIG. 14.01-2 EXAMPLE OF DIRECTIONAL-FILTER
APPLICATION TO CHANNEL
SEPARATION

A variety of directional filters have been devjsed, although only
a limited number have found wide application. The most useful types

are discussed in detail in this chapter and are illustrated in

Fig. 14.01-3,

The directional filter shown in Fig. 14.01-3(a) utilizes two
rectangular waveguides operating in the dominant TE, , mode connected
by means of cylindrical direct-coupled cavity resonators operating in
the circularly polarized TE,, mode. Any number of circularly polarized
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FIG. 14.01-3 TYPES OF DIRECTIONAL FILTERS DISCUSSED
IN THIS CHAPTER

TE,, resonators can be used in this directional filter to obtain increased
of f-chunnel rejection. The pass band of this type of filter is typically
only a fraction of one percent wide. However, by using special coupling
apertures between the rectangular waveguides. bandwidths on the order of

3 percent can be obtained for single cavity filters and bandwidths of

about 2 percent can be obtained ior multi-cavity filters. The high-Q
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vavities used in this type of filter permit relatively low-loss performance

for a given pass-band width.

The two forms of strip-line directional filters shown in Fig. 14.01-3(b)
and -3(c) have essentially the same frequency response. The resonators in
these directional filters cannot be cascaded to obtain increased of f-channel
rejection as could those in the previously described waveguide directional
filter.? Therefore, this type of directional filter is suitable for use
when cnly a single-resonator band-pass frequency response is required be-
tween Ports 1 and 4. Pass-band widths of several percent are easily ob-

tained with this type of directional fiiter.

The strip-line directional filter shown in Fig. 14.01-3(d) utilizes
traveling-wave ring resonators which are typically one wavelength in mean
circumference at midband. They are coupled to one another, and to the
terminating strip lines, by means of quarter-wavelength directional
couplers of the type discussed in Chapter 13. As in the case of the wave-
guide directional filter, any number of traveling-wave ring resonators
can be utilized to obtain increased off-channel rejection between Ports 1
and 4. Pass-band widths on the order of 10 percent or more can in principle
be obtained with this type of directional filter because it is possible to
tightly couple the traveling-wave rings to the terminating lines and to each
other. However, in practice, these devices are usually designed for more
modest bandwidths up to only a few percent. Strip-line construction for
directional filters, of course, has an advantage of ease of manufacture.
However, the resonator Q's are lower so that the losses will be greater for

. . . 3 /
a given passi-band width than if cavities are used.

This latter type of directional filter could also be realized in wave-
guides using any of a variety of waveguide couplers to connect a waveguide
ring to the external waveguide, but it appears that this form of filter
has not been used in practice. A closely related form of waveguide
traveling-wave ring structure which has been used extensively as a power
multiplier is shown in Fig. 14.01-4. This structure is formed from a
single-resonator traveling-wave ring directional filter in which the output
waveguide has been removed. When the ring, which typically has a length of
several guide wavelengths, is resonant, most of Lhe power entering Port 1
is delivered to the large amplitude traveling wave within the ring, while
the remainder is delivered to the load. The average power level of the

wave circulating within the ring can be made quite high. As an example of
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FIG. 14.01-4 WAVEGUIDE TRAVELING-WAVE-RING
POWER MULTIPLIER

the power multiplication that can be obtained it is found that if the at-
tenuation of u wave traveling once around the ring i50.2 db and the directional
coupler hus a couplingof -16 db, the average power level of the wave circulating
within the ring is 20 times the input power. ‘lhus, microwave devices such as
waveguide windows which absorb 'ittle power but must be able to operate with high
power passing Lthrough them, can be tested by inserting them in the ring circuit—

while the ring circuit itself isexcited bys relatively low-power source.

Another circuit which operates as a dirvectional filter is discussedin

Sec. 16,02, This circuit uses two hybrid junctions and two conventional
filters to obtain a directional filter type of operation.
SEC. 14,02, WAVEGUIDE DIRECTIONAL 3 a

FILTERS

This section presents design informa-

tion and measured performance for the type

of waveguide directional filter 1llustrated
14.02-1.

rectangular waveguides operating in the

i kg, This filter utilizes two

1A
Vi

2{ ¢
e . . . ~ 2
K, , mode connected by means of cylindrical, x 2-]
direct-coupled cavity resonators operating N ! ¢,

Vi

in the circularly polarized TE;, mode.

Coupling between the cavities is obtained

N
N

by means of circular apertures, while

coupling between the cavities and the ex

FIG. 14.021

ternal waveguide is obtained cither by
means of the circular apertures shown or by

other types of apertures described later
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At the midband frequency a signal incident on Port 1 excites circularly
polarized TK,, modes~h1the~varicus cavities. The circulurly polarized
wave in the nth cavity then excites a TE, , mode in the external waveguide
traveling toward Port 4. No power is transmitted toPort 3. The frequency
response at Port 4 is equivalent tothat of a bund-pass filter, while the

response at Port 2 is complementary and equivalentto that of a band-reject filter.

The shape of the attenuation response for transmission between Port 1
and Port 4 is governed by the number of resonant cavities in the directional
filter. In fact, any shape of band-pass frequency response, such as those
shown at the right in Fig. 14.02-2, that can be obtained with an n-cavity
band-pass waveguide filter (Sec. 8.06) can uiso be obtained with this type
of n-cavity directional filter. ‘The width of the pass-band response at
Port 418 typicallyonly s fractionof a percent. However, as explained later
the width of the pass band can be increased to several percent by using specially

shaped coupling apertures between the rectangular waveguides and the cylindrical cavities.

Table 14.02-1 is a design chart for the waveguide directional filter

shown in Fig. 14.02-1. In this chart the design parameters for waveguide
PROTOTYPE RESPONSE BAND-PASS FILTER RESPONSE
4 8
: :
w w |
o o
< <
8 s
-~ -~
3 3
~ 4 -
-4

(0) MAXIMALLY FLAT RESPONSES

PROTOTYPE RESPONSE BAND-PASS FILTER RESPONSE

Lao La

] w/ wg, 0 wow, Wy wy wp 2w
w' - w -

(b) TCHEBYCHEFF RESPONSES

A 35,7 50

FIG. 14.02-2 SOME LOW-PASS PROTOTYPE RESPONSES AND CORRE-
SPONDING BAND-PASS FILTER RESPONSES
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Table 14.02-1
DESIGN FQUATIONS FOR CIRCULAR-WAVEGUIDE DIRECTIONAL FILTFRS

The parametera 8p: 81 oo+ a4 BTE A8 defined in Sec. 4.04, while
“’.l' wy, Wy, and wy are as defined in Fig. 14.02-2.

'
w
@), '0"1 1 = external Q 1)
= ————— - l.
k.'.in %l to n “"1":‘—'4—1 :-g:';‘f::fent (2)
[ Dl §
"’" (]
0,)y = —'—"."—-ﬂ = external 0 (3)
where
* w, ~w w, *+ w
v = lwo ] and wg = —l—!—l (4)
_ /(0) AE g
C o ¢ l/ 'fv‘rFA({:‘S ”} (s)
80
¢\ 2
A
- 0
c"iﬂli'lwn"l ) P‘"h"".”(;:) (6)

- ‘/'v/(’%%’(fﬁ)z‘% @

[ ]
number of half-wuvelengths in Lhe resonators.

where (c.".”)2 is the power coupling factor, and where n is the

To determine aperture sizea first compute the polarizatulities (the
equations given are most accurate for very small aspertures):

3,2 2
LW Y o
. P e g (
i=0 uad n 32N L (<)
3

2,1
L den inPAy
=l to a-1 2

M in

¥ 0 (9)

i, 4l
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Table 14.02-1 concluded

where a, b, and D are defined in Fig. 14.02-1, and

-1 _2a , distance of a smll aperture (109

a
x = 5 cot rom side of waveguide

80

A /\9 . f\ude wavelength in cy- an

indrical waveguide of

s0 A 2 diameter D at frequency W
L -\t ’

A uid velength i tan-
0 = 0 gulu: ::v:gul:se o}nwﬁih.: at (12)
s I,l ( > requency wy
a

4\0 = wavelength of a plane wave at frequency @y

A

For amall circular apertures, the required hole diameters are
epproximately

k)

R (13)

‘. '"Is-o ton

Approximate corractions for aperture thickness ¢ and aize can be
obtained by computing compensated polarizabilities

1.1d 2 1.6¢ l_(l'-’dl,ﬂl)
M e = ¥ ]t -( A‘ "l) 10t Ao (14)
0

and then recomputing the d, i+ waing Fq. (13) and the (¥, .,)) .

o 2X 2X, .
b = T "‘% tan”! —-—'-—'JJ + tan’! —ll;'—’-l- radians
20 0
(15)
= electrical distance between irises
where -
) g 164 . .

[ial i,itl
z, " 0.9500\,

= normalized shunt reactance of iris

A suggested low-pass to band-pass mapping (Sec. 8.04) is

Y 1(“__&) 16

wy | Uo



directional filters are specified interms of the band-pass frequency re-
sponse at Port 4. This band-pass response isrelated inturn tothe coupling
coefficients hi.“| andexternal Q's, (Q,), nnd(Q‘f,, of atwo-port band-pass
filter having an identical frequency response. It isalso related tothe re-
sponse of a low-pass prototype filter having element valuesg,, g,. 8, ...
Buer® As discussed inSecs. 4.13 and1),06, theincrease in midband attenua-
tion (AL,), at Port 4 due to dissipation in the circuit can be computed

from the prototype element values and the Q's of the resonators.

The quantity ¢ in this chart is the square root of a power coupling
factor. It is related to the square of the magnitude of a scattering
coefficient (Sec. 2.12) as defined in Figs. 5.10-7 and 5.10-10. For
example, the power coupling factor (c"‘“)2 between the cavities i and
i + 1 is defined as follows. Let cavity i + 1 be extended in length and
a matched loud® inserted inside. Let cavity i be cut.intwo and power fed
to iris i, i+l from a lineariy orcircularly polarized matchedgenerator.*
Then the ratio of the power delivered Lo the load to that available from

the generator is (c".‘l)z, which is the same as lS”l2 in Fig, 5.10-7.

The power coupling factors (cN)2 and (c".“l)2 are defined in a
similar way. Agein we assume that cavity number } is extended and a
matched load® inserted inside. Likewise, amatched load* is placed at Port 2
x-gnd a matched generator® isplaced atPort |. The ratio of the total power
in the circularly polarized wave delivered to the load in the cylindrical
guide to that available frow the generator is (col)z, which inFig. 5.10-10
is 'S“l2 + |Sll|2, wihere for the case of circular polarization
15,0 = Isy,l-

In practically all cases, the length of the cavities is approximately
one-half guide wavelength, A;°/2, at midband. However, the cavities canin
principle be designed to be approximately an integral number p of half
guide-wavelengths long. The exact electrical length ¢, of the cavities,
which is given in the chart, is reduced somewhat from the value of 180 p

degrees because of the stored magnetic energy in the coupling apertures.

In order that a pure circularly polarized wave he induced in the -
cylindrical cavities, it is necessary, when using circular coupling aper-
tures between the end cavities and the rectangular waveguides, to offset
the axis of the cavities a distance x from the side of the rectangular

guide as given in Table 14.02-1. In this case a perfectly circularly

* “Matched” s used here refars to matching the guide impedance.
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larized wave is induced only at the design center frequency, although
.o wave is nearly circularly polarized over the range of pass-band fre-
iencies. A type of coupling arrangement using three slots that produces
essentially circularly polarized wave in the cavities® over a much
der frequency interval is shown in Fig. 14.02-3. 1In this arrangement
+ axis of the cylindrical cavities coincides with the axis of the

‘tangular guides.

Waveguide directional filters having larger bundwidths can be ob-
ined by using large coupling apertures of the types shown in Fig. 14.02-4.
o dimensions of these apertures are too large to be computed very ac-
:rately using the small-aperture coupling data presented in Chapter 5.
wwever, in the case of the two-slot configuration in Fis., 14.02-4(b)
ethe's theory can be used to obtain a first approximation for the coupling
-lots, and then corrections can be made after experimental tests. If M,
is the magnetic polarizability of the transverse slot in the transverse
direction while M2 is the magnetic polarizability of the longitudinal slot

in the longitudinal direction, then according to Bethe's small aperture

theory
Rck‘r2 3a36K;
M, = v (14.02-1)
2 _ nx, X'
1."|2<sln —a—) Jl(kerz
and
mxg\ Jy(k ry)
Mzk‘ sin (———) <
M - et (14.02-2)
1 x| J e r ) Y
2a cos < ) Jo(k ry)
L ¢ kerl
where

A‘ = guide wavelength in rectangular guide
K: * guide wavelength in circular guide

@ = width of rectangular guide

b = height of rectangular guide

R: rl; rz, ‘l, ﬂnd ‘2
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Assuming small apertures, the condition for circular polarization is

M, 4x 0], (@z,) cos (3602, /A Ql
W T F T, (xy) sin (180s,/0)

M, = magnetic polarizability of each transverse slot
[Fig. 5.10-4(a)]

M, = magnetic polarizability of the longitudinal slot
{Fig. 5.10-4(a)]

)‘,0 = guide wavelength in rectangular guide at midband
frequency

a = 2#n/1.705D

£ = tolerance factor: when £ = 1,02 the axial ratio
in the circular guide is less than 1.02 from
A= 8.621l to 6.281|. The design center value
o /\‘0 in this case is 7.30:1.

Under this condition
. 2 / 2
2. 1280 My sin? (180x,/a) [J, (2x))]
Ienepn’ e,
3a”bD /\‘o(! x5

Al = guide wavelength in circularly polarized cavity
¢ at midband

SOURCE: Proc. IRE (see Ref. 8 by S. 8. Cohn)
FIG. 14.02-3 APPROXIMATE DESIGN EQUATIONS FOR A BROADBAND,
CIRCULAR-POLARIZATION COUPLER

The axial ratic is the ratio of the field strengths Ex ond E,
at right angles to each other
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SLOT 2
LENGTHs £,
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sLoT |
LENGTH: £,
wIOTH - w,

{b) TWO - SLOT COUPLER

_ N\
v

{c) LARGE CIRCULAR HOLE COUPLER
9-3827-4%2

- FIG. 14.02-4 APERTURE CONFIGURATIONS HAVING LARGE COUPLING
FACTORS

are distances as indicated in Fig. 14.02-4(b), k_ - 1..84/R, and ¢ is the
square root of the power coupling factor and is equal to ¢y, or ¢ 4y
obtained from Eq. (5) or £q. (7) of Table 14.02-1. The trial dimensions
of the slots can be obtained from Fig. 5.10-4(a) along with the thickness
and size correction given by Ey. (5.10-6). Cut and try refinement of the
slot dimensions can then be achieved using experimental technijues

described later in this section.

Table 14.02-2 shows the final dimensions and measured performance
for several aperture designs of the types in Fig. 14.02-4. These designs
all have relatively tight coupling, but thut of the two-slot configurations
is decidediy the tightest. The axial ratio referred to in these data is
the ratio of field strengtiis at right angles to each other in a plane
perpendicular to the axis of the circular guide. For perfect circular
polarization the axial ratio is one. Figure 14.02-5 shows the measured
power coupling and exial ratio as & function of frequéncy for the two-slot ~
configuration whose dimensions are given in the column on the far right
in Table 14,02-2.
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Table 14.02-2

TYPICAL COUPLING PROPERTIES OF LARGE APERTURES FOR
WAVEGUIDE DIRFCTIONAL FILTERS AT f = 9780 Mc

CIACULAR HOLE Mg#&t:l TWO-SLOT COUPLFR | TWO-SLOT COUPLER
[rig. 16.02-4te)] | [, M ieogvaca)] |(Fis. 1e.02-4m)]|lFig. 14.02-00)]}
d = 0.440 I, = 0.442 Iy = 0.461 I, = 0.510
x = 0.207 1y = 0.450 v, = 0186 v, = 0.136
from side wall 0.229 | 0.5 ! 565
x, " x, =0. = (.518 = 0.56
ry=r,=0 tria ceflter line 2 . 2
v, = 0.142 » = 0.142
Dimensions D=1.114 rp=r,=0 .o .o
(illl:hal) R = 0.554 ’l ‘l
% = 0.320 x, = 0.320
ry 7 0.243 rn= 0.243
- rg = 0.077 ry * 0.077
L R = 0.554 R =0.504
e TL-' SISO - - -
Aperture
Ricknels- (t) 0.023 0.025 0.025 0.025
(inchea)
Axial Ratio 1.0 4 1.04 1.04 1.J¢
Total Coupling
Factor (dg) -17.3 -12.8 4.8 -8.2
logloc
e — - - e sy m -—
VSWR in Rectan-
gular Waveguide 1.05 1.08 1.25 1.23
0,), = 556 194 73.5 63.5
- 1l , _L SN J
12 1 60 L
} PN - J R 4 K
[~} - o
wd gl— 1 L } 140 %
g; 1 - «
S$.l N/ 3
Y SR ETER ST p—_ 120 %
;‘g O AXIIAL EATIO ) / L 4
)
a 100
9000 9400 9800 10,200 10,600
FREQUENCY — Mc A-3827 433
FIG. 14.02.5 POWER COUPLING AND AXIAL RATIO OF A PAIR

OF SLOTS HAVING LARGE COUPLING FACTORS

The slot dimensions are shown in the column at the

far right in Table 14.02-2
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PORT 3 A PORT 4 A single-cavity X-band wave-
7
:1_ _// [_ a guide directional filter of the
// (?'zﬁ_;.'c type in Fig. 14.02-6 is photographed
“,___, ' in assembled and disassembled form
‘;";:l:/'f in Fig. 14.02-7. 1In this filter the
- )“‘ Cor -——— cylindrical cavity (which was made
/. of brass) was split along its mid-

PORT | L/' PORT 2 plane—a position of minimum longi-
A-3827- 434 tudinal wall current-—so that the

unloaded Q of the cavity was not

FIG. 14.02-6 SINGLE-CAVITY WAVEGUIDE  appreciably degraded by the joint.
DIRECTIONAL FILTER

The two halves of the experimental
filter were held together by a
C-clamp; however, they could also
be easily soldered together. The capacitive tuning screws shown in the
picture were adjusted so that the two spacially orthogonal TE,; modes
that can exist in the cavity resonated at the same frequency. The neces-
sity for this tuning procedure can be made plausible if one remembers
that the circularly polarized mode induced in the cavity can be resolved

intc spacially orthogonal TE,, modes excited in time quadrature.

In this filter the terminating guides have inside dimensions

a = 0.900 inch and b « 0.400 inch while the coupling apertures have a
thickness t = 0,020 inch. The cavity diameter D = 1.114 inch, the coupling
hole diameters d = 0.414 inch and the cavity height h = 0.716 inch. The
axis of the cylindrical cavities was offset a distance x = 0.207 inch from
the sidewall of the rectangular waveguides. The measured performance of
this single cavity waveguide directional filter is shown in Fig. 14.02-8.
The measured loaded @, Q;, of this cavity loaded at both ends was 249 and
the midband attenuation (L), = 0.72 db or (P, . \/P, ) = 1.19. Using the

vut
relation
Q. = g CITTRN (14.02-3)
‘ QL Putlt 2 )

which applies for single-cavity directional filters as well as single-

cavity two-port filters, we find that the external Q, Q:, of the cavity
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FIG. 14.02-7 VIEWS OF THE SINGLE-CAVITY WAVEGUIDE DIRECTIONAL FILTER
ASSEMBLED AND DISASSEMBLED
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FIG. 14.02-8 EXPERIMENTAL RESULTS FOR THE
SINGLE-CAVITY WAVEGUIDE
DIRECTIONAL FILTER

loaded at both ends is 271. Therefore, the external Q, Q,, of the cavity
loaded at one end as given in Table 14.02-1 is 542. Agsin using the

relation that

1 1 1
- = + — (14.02-4)
o, " e, o

the unloaded Q, Q.. of the cavity is 3030, This value would be approxi-
mately doubled if the cavity had been made of copper or if it were silver-
plated.



PO )

The value of the coupling fuctor (c“)2 computed from the measured
value Q, = (Q,), = 542, using Eq. (5) in Table 14,02-1, is (c“)2 =0.0195,
or -17.1 db. Uging dy; = 0.414 inch end solving for (c“)z using kqs. (13)
and (8) of Table 14.02-1 gives (cN)2 = -16.6 db, which is in unexpectedly
good agyreement with the value obtained from (Q,), considering that the hole
is quite large and is close to the side wall. ‘Technically, both a large-
aperture correction und a thickness correction as in Lq. (14) of
‘table 14.02-1 should also be applied, but these corrections are very rough
approximations and are in this case made to be quite uncertain due to the
close proximity of the side wall. [In such cases, experimental checking
of the apertures is desirable. (This was done in the case of this desiygn

by experimentally determining 0,.)

A two-cavity waveguide directional tilter of the type illustrated in
Fig. 14.02-9 wus also constructed by modifying the siagle-cavity filter
described above. ‘lhe modification was accomplished by inserting a length
of cylindrical guide contain-

ing a coupling iris at its

midplane, between the Lwo

halves of the original filter.

The diameter dlz of the cen-

tral iris in this filter was
progressively enlarged to ob-

tuin first an undercoupled

response, then a critically

coupled response and finally

an overcoupled respense.  The PORT | PORT 2

A= 3927487
measured response of these
filters when critically FIG. 14.02-9 A TWO-CAVITY WAVEGUIDE
coupled, and overcoupled is DIRECTIONAL FILTER

shown in Figs. 14.02-10(a) und
14.02-10(L), respectively. A
tabular summary of the filter dimensions and performance is presented in

Table 14.02-3.

The experimentally determined central-iris diameter, dI2 = 0.190 inch,
for critical coupling agreed reasonably well with the d , = 0.178 inch
value computed using the formulus in fable 14.02-1 and the correction in
Eq. (5.10-6). The measured widbund atlenuation (Al.‘)o due to dissipation

in the two-cavity directional filter also agreed well with that calculated
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FIG. 14.02-10(a) MEASURED PERFORMANCE OF A
CRITICALLY COUPLED TwO-
CAVITY WAVEGUIDE DIRECTIONAL
FILTER

from Eq. (4.13-11). For example, consider the critically coupled or
maximally flat case having the low-pass prototype elements g, = 1,

8; " 8 = 1.414, gy = 1, and 3-db point @, =1, w = 0.00317, and the
measured unloaded Q, Q, = 3030, as determined from measurements on the
single-cavity filter, then the dissipation factor (Sec. 4.13) is

d=w /wQ, =0.0104. Equation (4.13-11) yields a value of (AL,), =
1.28 db as compared with the measured midband loss of 1.25 db. Nearly
all of this loass was due to dissipation since the midband VSWR was

very low.

Four tuning .crews were used in each of the cavities for tuning
purposes. The technique used to adjust these tuning screws is described
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FiG. 14.02-10{b) MEASURED PERFORMANCE OF A
SLIGHTLY OVER-COUPLED TWO-
CAVITY WAVEGUIDE DIRECTIONAL
FILTER

below. Tuning of waveguide single-cavity directional filters can be
accomplished in a straightforward manner. ‘the proper procedure is to
place matched detectors at Port 4 and Port 2, a matched load at Port 3
and a generator at Port 1. Then one adjusts the four equally spaced

tuning screws for maximum signal at Port 4 and minimum signal at Port 2.

In multiple-cavity filters this simple technigque is difficult to
apply and it is better to use another technique. One such technique con-
sists of tuning each cavity separately using the apparatus illustrated in
Fig. 14.02-11. 1In this apparatus a linearly polarized signal is fed into
the cylindrical cavity through a rectangular- to cylindrical-waveguide
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Table 14.02-3

DIMENSIONS AND SUMMARY OF THE MEASURED PERFORMANCE
‘OF A TWO-CAVITY WAVEGUIDE DIRECTIONAL FILTER

OVER-

CRITICALLY
courLen | coupeo® | coupien!

Resonant {requency, f, 9775 Mc 9774 Me 9774 Mc
Fractional 3 db bandwidth 0.00256 0.00317 0.00338
Insertion loss (at f,)$ 0.90 db |1.25 db |0.95 db
VSWR at £, - 1.10 1.04
Maximum VSWR (off resonance) -. 1.14 1.17
Dismeter d,, of ceatral iris 0.179 in. | 0.190 in. | 0.196 in.
Thickness ¢y of central iris 0.025 in. | 0,025 in. |0.025 in.
Diemeter dM = d" of end irises 0.414 in. 0.4]14 in. | 0.414 in.
Thickness ‘01 = '23 of end irises 0.023 in. | 0.023 in. |0.023 in.
Inside diameter of each cavity, D 1.114 in. | 1.114 in. [ 1.114 in.
Height of each cavity, A 0.770 in. | 0.770 in. }0.770 in.
Displacsment of cylindrical guide

axis from side wal] of the

rectangular guide 0.207 in. ]| 3.207 in. | 0.207 in.
lHeight of rectangular guide 0.400 in. | 0.400 in. | 0.400 in.
Width of rectangular guide 0.900 in. § 0.900 in. |} 0.900 in.
* Shows in Fig. 14.02-10(s)
t Shown in Fig. 14.02-10(b)
$ The inside surfares of the cavitiee vere machined brass. 8y

polishing and plating the inside surfaces it is belioved that
widband insertion losses of 0.5 db could esnily be cbtained.

FROM SIGNAL
GENERATOR

|

RECYANGULAR
duioe

RESISTANCE
CARD

';‘8.'.‘.‘3 Ino FOUR TUNING SCREWS
SYMMETRICALLY LOCATED
CIRCUL AR GuIDE

CRYSTAL PAD

TECTOR ) TERMINATION

A-3027-400

FIG. 14.02-11 SCHEMATIC DIAGRAM OF SETUP
FOR PRETUNING CAVITIES OF
THE TWO-CAVITY DIRECTIONAL
FILTER
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transition, past a rotating joint. A resistance card within the transi-
tion serves the purpose of damping out any cross-polarized wave that
might be reflected from the cavity. When the electric field in the
exciting guide is oriented as shown, rthe two tuning screws parallel to
the electric field are adjusted for maximum signal in the decector.
Next the exciting guide is rotated by 90 degrees and the other pair of
screws is adjusted for maximum signal in the detector. Since the pairs
of tuning screws do not furnish completely independent adjustment, this
process is repeated until the signal at the detector is independent of
the polarization orientation of the exciting wave. The measured perform-
ance shown in Fig. 14.02-10 was obtained by pretuning the cevities in
this fashion, and without further adjustment of the assembled filter.

Another technique for tuning s multicaviiy filter of this sort is
to use the setup in Fig. 14.02-11 to feed a linearly polarized signal
through all the cavities simultaneously. In this case a slotted line is
inserted in the rectangular guide at the top and the cavities may be
tuned for each of the two orthogonal linear polarizations by observing
the quarter-waveiength shift of the voltage minimum in the input wave-
guide as successive cavi-
ties are brought to reso-
nance. This procedure is
the same as that described

in Sec. 11.05 for tuning

direct-coupled cavity fil-

ters. Alternatively, if ChRg Ik

one has a sweep signal

CINCULAR _—p
source available, it may wavtduoe ROTATING JOINT
be possible to tune the _J
. . . acutmm"m“—ib —>  [TERMINATION
cavities by simply maxi-
mizing the signal at the- A
aA-3887-401

detector in the rectangu-

lar waveguide for the two FIG. 14.02-12 SCHEMATIC DIAGRAM OF SETUP FOR
MEASURING THE PERFORMANCE OF
. APERTURES HAVING LARGE
zations. COUPLING FACTORS

orthogonal linear polari-

The technique for
measuring the coupling and axial ratio of the wav: excited by the large
apertures of Fig. 14.02-4 is illustrated in Fig. 14.02-12. The power

coupling factor c® is equal to the sum of the power received by the



detector in the position shown and that received when it is rotated

90 degrees, divided by the avsilable power from the generator. The

axial ratio is the square rcot of the ratio of the maximum to the minimum
power received by the detector as it is rotated,

SEC. 14.03, STRIP TRANSMISSION LINE DIRECTIONAL FILTERS
USING HALF- OR FULL-WAVELENGTH STRIPS

A form of strip-transmission-line directional) filter that has proved
to be very useful is illustrated in Fig. 14.03-1 together with pertinent
design information. It might seem that the resonators in this type of
filter could be cascaded as shown in Fig. 14.03-2 to obtain a directional

filter having a multiple ‘resonator response, but this is not the case.’

Te Ts
A BAND PASS RESPONSE
* }T 2 PORT i--¢
44 r—J3
[+ C 2 GAP CAPACITANCE '
2
2,3 \2¢ 2¢ © wace I‘
WAVELENGTH -
¢ ¢ sTmes
1L B Y ] 2
il 2
W T,
T‘ T,
‘}’ 1
e L4 ]2
c /T C+ GAP CAPACITANCE
HALF I, 2o oME
WAVELENGTH ~aflw, 24, WAVELENGTH
sTRIP 2¢ sTRIP
c (5
1C \\ J2
A
o B z
TI 'I

242
'uz-u. . 2wyt Zlo_ |

|
0 T, 4 ‘(o OF DISSIPATIONLESS CIRCUIT
LOADED AT PORTS | AND 4

24« ¥ -2w,C2, NADIANS

24,227 - 2/T wyC2, RADIANS

o 3327462

FIG. 14.03-1 DESIGN INFORMATION FOR HALF-WAVELENGTH-STRIP
AND ONE-WAVEL ENGTH-STRIP DIRECTIONAL FILTERS
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Therefore, this type of directional filter is suitable to use only when

a single reaonator band.pass frequency response is desired between Port 1
snd Port 4.

The action of the filters in Fig. 14.03-1 can be understood By
invoking the principls of superposition. Excitation of Port 1 with s
wave of amplitude V is equivalent to excitation of Port 1 and Port 4 at
the reference planes T, and T, with waves both of amplitude +V/2 (even-
mode case), and excitation of Ports 1

and 4 at the same reference planes Te 1)
. . o 3} —of
with waves of amplitude +V/2 and -V/2,
respectively (odd-mode case). Even- “« - —_
mode excitation of Ports 1 and 4 at S& 17
the center frequency causes only the ‘3 17
right-hand strip to resonate, which “ 17
reflects waves having amplitude +V/2 L \ ——2
at Port 1 and Port 4. On the other -l
hand, odd-mode excitation causes only T
A-3087- 483
the left-hand strip to resonate, re-
flecting waves having amplitude -V/2 FIG. 14.03-2 EXAMPLE OF A
. MUL TI-RESONATOR
at Port 1 and +V/2 at Port 4. There- STRUCTURE THAT
fore, at the resonant frequency of the DOES NOT HAVE
strips the amplitude of the reflected DIRECTIONAL FILTER

wave st Port 4 is V while that at PROPERTIES

Port 1 is zero. Or, in other words,

at the center frequency a signal inci-

dent on Port ) is ideally completely transferred to Port 4. At frequen-
cies off resonance a signal incident at Port 1 passes through unattenu-
ated to Port 2.

‘The reason multiple-strip-resonator structures of the type shown in
Fig. 14.03-2 cannot be used as directional filters can also be qualita-
tively understood by applying the principle of superposition. It can be
seen that when either odd-mode waves or even-mode waves are incident on
Ports 1 and 4, some of the resonators in both the left- and right-hand
string of resonators will be excited. Therefore, the necessary destruc-
tive interference between the even- and odd-mode reflected vaves at
Port 1 and the necessary conatructive interference between even- and odd-
mode reflected waves at Port 4 is not obtained and directional filter
action does not result. On the other hind.‘ﬁanlolow and Tuttle? have
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reported that marginal directional-filter performance is obtained using
sultiple-resonator structures of the type shown in Fig. 14.03-2. The
explanation of this apparent paradox appears to be that Wanselow and
Tuttle placed a short-circuit at Port 3, presumably at reference plane
Ty, thus reducing it to a three-port device. Under these conditions
when a signal is incident at Port 1 the right-hand chain of resonators
would reflect a relatively high shunt impedance at Port 1 while the short-
circuit at reference plane T, would reflect a shunt open-circuit st
reference plane T,. Therefore, the transmission characteristic between
Port 1 and Port 4 roughly approximates that of the multi-resonator chain
at the left of the structure in Fig. 14.03-2.

The dimensions of the TEM lines having the characteristic impedances
Z and Z, shown in Fig. 14.03-1 can be determined from Figs. 5.04-1 or
5.04-2. The gup spacing at the ends of the resonators necessary to
realize the coupling capacitances C cen be determined approximately from
Fig. 5.05-9 by making use of the relation that C is approximately equal
: to AC times the width of the reso-

COPPER TUNING i
E—scatl nator strip.
In order to tune the two

L E —3 resonators in the directional
- filter to the same frequency,
P sTRip Y —vazrzzzn stanes , ueney.
Ei copper tuning screws or dielectric
— tuning slugs of the types shown in
croas section in Fig. 14.03-3 may
COPPER TUNING ) .
SCREW be employed. For maximum effective-
(a) ness these tuners should be used

near either end of a resonator

where the electric field is high.

In addition, if copper tuning

?ﬁ%ﬂ?ﬁﬁn screws are used they should be

inserted aymmetrically from either

r — ground plane so that the parallel

(b) plate ''EM mode is not excited.

A-2027 - 480 The meusured reaponse of a

typical strip-line directional

FIG. 14.03-3 METHODS OF TUNING A :
STRIP-LINE DIRECTIONAL filter of this type is shown in

FILTER Fig. 14.03-4.
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FIG. 14.03-4 RESPONSE OF STRIP-LINE HALF-
WAVELENGTH-RESONATOR
DIRECTIONAL FILTER

SEC. 14.04, TRAVELING-WAVE-LOOP DIRECTIONAL FILTER

A type of strip-transmission-line directional filter that can be
made with multiple resonators to obtain increased off-channel rejection
is illuastrated in Fig. 14.04-1. The resonators in this directional
filter are traveling-wave loops whose mean circumference is a multiple
of 360 degrees at the midband frequency. Coupling between the loops is
obtained by the use of quarter-wavelength directional couplers of the
type described in Chapter 13. At the midband frequency a signal incident
on Port 1 excites clockwise traveling waves in each of the loops. The
truveling wave in the nth loop excites a signal at Port 4. At frequencies
well removed from the resonant frequency of the loops a signal incident on
Port 1 is transferred to Port 2.

The design chart in Table 14.04-1 :ummarizes the design of traveling-
wave-loop filters from low-pass prototypes 30 as to give a desired band-
pass response between Ports 1 and 4. The voltage coupling factors €L iel

are the midband voltage couplings of the strip-line directional couplers
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ALL NON-PARALLEL -COUPLED LINE SECTIONS
ARE OF CHARACTERISTIC IMPEOANCE 2, )

PARALLEL-COUPLED REGIONS ARE
CHARACTERIZED 8Y ODO- AND EVEN-MODE
IMPEDANCES (zoo),.,,, AND (Zoe), ;¢4
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OV

e

L, e

3

A 3927 abn

FIG. 14.04-1 A TRAVELING-WAVE-LOOP DIRECTIONAL
FILTCR HAVING n RESONATORS

as defined in Eq. (13.02-2), while the coupling coefficients k,  , are
the resonator coupling coefficients in Fig. 8.02-3. [t would also be
possible to build this type of truveling-wave-loop directional filter in
waveguide form. In this case the design parameters in Table 14.04-1 must
be modified by inclusion nf the factor (/\;o/)\o)z in exactly the same

fashion as is done in Table 14.02-1.

The layout of two, single-loop, directional filters, one of which is
tuned to 1024 Mc and the other of which is tuned to 1083 Mc, is shown in
Fig. 14.04-2. The measured performance of the device is shown in
Fig. 14.04-3. ‘the filter having a center frequency of 1024 Mc was de-
signed to have a 3 db bandwidth of 8.2 Mc [Q, = 250 and (c“)2 = (clz)’ =
0.0251) while the other filter was designed to have a 3 db bandwidth of
6.9 Mc [0, = 314 and (cg,)? = (c,,)? = 0.020].

The length of the ring resonators along the coupled transmission
lines was made to be a quarter wavelength messured in the dielectric at
the midband frequeacy in each case. The length of each of the cther two
sides of the resonator plus the ejuivalent length of the two matched,
mitered corners, was also made approximately a quarter wavelength,
measured in the dielectric at midband. Data on the equivaient length of
matched mitered corners is presented in Fig. 5.07-4, although the design

under discusasion was made before these data were available.
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Table 14.04-1

DESIGN EQUATIONS FOR TRAVELING WAVE-LOOP DIRECTIONAL
FILTERS AS SHOWN 1IN FIG. 14.04-1

The paramsters g,, §,. ..., 8,4 OFC 88 defined in Sec. 4.04,
and w;, w., @, and w, are as defined in Fig. 14.02-2.

0 1
U
Q) = ﬂ’%‘-ﬁ = external Q 1))
» coupling 2)

k. . = = :
LAt it o mel m coefficient

U
(0.). = ﬁgﬂ = external ¢ (3)
where
w, - +
v = 2“’0“‘1 and @y = wl—:—& 4)
,)
o - HE ot
€l R =amh (6)
w,)
o nel 1/ N )
where the ¢, are voltage coupling factors, and a is the

number of full wavelengths in the resonator loops st resonance.

The odd- snd even-mode impedances of the directional-coupler
sections sre

)
= ZO l.__chJ_’l (8)

Z_) .
Woelt, il 1=0ton i,14l
1 ~-c¢. .
2,) . =z il 9
00"t i g ton 0rl*e in

The directional-coupler sections are a quarter-wavelength
long at w,.

A suggested low-puss to band-pass mapping (Sec. 8.04) is

1 2 w = W
.o 7(—wo—°) - (10)
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The region of each loop that is coupled to the terminating lines is
designed according to the formulas in Chapter 13 as a matched, 50-ohm
directional coupler having the coupling specified above. The necesszary
even- and odd-mode impedances Z,, and Z,, ure determined from
Eqs. (13.02-5) and (13.02-6) or Egs. (8) aud (9) of Table 14.04-1. The
widths of the strips necessary to realize these impedances are determined
from Fig. 5.05-3 in the case of typical printed-circuit construction.

The width of the strips forming the remainder of the loops is a value
appropriate for a 50-ohm transmission line as determined fromFig. 5.04-1
or 5.04-2. Thus theoretically, a 50-ohm impedance level is preserved

throughout the complete circumference of the loop.

In practice, it is found to be difficult to design the loops accu-
rately enough so that there are no reflections on the loops and some sort
of tuning is required if a single traveling-wave is to be established on
each loop. ELven a quite small discontinuity in any loop will generate
a wave of substantiul magnitude traveling in a direction opposite to that
of the desired wave since it is repeatedly excited by the wave traveling
in the desired direction. One method of tuning the loops that has been
found ta be appropriate when large guantities of directional filters are
required consists of empirically adjusting the width of the locps and the
width of the corners on a prototype model, and then mass-producing this
Jesign. Another effective technique for tuning each loop is to use four
pairs of tuning screws, of the type shown in Fig. 14.03-3(a), placed at

quarter-wavelength intervals around the perimeter as shown in Fig. 14.04-4.

o] {
/ Ow.
\
TUNING SCREWS
O
0
11 ~fe

A-3087-400

FIG. 14.04-4 SKETCH ILLUSTRATING THE
PLACEMENT OF TUNING SCREWS
IN A TRAVELING-WAVE-LOOP
DIRECTIONAL FILTER .,
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In practice it has been found that, fcr the filters shown in Fig. 14.04-2,

size 4-40 screws can be used to tune the loops over » "6-percent frequency band.

Proper adjustment of the tuning screws for a single-resonator traveling-
wave-loop directicnal filter can be accomplished by observing the response
of matched detectors at Port 2 andPort 4 when a matched load isplaced at
Port 3 anda signal source 1s pluced at Port 1. [If a sweeping signal source
is available to feed Port 1 this same proceduie can he used to tune two- and

three-resonator traveling-wave-loop directionul filters.

SEC. 14.05, TRAVELING-WAVE RING RESONATOR

‘The traveling-wave ring resonator of the type illustratedin Fig. 14,.05-1
which is closely related to the traveling-wave loop directioral filters has
found wide acceptance as a passive power multiplying device, for use in
testing components that must carrvy high power. ‘This device which is ususlly
constructed in wavegurde can be thought of as being formed by removing the
output coupler from a single-loop wavepuide directional ivlter.  The
traveling-wave ring is usually several wavelengths long to allow the inser-
tion of test pieces within the ring. By adjusting the variable phase shifter
and variable impedance matching trunsformer shown in Fig. 14.05-1 a pure
traveling wave can be excited in the ring even though the component under

test 18 slightly mismatched.

COMPONENT VARIABLE IMPEDANCE
UNDER TEST MATCHMING TRANSFORMER

VARIABLE
PHASE wWER
SHIFTER :8~.$m
HIGH POWER : —0 94 o
TRANSMITTER Sogu. ///a

" HIGH POWER LOAD
VARIABLE

SLoTTED  DIRECTIONAL
Ty LINE COUPLER
FREQUENCY

A-38R7-4T0

SOURCE: IRE Trans PGMTT (see Ref. 4 by K. Tomiyanu)

FIG. 14.05-1 A RESONANT RING CIRCUIT

964



Most of the power delivered by the generator is used to set up a high-
amplitude traveling wave withia the ring and only a small amount of it is
delivered to the load. The expression for the multiplication or power
gain, of the wave within the loop is given by

2
Power Gain = < p— (14.05-1)
1 -107%/2% v - ¢

where
¢ = voltage coupling factor of the directional coupler

@ = one-way attenuation around the ring measured in db.

Equation (14.05-1) has been plotted in two different ways in Figs. 14.05-2(a),

{(b) to facilitate the determination of the power gain in the traveling-wave

10 P T T T T T
. T
—t 4
s b b 4t
- T T
. / ™ 1+
g ! N\
l 1 \‘.\—Xj . -
A RS =
117 <"
EosHH —~ -
<« /‘—\ \ \2
g ]7] I~ = <P
> L —] q
i [/ Z __,1_\%:>>o\\.‘ rowen
! | / VeSS SE=
° 20
ol y81.0) f/ % ils \2;
HI-H 37~ 40
g ll [ >
T I1 1117y
Iy
ooz, P [ 2 " 20 2e 28
20 10g,,c— COUPLING FACTOR — db
A-3527-4T

SOURCE: [IRE Trons. PCGMTT (see Ref. 4 by K. Tomiyasu)

FIG. 14.05-2(a) RESONANT RING CHARACTERISTICS WITH POWER GAIN AS A PARAMETER
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FIG. 14.05-2(b) RESONANT RING POWER GAIN WITH COUPLING
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ring. It is seen thet substantial power gains cun be obtained even for

relatively larger values of the one-way ring attenuation, a.

SEC. 14.06, DERIVATION OF FORMULAS FUR WAVEGULIDE
DIRECTIONAL FILTERS

The detailed performance of the wavegyuide directional filters de-
scribed in Sec. 14.02, the traveliug-wave loop directional filcers
described in Sec. 14.04, and the traveling-wave ring resonator can be
most easily understood by considering the behavior of the wmultiply-
reflected waves within the resonators. ‘this secticn presents such an
analysis for the waveyuide directional filter. Consider first the single-
cavity waveguide directional tilter of the type shown in Fig. 14.02-6 and
assume that the following conditions are satisfied:

(1) The coupling apertures excite a pure circularly polarized

TH,, wave in the circular waveguide and introduce no re-
flection in the rectangular waveguide.

(2) The cavity 18 perfectly symmetrical about its axis, so

that the two orthogonal linearly polarized modes in the
cavity resonate at the same freguency.
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(3) Each port of the filter is terminated in its character-
istic impedance. -

The reference plane, P, ias chosen to be perpendicular to the axes
of the rectangular waveguides at the center points of the coupling aper-
tures. With a wave of unit amplitude incident on Port 1, the amplitudes
in the four ports of the filter at the instant just after the wave coupled

into the cavity has been reflected for the first time by the upper end
wall are as follows:

Port 1 E, =1 Port 3 E, = 0

(14.06-1)

Port 2 £, =.v1 - cf Port 4 E, - c‘cze'°f"o

where (001)2, which will be replaced here by cf, is the power coupling
factor (as defined in Table 14.02-1) of the lower aperture, and cg = (c“)z
is that of the upper aperture, h is the axial height of the cavity, o is
the attenuation constant in nepers per unit length in the circular wave-
guide, and ¢ is the electrical length in radiuns of the cavity plus the

phase shifts introduced by the apertures.

In the neighborhood of resonance, and in the case of narrow bandwidch,

v = pn—— -7 (14.06-2)
where

A;o is the value of A; at resonance, and

p is the number of half-wave field variations along
the axis of the cavity.

Because of multiple reflections between the end walls of the cavity, the
steady-state wave amplitude in Port 4 is composed of an infinite summation
of components, as follows:

- ; y ) ,
E, = ciepe M0 ¢+ 0 (1 - cf)A(l - c;)%pzoe 3(ah+j0) 4

~1 =1
eyl = )T (1= )T p2mbmarniano
(14,06-3)
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where p, is the factor by which the reflected wave amplitude at an end
wall is reduced because of dissipation loss on that wull. p, is approxi-
mately equal to the magnitude of the voltage reflection coefficient of
the end wall in Lhe absence of the aperture. Therefore,

z, - 2, In,*;‘n,-zo
—_— - T 14.06-4
fo zn+20‘ lna +jRa*ZO ( . )
where
Z, is the surfuce impedance of the end vall in ohms
per sjuure,
R, is the surface resistivity of the end wall in ohms
per square, and
Z, = 37A!/A is the wave impedance of the circular
waveguiae in ohms per square.
Since R, << Z;, p, may he approximated by
B‘A .-
1 - 14.06-5
Po 60nA; ( )
The amplitude E, may be expressed in closed form, as follows:
clcze-(nhvle)
E, = —— . (14.06-6)

. ) ) -
1 - - cf)"(l - c:)Apze 2(ah+,8)
In a similar manner, a formula for £, may be obtained:

E, = (1~ cf)% - cf(l - cg)xpoe'z‘““”o’
-2 -2 - cz)%pse-uam,o)
1 2 1 0

3 -
- cf(l - cg)/z(l - cf)p:e 6lahe;0) _

-

cf(l - c:)%p°,-2(au+;0)

e (1 - )% - —  (14.06-7)
- (1 - DB - D) gl m2arnio)
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or

(1= D)% - (1= XM} - clp,(p, - 1)) 2Mer41®
E, = . (14.06-8)
1 - (1 - eD¥Q - od)Mptetiario

At resonance 6 = (P ~ 1)7, so that
c'l‘lhtj’) - .-IGA , (14.06-9)

Also, in the usual case of light coupling, c{p.(p. - 1) << p:. Therefore,
the condition for a perfect null on Port 2 at resonance is

‘4¢A (l - c:)
. . (14.06-10)
P: (- cf)

In the usual design problem cavity losses are sufficiently low that
¢} and ¢} determined from Eq. (14.06-9) will be almost equal. In that
case if onc wakes the couplings equal, a deep, although imperfect, re-
jection on Port 2 will generally be obtained. A formula for the loaded
Q. Q. of the cavity loaded at both ends, will now be derived for
R HEE A

1 2

Q, is defined as f,/2(f, = f,) where f, is the frequency at which
the transmitted power has fallen to one half of the value it has at the center fre-
quency, f.. It is necessary, therefore, to find the angle 0, correspond-

ing to the frequency f,. The first step is to form

- i8, -jé
clem20h 1,770

1
“":'-;- 2),2,-2ah y 1
fh - (1 -¢ )pye~2e (cos 26, - j sin 20|)|
(14.06-11)
This yields

[l - (l - C’)P:C-“.]’
cos 260, = 1 - . (14.06-12)
2(1 - c’)p:.“’ﬁl
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At resonance, 6 = 9° = (p = 1)7 and therefore, in che case of narrow
bandwidth, cos 26, may be replaced by cos 2(86),, where (36), = 6, - 6,,
and hence

[2(36),]1?
cos 20, = 1 - -——7;-—-— +t . (14.06-13)

Thus

1= (1 - ct)pde2ob
(¥6), - T o (14.06-14)
2(1-¢?)%p e~

Next a relationship between (3¢), and (3f), = f, = f, is needed. With
the aid of the well-known formula for guide wavelength in terms of fre-
quency, we obtain

A2

-pnA’ OA! Py
8¢ = — b)\; « -pm ‘)\—" = pm —!'(-;\L) .(14:06-15)
(A:)? s f

Now we make use of the definition of (; given above to obtain

o - pr(l - c’)%poe"’" .(A;)z

- (14.06-16)
1 - - cz)pze'z““

A

This is the complete doubly loaded Q of the cavity including the effects
of internal losses and external loading. If internal losses are negligible

compared to external loading, (; becomes equal to the doubly loaded external

Q. Q, as follows

0 - U c—’ 34 (ﬁ‘)\-_)2 - pm (_;‘_)2(-‘-2 - %) (14.06-17)
C

However, in most cases one can replace the numerator factor (1 - c’)x by
unity. If ¢, and c, are slightly unequal, the formulas for Q will hold
sufficiently closely with ¢? = c,cy. The external Q, Q,, of the end
resonator of a multiple cavity directional filter which is externally
loaded at only one end as defined in Table 14.02-1 is 2Q,.

870



Since E; = 1, the relative power transmitted out of Porc 4 at reso-
nance is simply |t|’ - E} with € = 0. Therefore

| |’ ’ c:cze"““
t - (14.06-18)
[ - (1= cHRQ - ) ¥plemter?

or, if ¢, = cg = ¢,

lel? - cteted (14.06-19)
(1 - (1 - c?)ple2or)? )

The attenuation in db is 10 log, o (1/71t1?), or

1= (1 - c¥)pheter
db . (14.06-20)

. 1
L, 20 log,, [ 1,-an
If Eq. (14.06-17) is combined with Eqs. (14.06-14) and (14.06-15) we
obtain Q, = Qi/(poltl). However, p, is of the order of 0.9999, and hence

we may relate the external Q and complete loaded Q by the following
simple expression:

Q. ~ 17 - (14.06-21)

It may also be shown that, in the case of high Q and narrow bandwidth,
the above equations reduce to the following relationship between Q;. Q,,
and the unloaded @, Q,, of the cavity:

— . ——— (14.06-22)

‘This is the same well-known expression that applies to a simple two-port

filter conaisting of a single resonator. ‘tThe formula for unloaded Q in
terms of the waveguide-cavity paramoters is
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Qe - " ; (A.)’ : (14.06-23)

ﬂk; 30n?p k;

The value of the power coupling factors (c.‘)’ and (c...,l)’ for the
end aperturcs in Fig. 14.02-1 in terms of the low-pass prototype elements
are obtained by combining Eq. (14.06-17) with either Ey. (6) or Eq. (7)
in Fig. 8.02-3, using the approximation vI = {cg,)¥/c? = (1/c?) - 1/2.

For multiple-resonator directional filters the values c;, i+ for the
internal apertures in Fig. 14.02-1 in terms of the low-pass prototype
elements are obtained by using the relation

2¥,

(14.06-24)

€i,ie1

B, i

in conjunrtion with Eys. (2) and (4) in Fig. 8.06-1. The coefficient of
coupling k; ,,, is then obtained by the use of Eq. (8) in Fig. 8.02-3.

SEC. 14.07, DERIVATION OF FORMULAS FOR TRAVELING-WAVE LOOP
DIRECTIONAL FILTERS AND THE TRAVELING-WAVE
RING RESONATOR

An analysis similar to that presented in Sec. 14.06 can be carried
through for traveling-wave loop directional filters. By particulsrizing
the analysis the power gain for the traveling-wave ring resonator can
also be obtained. This analysis is restricted to the case of [EM-mode
propagation on the loop, although the results can be modified to apply
to the case where the loop is a dispersive transmisaion line us explained
below and in Sec. 14.04.

It is further assumed in this analysis that: (1) sll transmission
lines have the same characteristic impedance, Z‘. (2) all directional
couplers are designed to be perfectly matched if terminated in Z,, and
they have infinite directivity, and (3) no points of reflection exist in
the loop and therefore a pure traveling wave exists. .A schematic diagram
of the filter is given in Fig. 14.07-1. The bhalel of the voltages shown
at the terminals of the directional couplers are, for convenience, re-
ferred to the midplanes of the directional couplers. The amplitudes
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shown, however. apply at the terminals
The cotal lenyth of
the loop at resonance, including the

of the couplers.

lengths of the coupling regions, is

l = nk., where = is an integer and k.
is the plane-wave wavelength at the

In Fig. 14.07-1
it is seen that the following voltages

resonant fuquency .

are excited during the first traversal
cf the loop by the traveling wave.
For simplicity, we will again replace

€o1 bY ¢, and cyq by ¢

LI

4 €420

4 = omecTionaL p——2t—3

COUPLER ¢4

H
€
2
DIRECTIONAL

3087 -088

SOURCE: Final Report, Comract DA 36-039

. (4071 o Sl ot pe T
F. S. Coals)
« (1 - )M ¢ 01-
E, ( i) 0 (14.07-2) FIG. 14.07-1 SCHEMATIC DIAGRAM
OF TRAVELING-WAVE-
LOOP DIRECTIONAL
E, = 0 14.07-3
S ¢ ) FILTER
.
E, = cjcye 20 (14.07-4)
Byt e £+90 (14.07-5)
E, = ¢, (1 - ch)femet sig0 (14.07-6)

where ¢, and ¢, are the voltage coupling factors of the directional

couplera, and @ is the attenuation in nepers per unit length of the loop

transmission line.

For the ath traversal of the loop, the voltages may be written in

terms of E‘z as follows:

E, = (1-ch%-c

E, = 0
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Cq€

E, = r——e—— 20 (14.07-9)
4 (l - Cg)% l,

(_1-——&_);3" 4490 (14.07-10)

where
By, = e (1 - et (1 - )1 - ) iRemiot) 1490
ll

(14.07-11)

Letting » * ® and summing this expression in closed form, we obtain

e, (1- c;)xe""
E = Z190 . (14.07-12)
" 1 - {1 - c{)%(l - c;)xe"'

The condition for perfect rejection between Ports 1 and 2 may be
obtained by setting E, = 0, which yields

| c;
e?el . — (14.07-13)
| '

For perfect rejection, tq. (14.07-13) requires ¢, < ¢, if a 2 0.

The doubly loaded Q of the filter may be calculated assuming ¢, -

¢y = ¢. At resonance the outpul voltage is

cze

E, = (14.07-14)
1 - (1 - e?)ee!

At a different frequency which corresponds to an electrical length
around the loop equal to 27a + ¢, the output voltage is
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2

cle -tasja

E, = . o
‘ 1 = (1 = ¢?)etal®s® (14.07-15)

Defining Q; = f,/2(f, = fy) = wn/0,, where f, and 6, are values at the
half-power point, we have from Eqs. (14.07-14) and (14.07-15),

. R LA L , et
‘ - - - a——
1-Q - c’)"(alﬂﬂl) 20 -0 - cl)e-al]

. (14.07-16)

Taking absolute magnitudes of each side and simplifying, ve may solve
for 6, in terms of ¢ and al:

1 - (1. - 2y ,~all2
con 6, = 1 - @-ched (14.07-17)
2(1 = c¥)e ot

If 6, is small, we may replace cos 6, by 1 - 9{/2 which yields

l_l..l"cl
6, - U-ce® (14.07-18)

(1- ? )"c-’il

The doubly loaded Q of this filter® is

an{l - c’)%c-%#
o - : (14.07-19)
1-(1 = ¢?)eo!

It should be noted that this expression gives the true loaded Q of the
resonator as it would be measured, and takes account of the external
loading due to both couplers combined with the losaes in the transmission
line of the loop. '

The attenuation at resonance is given by 20 log,, 5, /E,, and since
E, » 1 we have

: -
When s waveguide loep is used in the filser, Qi as given in Bq. (14.07-19) sust be muitiplied
by A /A)’ vhore A‘ ia the guide wavelength and A is the free-space vaveleagth.
lqncfol (14.07-20) for attonuation applias vithout shange to the vaveguide sase.
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L, = 20 log,, Sl L (14.07-20)
., "%

c e

Equations (14.07-19) and (14.07-20) werc derived assuming equal
characteristic impedances of the transmission lines and assuning ¢ to
be the voltage coupling, but they apply correctly to unequal impedances
of the ring and input and output Ports if c? is defined as the power
coupling factor of the directional couplers.

The design equations in Table 14.04-1 are derived from the sbove
analysis in exactly the same manner as the design equations in
Table 14.02-1 for the waveguide directional filter were derived from the
anslysis in Sec. 14.06.

The traveling-wave ring rzsonator power gain is numerically equal to
|E.ll’ when ¢, = 0. The value of power gain given in Eq. (14.05-1) is
obtained when Y; (14.07-10) is evaluated for this condition.

SEC. 14.08, OERIVATION OF FORMULAS FOR STRIP-TRANSMISSION-
LINE DIRECTIONAL FILTERS USING HALF-WAVELENGTH
AND ONE-WAVELENGTH STRIPS

The strip transmission line directional filters using half-wavelength
and one-wavelength strips are most easily analyzed by considering the even-
and odd-mcde excitation of Ports 1 and 4 as described in Sec. 14.03. The
present analysis will assume that the electrical spucing hetween resonators
is constant over the pass band of the filter, which is esaentially correct

for the usual narrow-band directional filters.

Referring to Fig. 14.03-1, when an even mode wave is incident on
Ports 1 and 4 at the reference planes T, and T, shown in the figure, the
wave will pass by the left-hund resonator but will be reflected at refer-
ence planes T, and T,, since it excites only the right-hand strip in a
resonant mode. Similarly, when an odd mode wave is incidgnt on Ports 1
and 4, it will be reflected at reference planes T, and T‘,Msince it excites
only the left-hand strip in a resonant mode. ‘The voltage reflection coef-
ficient I” in each case at the appropriste reference planes will be the
same and can be written as

N s cm—_ (14.08-1)
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In this equation Z is the characteristic impedance of the main transmission
tines and X is the shunt reactance introduced by a half-wavelength strip
resonstor with its midpoint grounded, or a full-wavelength resonator with
its midpoint open-circuited. The shunt reactance presented by the half-
wavelength strip ia

1
X = - ) + 2, ten ¢ (14.08-2)

where C ia the capscitence of the gap st either end of the half-wavelength
strip and 2¢ is its electrical length. The shunt reactance presented by
the one-wavelength strip is

1
Xy = - ;E; - Z, cot ¢, (14.08-3)

where C, is the capacitence at either end of the one-wavelength strip and
Zﬁ, is its electrical length. In order that the half-wavelength and the
one-wavelength resonators have the same frequency response it is necessary
that X, = X over the pass band: or stated another way, the reactance slcpe
parameter « must be the same for the two resonators. Since ¢, ~ 2¢ it can
be shown that this condition obtains when ¢ = V2 C.

Because the even- and odd-mode reflected waves add at Port 4, and
cancel at Port 1, the attenuation L,, Letween Port 1 and Port 4, can be

written either as

1 (zo _ 1 ;
L, = 10 log,, i;q; = 10 log,, (1 + 4 7; tan ¢ ;EE db

(14.08-4)

using the parameters for the half-wavelength strip or as

Z, 1 :
L, = 10 log,, l:l + 4(7 cot ¢, + /iwcz)] db (14.08-5)

using the parameters for the one-wavelength strip. Equation (14.08-4)

shows that the electrical length ¢, of the half-wavelength strip at midband
is given by
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tan ¢o = :;; . (14.08-6)

Similarly, the electrical length ¢, of the one-wuvelength strip at mid-
band ia given by

1
v2aCZ,

cot @y, = - (14.08-7)

The bandwidth of either directional filter will now be computed using the
parameters of the half-wavelength strip. Inspection of Ly. (14.08-4)
shows that the attenuation increases to 3 db when

ZO
-— tan ¢ -~ —

1
7 oCZ =5 (14.08-8)

For narrow bandwidth and infinite unlouded (), the doubly loaded external

Q. Q. is determined from Eq. (14.08-5), using Taylor series expansion

techniques similar to those used in deriving lkqs. (14.06-17) and (14.07-19),

to be

fo
(M) gq

n zo 1
- - — (14.06-9)
2 2 (woczo)ﬂ
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CHAPTER 15

BIGH-POYER FILTERS

SEC. 15.01, INTRODUCTION AND GENERAL CONSIDERATIONS

High-power microwave radar tranamitters radiate an appreciable amount
of spurious output power—that is, frequency components other than the
carvier frequency and the normal sideband modulation conponents.*” At the
vutputs of these transmitters it is necessary to use high-power filters,
that will pass the carrier frequency and normal modulation components but
will suppress the spurious emissions, and thus keep them from causing
interference in neighboring equipments.

Another application of high-power filters is to systems in which two
(or more) transmitters operating at different frequencies are required to
be connected to a single antenna. This is analogous to the more common
diplexing (or multiplexing) with several receivers connected to a single
satenna, with the additional requirement of high power-handling capscity

(either high pulse power, or high average power, or both).

This section presents the design considerations for high-power filters
and illustrates the manner in which various types of filters can be uti-
lized to achieve specified objectives. Later sections in the chapter
present more detailed information on the most common types of high-power
filters,

Transmitter Spurious Emissions—Common types of high-power microwave
transmitters in use at the present time are the magnetron oscillator, the
klystron amplifier and the traveling-wave-tube amplifier. Each of these
tubes produces an appreciable amount of power at frequencies which are
harmonics of the fundamental frequency. In addition, the magnetron often
emits so-called moding frequencies near the carrier frequency as is illua-
trated in Fig. 15.01-1, which are produced when the magnetron oscillates
weakly in modes other than the desired mode. Figure 15.01-1 shows that
the spurious harmonic power from the magnetron decreases as the harmonic
frequency increases but that the power at even harmonics tends to be lower

than that from adjacent odd harmonics. The spurious harmonic power from
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FIG. 15.01-1 TYPICAL FREQUENCY SPECTRUM OF SIGNALS GENERATED
BY A MAGNETRON OSCILLATOR
Note: Fine structure representing the cross modulation product for
each of the above lines is not shown.

klystron and traveling-wave tube amplifiers usuélly decreases monotonically
as the order of the harmonic increases. The harmonic power output from a
klystron transmitter is shown in Fig. 15.01-2. These particular data® were
taken on a CW klystron amplifier, but appear to be representative of pulsed
tubes also. Here the klystron was first set up without regard to harmonic
output (as it would be normally) and the harmonic output was measured
(l.ines A, Fig. 15.01-2). Then various electrode voltages were adjusted and
the drive power reduced by 3 db to minimize the second harmonic, without
changing the fundamental power output, and the harmonic output was measured
again (Lines B, Fig. 15.01-2). There is a considerable improvement (at )
least 13 db, and up to 24 db), showing tha: much “filtering’ can be per-

formed by appropriate adjustments on the transmitter alone.

The relative harmonic power levels from a high-power traveling-wave

tube may be as much as 20 db greater than those from a klystron. Several
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other types of spurious emissions from high-power tubes can occur and

they have been summarized by Tomiyasu.?

Filters for Suppressing the Spurious Emissions-—Filters for this
purpose should ideally have a low-attenuation pass band just wide enough
to pass the carrier frequency and its modulation components, and they
should have & stop band that extends upward over many octaves to suppress
the harmonic frequencies. Furthermore, it is always desirable and often
mandatory to preclude the possibility of having resonances at the spurious
frequencies occur in the transmission line between the high-power source
and the filter. The prevention of such resonances is important if break-
down problems are to be minimized and optimum operation of the tube is to
be assured. It is usually impossible to obtain all these characteristics
simultaneously with & single filter, and therefore various combinations of

filters and suxiliary structures of the type described below are required.

Figure 15.01-3 is a schematic diagram of the most common filter com-
binations for high-power applications. Filter combination (a) utilizes
two reflective bend-pass filters and two 3-db hybrids. In the pass band, .
power is transferred unattenuated from input to output. Howevsr in the
stop band, power is reflected f{rom the filters. Over the operating fre-
quency band of the hybrids, must of this reflected power is dissipated in
the load on the left and a good match is presented to the transmitter.
(The termination at the upper right would ideally receive no power; it is
included to absorb any stray power due to mismatch of the output load,
etc.) At frequencies outside the operating band of the hybrids, an appre-

ciable mismatch may exist at the transmitter,

Filter combination (b) uses a reflective low-pass filter, a 3-db
hybrid and resistively terminauted tapered waveguides which function as
high-pass filters.® The pass band of this combination occurs when the
low-pass filter is operating in its pass band and the high-pass filters
are operating in their stop band and reflect all the power incident on
them. As frequency is increased, the attenuation of the combination in-
creases because the high-pass filters begin to propagate and most of the
power incident on them is dissipated in the matched loads. However, not
all of the unwanted power is so absorbed, since some modes which propagate
in the regular waveguide will be cutoff in the tapered guides. Any re-
flected power in the stop band is also attenuated by the low-pass filter.
A relatively good match is obtained over the operating band of the 3-db
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hybrids, even though outside their operating band an apprecisble mismatch
may exist. Branch-guide directional couplers of the type described in
Chapter 13 are quite suitable for use in the circuits shown in

Fig. 15.01.3(a} and 15.01-3(b), as arec short-slot hybrids® in which the
coupling aperture is in the side wall.

The filter combination in Fig. 15.01-3(c) employs a non-reciprocal

broadband high-power isolator®

in conjunction with a reflective band-pass
filter. The bandwidth of the isolator would be ideally much greater than
the pass-band width of the reflective filter. Thus, a good match would
be presented to the transmitter over the opersting bandwidth of the
isolatur. The operating bandwidth of presently available isolators is

not great enough for applications where higher harmonics must be absarbed,

although isolators can be used to absorb the spurious emissions near the

- fundamental frequency.

The filter combination in Fig. 15.01-3(d) cascades a low-pass re-
flective filter and a low-pass dissipative filter (i.e., a filter that
attenuates by absorbing power incident upon it and which is typically
quite well matched both in its pass band and in its stop band). In the
pass band, both of these filters have low attenuation. The dissipative
filter will typically have relatively high attenuation at the second and
third harmonic frequencies and less attenuation at the lower frequencies.
If the reflective filter is of the waffle-iron type described in Sec. 15.05,
ita high-attenuation stop band may extend from the second harmonic up
through the tenth harmonic of the fundamental frequeacy. In this case,
the combination shown would be designed so that the waffle-iron f{ilter
provides most of the attenuation and the dissipative filter acts primarily
as a pad, thus presenting a good match to the transmitter at the harmonic
frequencies. For applications where large attenuation st harmonics sbove
the third is not required, the reflective filter shown in Fig. 15.01-3(d)
may be omitted and the length of the dissipative filter may be increased
to provide the necessary attenuation at the second and third harmenic

frequencies.

The filter combination in Fig. 15.01-3(e) replaces the low-pass dissi-
pative filver in Fig. 15.01-3(d) by a coupler which, in the fundamental
band, is directional with 0-db coupling, and whose geometry is such that
power at the second harmonic and higher frequencies goes mostly straight
through into the dummy load, instead of to the reflective filter at the
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output, Transvar couplers, branch-guide couplers®® (Chapter 13), and
side-wall and top-wall short-slot hybrids have been tried in the circuit
of Fig. 15.01-3(e). Branch-guide couplers have the advantage that
filters can be built into the branches to improve the separation between
the fundamental and the harmonic frequencies. Experiments indicate that
two 3-db side-wall short-slot couplers cascaded to form a 0-db coupler
give relatively good performance in the circuit in Fig. 15.01-3(e), be-

sides being conpact and relatively inexpensive,

A dissipative filter may also be placed between the transmitter and
the filier combinations in Figs. 15.01-3(a) and 15.01-3(b) to improve the
match presented to the transmitter at frequencies ocutside the operating
band of the hybrids.

Placement of Filter—A filter to suppress hasrmonic frequencies
should be placed near the output of the system past the last nonlinear
circuit element. For instance there is some evidence that TR-switches
generate substantial amounts of harmonics, so that it is preferable to
put the spurious-frequency-suppression filter between the duplexer and
the antenna, rather than immediately after the transmitter and before the

duplexer,

SEC. 15. 02, POWER-HRANDLING CAPACITY OF VARIOUS
TRANSMISSION-LINES

The power-handling capacity of transmission iines propagating pulséd
signals having short duration (less than about 5 microseconds) and having
a low average power level, but a high pulse.power level, is usually
limited by breakdown due to ionization of the gas that fills the guide.
Under these conditions there is no appreciable heating of the waveguide.
The voltage gradient at which such a breakdown occurs in air is approxi-
mately 29 kv/cm per atmosphere when the distance between electrodes
is much greater than the oscillation distance of free electrons, which in
turn is much greater than the mean free path of the electrons, These con-
ditions are satisfied for the common air-filled waveguides and coaxial
lines operating over the frequency range from 1 to 100 Gec and at pressures
from 0.1 to 10 atmospheres. The breakdown which occurs under these cir-
cumstances is an electrode-less discharge, since most of the free electrons
execute many cycles of oscillation before reaching an electrode. Gould?®

and others? have made extensive studies of guseous breakdown phenomena and
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the interested reader should consult their publications for more detailed
information. Hart, et al.,® P have also measured the pulse-power capacity
of a variety of waveguide components.

The other condition that is necessary for the initiation of discharge
is the presence of a free electron. Such an electron will always be sup-
plied eventually by cosmic ray bombardment or natural radioactivity.
However, it is usually found expedient when making voltage breakdown
measurements to supply electrons from a radicactive source such as
cobalt-60. Such a source might typically have a strength of 100 milli-

curies (i.e., emit 3.7 X 10° electrons per second).

A minimum value of the breakdown field strength occurs at a pressure
where the radio frequency is cqual to the gas collision frequency. For
air at microwave frequencies, thia pressure varies linearly from a pressure
of approximately 1 mm of mercury at 1 Go to approximately 10 mm of mercury
at 10 Gc. At lower pressures, the breakdown field strength increases
rapidly. . At pressures on the order of 10°® mm of mercury. corresponding
to a good vacuum, breakdown is no longer due to ionization of the remaining
gas molecules, but to other mechanisms. The exact mechanism of breakdown
at high vacuum is not completely understood; however, it seems likely that
the most important process that occurs is field emission whereby electrons
are pulled loose from metal surfaces by electric fields having strengths
of megavolts per cm.® Such field strengths can arise from minute irregu-
larities on the surface even when the average field strength over the
surface is much lower. Thus, it is very important in evacuated® high-power
fiiters und transmission lines that the inside surfaces be quite smooth.
For smooth surfaces 2 breakdown dc-field strength of 350 kv/cm is often
used as a design value in high-power tubes and it seems that this is a
reasonable value to use for microwave breakdown field strengths in a high

vacuum until more data on this subject become available.

Another phenomenon, which under ordinary circumstances will not ap-
preciably reduce the power transmitted through an evacuated high-power
transmission line or filter, is called multipactor. This is a resonant
secondary-emission phenomenon which occurs when an electron under the action
of an electric field has a transit time between opposite electrodes egqual
to one-half the period of an RF cycle. It typically occurs at RF voltagea
of the order of 1000 volts. This phenomenon has recently been utilized to

make TR-switches.®



Figure 15.02-1 gives the pulse-power capacity® of a variety of
standerd rectengular waveguides over their normal frequency bands when
filled with air at atmospheric pressure, which can be computed from
Eq. (5.06-14) on the assumption that the peak electric field for break-
down is 29 kv/cm. The various waveguides are given their RETMA or EIA
designation (which is the width of the waveguide, to three significant
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FIG. 15.02-1 CHART OF PULSE-POWER CAPACITY OF WAVEGUIDES
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digite, measured in inches and multiplied by 100). Also shown is the
pulse-power capacity of a 44-ohm coaxial line [which can be computed
from Eq. (5.03-7)], for the case of a iine having a mean circumference
of one wavelength (outer diameter of 0.430 wavelength and inner diameter
of 0.206 wavelength).
capacity* when only the dominant TEM mode is to be allowed to propagate.

The highest line on the chart

This is the coaxial line with maximum pulse-power

is computed for a hypothetical parallel-
strip waveguide propagating a
This
the TEM mode to the exclusion

TEM mode having a width and height equal
to one-half wavelength. is the largest size guide that will support

of higher modes.

The chart in Fig. 15.02-2 (which looks like a nomogram but is not)

gives a series of power-adjust.ing'fact.orsn for waveguides and coaxial
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SOURCE: Wheeler Monographs (See Ref. 33 by H. A. Whesler)

FI1G. 15.02.2 CHART OF FACTORS FOR ADJUSTING POWER CAPACITY ESTIMATES
The scale of the ordinates is the same as that in Fig. 15.02-1
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lines in the frequency range of 1-100 Gc. These factors are plotted on
the same logarithmic scale as that used in Fig. 15.02-1. Therefore, the
scale reading on the chart of Fig. 15.02-1 can be adjusted by the dis-
tance from the center on one or more of the scales in Fig. 15.02-2, in a
manner similar to multipliceation on a slide rule. The reference condi-
tion for each scale is noted at the-center. The standard conditions are
sir, 20°C, one atmosphere {zero altitude), pure traveling wave (unity
VSWR or 0-db VSWR), straight, smooth waveguide (no hend, no bump).

As an example of the use of these charts, we will determine the
amount of power that can be delivered to a load through a WRO0 waveguide
at 10 Gc for a specified set of conditions. We assume that the waveguide
is filled with air at 20°C, and is operating at 5,000 feet altitude. A
VSWR of 3 db exists on the line, Lhe factor of safety is two, and all
other conditions ars normal. From Fig. 15 02-1, we find that the pulse
power capacity of the guide is 1 Mw, the power ratio for operation at
5,000 feet is 0.7, the power ratio for the 3 db VSWR is (.7 and the power
ratio for the specified factor of safety is 0.5. Therefore, the pulse-
power capacity becomes 1 Mw X 0.7 X 0.7 X 0.5 = 0.25 Mw.

Cohn® has computed the static electric field for two-dimensional
rounded-corner geometries. These results may be applied to actual filter
structures with sufficient accuracy for practical purposes if the follow-
ing two conditions are satisfied: (1) the rounded-corner geometry of the
high-power filter may be considered to be composed of infinite cylin-
drical surfaces, and (2) the essential portions of the rounded corners
are small in terms of wavelength so that the field distributions in these

regions approximate the static field distributions.

Cohn's results® are presented in terms of E_._/Eo, where E_.. is the
maximum electric field at a rounded corner and E  is the reference elec-
tric field at some position well removed from the rounded corner. Since
the pulse-power capacity of the filter is proportional to the square of
the electric field, the adjusting fac;or for filters with rounded corners

is (EO/Ennx
sidered: (1) the optimum boundary shape which yields constant electric

)2. Two types of two-dimensional curved boundaries are con-

field over the curved surface, and (2) an approximately circular cross-
section shape which would be used in most practical filter structures. A

curve for a three-dimensional spherical-corner geometry will be given in
Sec. 15.05.

[
ol



B it ]

One type of curved boundary that arises in high-power filters is
illuscrated in Fig. 15.02-3; it consists of an array of 180-degree corners.
The shapes of these corners are adjusted for constant electric field
strength along their curved portions., Curves giving the shapes of these
corners in more detail are presented in Fig. 15.02-4. The constant
electric-field strength E..' along the curved boundaries turns out to be
very simply related to the uniform field £, well below the array as follows:

=4y (15.02-1)

On the straight vertical boundaries the electric field drops off very

rapidly.

Another type of rounded corner configuration often encountered is the
rounded corner near an electric wall. The ratio E__ /E, for this type of
corner is shown in Fig. 15.02-5 both for the optimum- or uniform-field-
strength corner and the approximately circular corner. Also shown is the
defining radius for the uniform-field-strength corner. It is seen that
the £ /E, for the approximately circular boundary is not very much
greater than for the uniform-field-strength boundary. Since the uniform-
field-strength boundary is much harder to machine, the circular boundary

would probably be used in most applications.

An abrupt change in height of a waveguide (case of radius r = 0), or
in diameter of a coaxial line (cases of r = 0), has an equivaient circuit

consisting simply of a shunt capacitive susceptance 31'_0 at reference

_planes corresponding with the step itself. Graphical data for such a

waveguide discontinuity are given‘in Fig. 5.07-11, while the equivalent
discontinuity capacitance in a coaxial line is given in Fig. 5.07-2. A
rounded corner of the type shown in Fig. 15.02-5 will have the shunt sus-
ceptance of a sharp corner reduced by the amount AB. The value of AB for
a rounded corner in waveguide is plotted in Fig. 15.02-6. Thus, the total

susceptance B of the rounded corner is

B = B| +AB . (15.02-2)

r=0

Note that AB is a negative number. Rounding the corner also results in

an increase in stored magnetic energy. This may be taken into account by
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SOURCE: IRE Trans. PCMTT (See Rel. 35 by S. B. Cohn)

FIG. 15.02-3 ARRAYS OF ROUNDED 180-DEGREE CORNERS SHAPED FOR CONSTANT
ELECTRIC FIELD
The shapes of the curved surfaces are given in Fig. 15.02-4
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FIG. 15.02-6 CAPACITIVE SUSCEPTANCE CORRECTION AND EQUIVALENT
CIRCUITS FOR ROUNDED STEP IN WAVEGUIDE

adding s series-inductive element in the equivalent circuit at the
reference plane of the step, or by a shift of one of the reference
planes and modification of B. These alternative equivalent circuits
are shown in Fig. 15.02-6. Values of ABshown are accurate for

r < (b, = b,)/4, and for X/Z,, < 0.3, where Z,, = 1/Yg3. The final type
of rounded-corner geometry considered is the rounded corner near a
magnetic wall. A graph giving the field strengths and defining radii
for the uniform field strength boundary is given in Fig. 15.02-7. Com-
paring this figure with Fig. 15.02-5, it is seen that the field
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strengths ‘near the magnetic wall are slightly higher than those near
the electric wall.

The average power rating of transmission lines is determined by
the permissible temperature rise in their walls.% ¥ Curves giving the
average power rating for copper waveguide for various conductor temper-
ature rises are given in Fig. 15.02-8. In deriving these curves, it was
assumed that the heat is transferred from the waveguide oanly by thermal
convection and thermal radiation, and that the emissivity of the wave-
guide walls is 0.3. An additional assumption is that the dissipation of

¥hen the
ambient temperature is different from the assumed reference of 40°C the

power psr unit area in the walls 15 uniform for all walls.

curves of Fig. 15.02-9 can be used to determine the correction factor F

for the averege power rating.
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SOURCE: IRE Trans. PGNTT (See Ref. 35 by 5. B. Cohn)

FIG. 15.02-7 PLOT OF Eqx/Eo FOR ROUNDED 90-DEGREE CORNER NEAR
A MAGNETIC WALL; ALSO, r,/r; FOR A UNIFORM-FIELD-
STRENGTH BOUNDARY

897



2000 M=y T TTII " T VT 3000 ——T~T AT TTTTY T TTTIT
1000 é whito 2000 wn uoo/)/ ’ﬂ 1
p - qe00-——— — !
SE 7 | e 3 o0 o
00 1 %00 F 7
oo -/ 3 ecf Ve 100 ]
- / oo 1 m: P 975 R
200l — 4 B /] -
1, m 200} rr 1
100 e — o - - Ve 830
oo / 3 00— —- — - —t= 80 ———
- 30 . o / 3
e} V™ R wf Ve 430 B
2 e 1z % Ve ]
- / 1 6 -
E . 2 o / 204
S 0 e -4 2 228
FE{ o 7 20 1 = 7
| oF Ve 11 O—-- w7
€ o .1:0 16 :E e
w R / ] w I~ /
/ x I 37
§ 2| 7 w7 1& F 4 n
A~ Nl 7]
b T T P TS A e
osf / ™ 3 1 -
oef // ® : g: ! / 5
": A ce / % 7 04 |coNOUCTOR TEMPERATURE MiSE: a2 4°C 7
.| B s 2
I il otiontss P90 ' IS 19
o.osf: 13 Y4 iy
ooef VA 0. : 2
Q.08} / 22_ 0.00 7 E
0.08
8 DI BTN I/ e~ S SRS A
OO O ovewcy—ae FREQUENCY — G
(a) (o) ha-3ser-sas

SOURCE: IRE Trans. PGMTT (See Rel. 36 by H. E. King)

FiG. 15 02-8 THEORETICAL CURVES OF THE AVERAGE POWER RATING FOR COPPER
RECTANGULAR WAVEGUIDE OPERATING IN THE TE o MODE WITH UNITY
VSWR AT AN AMBIENT TEMPERATURE OF 40°C, FOR VARIOUS TEMPERATURE
RISES (THE WAVEGUIDES ARE LISTED BY THEIR RETMA DESIGNATION)
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FIG. 15.02-9 CORRECTION FACTOR CURVE FOR
AVERAGE POWER RATING OF
RECTANGULAR WAVEGUIDE FOR
VARIOUS AMBIENT TEMPERATURES
AND CONDUCTOR WALL TEMPERATURES

Standing waves in the waveguide reduce the average power rating of
wayveguides for a given permissible temperature rise because they produce
local hot spots along the wall.

The heat conductivity of the copper waveguides is sufficiently
great that an appreciable amount of heat flows axially from these hot
spots, thus reducing their temperature. The derating factor that must
be applied to waveguide for various values of VSYR is shown in
Fig. 15.02-10 and Fig. 15.02-11 for both a copper waveguide and a hypo-
thetical waveguide in which there is no axial heat transfer. The curvea
in.rig. 15.02-10 apply to the case where the amount of power delivered
to the load is a coﬁstant while those in Fig. 15.02-11 apply when the

amount of power incident on the waveguide is constant.

900 -



R S e o

U —

‘.o§
« 0.8 \
pr \ \\Qon COPPER WAVEGUIDE
o« ‘
8o N N
g A \
(™ / \
-
{NO AXIAL HEAT TRANSFER
: \\ -
8o.2 A i
ASYMPTOTIC TO ZERO
, |
1.0 .8 2.0 25 3.0 38 40 4.5
VSWR

Ra-3527-847

SOURCE.: IRE Trans. PCMTT (See Ref. 36 by H. E. King)
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Directional Couplers—Directional couplers are shown in several of
the circuits in Fig. 15.01-3. Not much is known about the power-handling
capacity of short-slot couplers. Fstimates® for the 3-dl, side-wall
coupler range from full line power down to one-third line power. The
J-db vop-wall coupler is less well-suited for handling high power and

will break down at about one-quarter full line power.

The power-handling capacity of branch-line couplers is approximately
independent. of the coupling ratic and the branch-to-through-guide impedance
ratios. In waveguide it is determined largely by the radii of the corners
at the T-junctions, and can be estimated from Fig. 15.02-5. The power-
handling capacity can readily be made ecual to 40 percent of line power
as in the example in Sec. 13.14, and could probably be increased to 60 or

70 percent by doubling the cormer radius used in that example.

SEC. 15.03, THEORETICAL PULSE-POYER CAPACITY OF DIRECT-
COUPLED - RESONATOR FILTERS

This section will discuss the pulse-power capacity of band-pass
filters of the type shown in Fig. 15.03-1(a) having a frequency response
such us the band-pass response in Fig. 15.03-1(b). The design information
will be presented primarily for narrow-band filters in terms of the ele-
ment values g, of the low-pass prototype filter shown in Fig. 15.03-1(c).
The cavities constituting the filter can be fabricated from transmission
lines having any cross-sectional shape, and the terminating transmission

lines can huve the same, or a different cross section.

The pulse-power capacity is limited by voltage breakdown at the po-
sitions of high electric field within the filter. When the usual inductive
coupling apertures are used between the cavities, the peak electric fields
do not occur in the apertures but rather within the cavities themselves as

indicated schematically in Fig. 15.03-1(a).

Pulse-Power Capacity at Midband of Narrow-Band Filters—Power han-
dling may become a severe problem in narrow-band filters. Most narrow-
band filter designs are based on a low-pass prototype circuit (Chapter 4),
and they are usually well-matched at midband. We shall therefore first
restrict ourselves to narrow-band filters which arc reflectionless at

midband. An exact general formula will be given later [Eq. (15.03-4)]

.
Private communication from H. J. Riblet to L. Young (July 9, 1962), (Note added in proof: A recent
measurement by SRI, in s direct comparison with uniform waveguide, gives about 70-percent of line
power for the side-wall coupler, and sbout 40-percent for the top-wall coupler.)
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We will define P" as the pulse power (i.e., the power level during
a short pulse) thet could be transmitted through an n-cavity filter at
the onset of voltage breakdown in Cavity k. Then it will be shown at
the end of this section (an independent proof is also given in Ref. 38)
that at the midband frequency f,,

P ) P (x"')z ' (15.03-1)
o 8,0 \ A o

where P;. is the pulse-power capacity of a matched waveguide having the
same cross section as the cavity, (qu)o is P" for f = f,, Kco is the
guide wavelength in the cavity at fo: Ay is the free-space wavelength at
for ™ is the length of the cavity measured in half guide wavelengths,

the fractional bandwidth is v = (0, - w,)/w,y, and g, is the corresponding
element in the equivalent low-pass prototype circuit, having element
values normalized so that 89 = 1. Because the values of g, are not
necessarily the same for each element in the low-pass prototype, the
pulse-power capacity of the over-all filter is limited by voltage break-
down in the cavity associated with the largest value of g,. When all the
elements in the low-pass prototype are equal, the midband pulse-power
capacity of the filter is maximized for a given off-channel selectivity.
Use of the equal-element low-pass prototype also results in approximately
the minimum midband dissipation loas (AL)),, for given resonator Q's and

off-channel rejection, as discussed in Sec. 11.07 and Sec. 6.14.

Table 15.03-1 gives formulas for the pulse-power ratings P; of some
common transmission lines. The midband pulse-power ratings (I;.)o of the
cavity resonators constructed from them as computed from Eq. (15.03-1)
are also presented. As is pointed out later in this section, the power
capacity near band edge is less than that at midband. Table 15.03-1
gives all dimensions in centimeters, frequencies in giglcycles and powers
in megawatts, The components are assumed to be filled with air at atmos-
pheric pressure so that the peak voltage gradient is taken as 29 kv/cm.
The factor A‘/(X[l - (K/N‘)’]} which occurs in the right-hand column of
Table 15.03-1 is a dimensionless function of the waveiength-to-cutoff

wavelength ratio, and will generally lie between 3 and 4.

The midband pulse-power capacity (P“)o of the air-filled cavities

operating at atmospheric pressure is also plotted for convenience in
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Table 15.03-1

PULSE-POWFR RATING OF SOME COMMON TRANSMISSION LINES AND
CAVITY RESONATORS CONSTRUCTED FROM THEM
(Based on a Peak Voltage Gradient of 29 kv/cm)

= cutoff frequency of guide.

v = frectional bendwidth = (wz - wl)/wo

Ty I g
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Fig. 15.03:2. In this figure frequencies are in gigacycles and powers

in megawatts. If the cavities are filled with some other gas, or are
operated at a different preasure the power adjusting factors in

Fig. 15.02-2 may be employed in conjunctien-with Fig. 15.03-2 to determine
the midband power capacity of the filter.

Pulse-Power Capacity of Narrow-Band Filters as a Function of
Frequency-—The peak electric fields in the various cavities of a band-
pasas filter vary with frequency. A particularly simple way to calculate
this variation in narrow-band filters is to make use of the fact that the
peak electric fields in the cavities are proportional to the voltages
across the capacitances and the currents through the inductances in the

low-pass prototype. ™

Figure 15,03-3 is a plot of the square of the normalized peak electric
fields in the cavities of a three-cavity filter, whose low-pass prototype
has element values g,. 8,. §,, 8y, and €, all equal to unity. The curves
are plotted against the angular frequency variable w' of the low-pass
prototype. Also included for reference is the insertion-loss character-
istic of the low-pass prototype. The analytic expressions for the square

of the normalized peak electric fields in the tirec cavities are

-yt 4
pro. Loelltell
Plvail/Pout
£ 1+ o't (15.03-2)
! Plva!l/Po-t r .
[ R—
P-vnll/Po-t . S

The transducer loss ratio P, . /P .  is given by

Poyain W' (1 - w'?)?
- + — 15.03-3
Poue ! n ( ‘

Reference to Fig. 15.03-3 shows that the square of the normalized peak
electric field in Cavity 2 for @' = 1.24 rises to 2.25 times the midband
value. .Therefore, the pulse-power capacity of this filter is only

0.445 times the midband value of qu determined from Fig. 15.03-2,
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F1G, 15.03-2 MIDBAND PULSE-POWER CAPACITY (P.\)o OF AN n-CAVITY FILTER
AT THE ONSET OF BREAKDOWN IN CAVITY k (BASED ON PEAK

VOLTAGE GRADIENT OF 29 kv.’cm)
See Table 15.03-1 for definitions of p
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Filters of Arbitrary Bandwidth—1t is possible to determine exactly
the peak electric fields in transmission-line resonators of band-pass
filters having arbitrary bandwidth, both at midband and at any other
frequency.® One computes the internal voltage standing-wave ratios S,
(Sec. 6.14) seen looking toward the load in each cavity. Then one com-

putes the ratio P;‘/P" in each cavity from the relation

]
_p' - S, (15.03-4)
(1]

where P;‘ is again the power rating of a matched waveguide with the same
cross section as cavity resonator k. The equivalent power ratio (E.P.R.)
is defined as the ratio of P;‘ to the maximum incident (or available)

power which can be handled without breakdown,

]
EPR o« 5= (- ol = S, - lpel® (15.03-5)
qk

since the power, P'., transmitted to the loud, is the incident power times

(- |p°"). Po being the input reflection coefficient.

The midband values of the internal VSWR's S, are easily determined
for synchronous filters as in Sec. 6.14, and the same S. then give the

pulse-power handling capacity directly from Fq. (15.03-4) or (15.03-5).

Figure 15.03-4 shows the equivalent power ratio (E.P.R.) calculated
from Eq. (15.03-5) for a six-cavity shunt-inductively-coupled (or series-
capacitively-coupled) filter (such as that in Fig. 8.06-1) in which the
transmission lines terminating the filter have the same cross section as
the cavities., This filter was designed in Sec. 9.04 to have a 10-percent
fractional bandwidth, measured on a reciprocal guide wavelength basis,
with a 0.01-db attenuation ripple in the pass band. In this filter,

Cavity 1 ias nearest the generator while Cavity 6 is nearest the load.

Connection with Group Delay and Disstpacion Loss-~The universal delay
curves, Figs. 6.15-1 through 6.15-10 may be used to obtain un estimate of
the frequency variution of the power-handling capacity of filters satis-
fying Fq. (6.09-1), which includes most filters up to about 20-percent

bandwidth. It is supposed that the midbund power-handling capacity has
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FIG. 15.03-4 EQUIVALEIT POWER RATIO IN THE SIX CAVITIES OF THE FILTER
DESIGNED IN SECTION 9.04 TO HAVE A 10 PERCENT BANDWIDTH
WITH 0.01-db PASS-BAND RIPPLE
The cavities and terminating waveguides all have the same cross section
and Cavity | is nearest the generator

first been calculated, as from Eq. (15.03-1) or (15.03-4). The equivalent
power ratio is proportional to the astored energy, and so is proportional

to the group delay, over the pass-band region (Sec. 6.15).

The dissipation loss and the group delay both increase with the
average increase in stored energf, so that they are closely proportional
throughout the pass band. Thus, only the average increase in stored
energy over the pass-band region may be deduced from the universal curves,
Figs. 6.15-1 through 6.15-10. On the other hand, the power-handling
capacity is linked with the greatest increase in stored energy in any
section or resonator. The universal curves indicate in a general way how
the equivalent power rises toward the band edges, and the frequency at
which the maximum occurs (which is almost the same frequency for each
cavity). The cavity nearest the load does not have a maximum near the
band edge (Figs. 15.03-3 and 15.03-4), while the greatest increase in
equivalent power relative to midband occurs generally in the cavity
nearest the generator. It is probably safe to assume that the ratio of
the maximum-to-the-midband-equivalent-power-ratio is never more than twice
the ratio of the maximum-to-the-midband-group-delay. For example in
Fig. 15.03-3 the equivalent power peaks at 2.25 times its value at midband
in the second cavity, whereas the group delay rises by a factor of
0.6/0.38 = 1.6 (Fig. 6.15-2) from its midband value to its maximum value.
A similer comparison for the filter in Fig. 15.03-4 with the corresponding
group delay curves (Fig. III-19, Ref. 43) gives factors of 4.1 and 2.25.
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It seems reasonable to assume then that the group delay curves Figs. 6.15-1
to 6.15-10 can be ased to predict the equivalent power rise toward the
band-edges, provided that a safety fuctor is used to allow for the greater
rise in the cavities nearer the generator; thia safety factor is probably

always less than 2. (Conpa;e 2.25/1.6 = 1.4 and 4.1/2.25 = 1.8 in the
above two examples.)

Connection with External ¢ of a Single Cavity, Q,—A symmetrical
single-cavity resonator is shown in Fig. 15.03-5. The quantity c? is the
power coupling coefficient defined by

2 P
¢ = rg . (15.03-6)
48
. —— (15.03-7)
(S + 1)?
e —pe
2, - ' u-h 3 -

-]

e

Vé ct 2, ¢! z,
—) i

1 1
]

I — ,

Qa-Rre?-18

SOURCE: Technical Note 2, Contract AF 30(602)-1998, SRI
{See Ref. 38 by E. M. T. Jones)

FIG. 15.03-5 SINGLE-CAVITY FILTER

where S is the internal VSWR, equal to the discontinuity-VSWR V, =V, in
this case (Chapter 6). Defining ¢ as the ratio of 27-times-the-energy-
stored to the energy-dissipated-per-cycle,“'“ the external ¢ due to

loading by only one coupling aperture can be shown to be

s e A\ Ao\
Q, - m L1 (J_') . 21‘1(_1‘1) (15.03-8)—-
28 Ao el \ A :

Il



where k., is the midband guide wavelength of the cavity mode and Ay is
the free-space wavelength. The number & is again the length of the
cavity measured in half guide wavelengths; » is an integer for stepped-
impedance filters (Chapter 6), and Eq. (15.03-8) is than exact; = is
close to an integer for narrow-band, resctance-coupled filters, and

Fq. (15.03-8) is then a close approximation.

Note that Q, is defined for a singly loaded cavity. The doubly
loaded external Q, Q! ,of the cavity shown in Fig. 15.03-5 is just half
as much:

e,
e -5 - (15.03-9)

Equation (15.03-8) can be solved for S in terms of Q,, and the re-
sulting expression substituted into Eq. (15.03-4) then yields P;/P'. A
particularly simple formula results for narrov-band filters (S >> 1,
¢ << 1), snd then

P" 2Q¢ A. .
i bun . (15.03-10)
. kif ] e

Proof of Eq. (15.03-1)—1It can be seen from Eqs. (6.09-2) and
(6.14-10), which hold for narrow-band filters that when g, = 1

S, » ——e, (15.03-11)

For narrow-band fiiters of fractional bandwidth w, whose line-resonators
are &= half-wavelengths long,

]

v'()\.)
' | — . 15.03-12
7n A.. (15 )

Substituting Eqs. (15.03-11) aend (15.03-12) into Eq. (15.03-4) yields
Eq. (15.03-1). '
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SEC. 15.04, A HIGH-POWER TUNABLE NARKOW-BAND TEg, -MODE FILTER

This section discusses the design and performance of a narrow-band,
high-power filter that uses cylindrical TE,,, mode resonators.® This |
type of filter can be designed to have a narrow pass band together with
a very low midband insertion loss. Furthermore, as can be seen by
reference to Fig. 15.03-2, it has a considerably higher midband pulse-
power capacity than filters constructed from other types of resonators.
Hence, it ia ideal for use with high-power transmiiters in suppressing
spurious emissions that have frequencies close to the center frequency.
Its main disadvantage is that it has spurious pass bands at frequencies
relatively close to the main pass band; theae spurious pass bands occur
when the cavities resonate in other modes. However, by using the tech-
niques described below, the insertion loss of these spurious pas ‘“ands

can be kept quite high over an spprecisble frequency band.

Figure 15.04-1 shows the measured insertion loss of the experimental
three-cavity TE;,, mode filter which was constructed from aluminum and is
tunuble from 1250 to 1350 Mc. The coupling apertures in the filter were
adjusted ao that the product of the external ¢ of the end cavities and
the coupling coefficieut between cavitiea was approximately equal to
unity. Thus the frequency response of the filter is approximately equal
ro that of a filter designed from an equal-element low-pass prototype.

In air at atmospheric pressure, the theoretical midband pulse-power
capacity of the filter is limited by voltage breakdown within the cavi-
ties and can be determined from Fig. 15.03-2 to be about 2.25 Mw. The pulse-
power capacity at the edges of the pass band is reduced to about 1 Mw for
the reasons diacussed in Sec. 15.03. A dimensioned drawing of the filter
is shown in Fig. 15.04-2,

The measured midband attenuation of the filter as a function of tuning
frequency is shown in Fig. 15.04-3. These values of attenuation were
messured by the substitution method with the filter terminated at either
end with pads whose VSWR was about 1.10. Hence it is believed that the
mismatch loss would introduce a maximum error of 0.04 db in the measure-
ments. The theoretical unloaded Q for the cavities, assuming a conduc-
tivity for the aluminum of 40 percent of that of annealed copper, ranges
from 53,000 at 1250 Mc to 47,000 at 1350 Mc. The measured values of Q.
as determined from the midband attenuation and the 3-db bandwidth of the
filter using Eqs. (4.13-11) and (4.13-3) are 27,300, 55,700 and 28,400 at
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FIG. 15.04-3 MEASURED MIDBAND ATTENUATION VERSUS
TUNING FREQUENCY

1250, 1300, and 1350 Mc, respectively. The variation in the measured
value of Q, may be due to measurement inaccuracies or to unsuspected
losses in the absorbing material mounted behind the tuning plungers as
dencribed later on in this section.

Design Technique for TE,,, Mode Filters—The method used in designing
this type of filter involves a combination of theoretical and experimentsl
techniques. The low-pass prototype of the filter is shown in Fig. 15.03-1(¢c);
s schematic dia;rl-'of the filter is shown in Fig. 15.04-4; and finally,
the narrow-band design equations are presented in Table 15.04-1. Theae
design relations were derived using Bethe’s small-aperture coupling theory
by & procedure similar to that outlined in Secs. 8.07 and 8.14 for the
design of narrow-band rectangular-cavity filters. In the preseant filter,
the apertures used are rectangular in shape and have a length ln.n#l
weasured in s direction parallel to the unperturbed megnetic field at the
aperture, a height h...,'. measured in a direction perpendiculer to the
unperturbed magnetic field at the aperture, and a thickness t, ,,,.

The theoretical static magnetic polarizabilities (Nl)...;l of the
various spertures, assuming sero thickness and no large-aperture effects,
were determined by extrapolating the values for the rectungular aperture
given in Fig. 5.10-4(a). The extrapolatcd value wus taken as

M)y a0 LYY

= 0.061 + n.197 . (15.04-1)
(lmiolf l.,hol

¢




A, g e s e

The estimated actual magnetic polarisability (ll'l),'.,,ﬂ taking into account
both the thickness and frequency corrections were then determined from
Eq. (5.10-6), which in the present instance takes the form

l 8461 3'5 ‘01
(Nl)""l —1_!.‘21. 1

W),y @ ——

=

A (15.04-2)

Because the apertures are cut in cylindrical walls, they are thicker at
the edges than in the center. A thickness ty a4y Yhich is an average of

these two values, is used in Eq. (15.04-2).

The accuracy of the values of magnetic polarizability computed from
Eq. (15.04-2) were found to be quite high. This can be seen from an in-
apection of Fig. 15.04-5 which shows the measured external Q of the cavi-
ties compared with the theoretical values computed by solving Eq. (5)
in Table 15.04-1 for (Q,),. It is also reen from an inspection of
Fig. 15.04-6 which shows the measured coupling coefficient k between the

- -
Ve
b
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<

2o % I Zo zo
iy 4|
23 v et T ta n-l o T
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Ne-3927-984

FIG. 15.04-4 A DIRECT-COUPLED TEo11 MODE FILTER HAVING n RESONATORS
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Table 15.04-1

TEq 4" MODE DIRECT-COUPLED CAVITY FILTERS
AND THEIR RELATION TO LOW-PASS PROTOTYPES

The protetype paraseters gy, £, :..: Byy) 60 08 defined in
Fig. 15.03-1(c) (or Sec. 4.04), while aj. wg ®y, and wy oo @
dofined in Fig, 15.03-1(b). Figure 15.04-4 defines the filier
dimensiona.

(0.)‘ = 19%:‘- = eoxternal Q (1)
- » - . : s
k"“"l-l ‘o n -——“,lm coupling coefficient (2)
(Q.). - '.‘.:lol = oxternsl o (3)
where
By - +
w = d’wowl and W, = :L,-ﬂ (4)
T ()
(CAHE Dgpt? 7 ($)
(@, 1.9 sin? ()
Lo%
- h,ktl
M)y 1 : (6)

3782 sin? (ph)

AT «bD*
w2 - b m
T (@ a0 ain? (—pth)
or alternatively, in terms of normalized impedance inverter
paremsters
K wEA? i '
_.P. - - " (8)
z, 2\ Res180
continued

Ns
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Table 15.04-1 concluded

]
Kot . "™
Z 2w/ A
[ “) o Suba+)
2
Kn.a‘l < ""zo'\ 0
[
Zy 20,7 M08, 6,41
where
z

. 0.5280¢

T e ()

K ]
' - [l D
LYW ( 7 ) LE;

o /23,11 win® (1)

, K " Aroab
M), ° ( “‘3"‘2 )"'—4
0 "

where a, b, D and L ure defined in Fig. 15.04-4, and

Ay [ guide wavelength in a
Ay = = | eylindrical waveguide of
s A 2 diemeter D operating in the
1 -(0.0 ; ) -17-“ mode at frequency w,
[guide wavelength in & rec-
Aro = S * | tangular tcrngnning waveguide
s A 2 of width a operating in the
1 -(T'n') _mlo mode st frequency w,

0 free apace wavelength at
frequency wg

N9

(9)

(10)

(11)

(12)

(13)

14)

(15)

(16)
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Table 15.04-2 cavities compared with the theoretical value

MEASURED VALUES OF computed by solving Eq. (6) in Table 15.04-1
b AND O, for k, ,,,. The values of external Q were

) | 0, k ko, determined from impedance measurements made
1250 | 677 | 0.00137 | 0.93 on one of the end cavities operating as a

1300 562 | 0.00176 | 0.99

1350 | sos | 000180 | 1.07 singly-loaded resonator using the prescrip-

tions in Sec. 11.02. Afcer the apertures in
the end cavities were adjusted to give the desired value of external Q
the two end cavities were coupled together by means of a small iris.
Measurements made on the frequency response of this pair of resonators
then yielded the values of the coupling coefficient k using the pre-
scriptions in Sec. 11.04. The final measured values of Q, and k for the
apertures whose dimenaions are shown in Fig. 15.04-2 are listed in

Table 15.04-2.

h=:que< tor Sunpressing Spurious dodes—~The diameter of the
cavities was chosen <o that, as the lengihe of the cavities were varied
to tunc them from 1250 to 1.50 Mc, the resonani freque- 28 of the other
cavity modes were as far removed frn (4. =f he "I, mode as possible.
The inside diameter selected wes 13 inches, which fixes the length of the
unperturbed cavities at 10.23 inches when they are resonant at 1250 Mc,
and 7.04 inches when they are resonant at 1350 Mc. The actual measured
lengths of the cavities were found to differ mignificantly from these
values, indicating that the coupling spertures had an appreciable per-
turhing effect on the resonant frequency. Figure 15.04.-7 shows a mode
chart for an unperturbed cylindrical resonator showing all the possible
modes that caun exist from 1050 Mc to 1725 Mc.

The terminating waveguides are oriented to couple strongly to those
TE modes within the cavity that have components of magnetic field parallel
to the cavity axes. TM modes, which have no components of magnetic field
parallel to the cavity axes are only weakly excited from the terminating
waveguides. It is noted, however, in Fig. 15.04-2 that the length | of
the internal coupling spertures along the circumference of the cavity is
greater than the aperture height parallel to the cavity axes. Therefore,
TM modes inadvertently excited in the end cavities are very strongly
coupled together through the internal coupling apertures. To reduce the
internal coupling of the TM modes, and thereby reduce the spurious trans-

missions through the filter via these modes, a metal bar 0.25 inch wide

922
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and 0.020 inch thick with rounded edges is placed across each internal
coupling sperture parallel to the cavity axes as shown. This bar has

negligible effect on the coupling of the apertures to TE modes.

Several techniques are used to minimize coupling through the filter
at frequencies other than the design frequency via the many TE modes
which may be coupled by the apertures. One technique consists of posi-

tioning the coupling apertures so that they lie midway between the top

CAVITY LENGTH -L — inches

A-2707- 88

SOURCE: Technical Note 2, Crnteact AF 30(602)-1998 SRI
(See Rel. 38 by E. M. T. Jones)

FIG. 15.04-7 MODE CHART FOR UNPERTURBED. CYLINDRICAL
RESONATOR
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and bottom of the cavitiea when they are tuned to 1250 Mc. This procedure
minimizes the coupling to the TE,,, mode from the externsl waveguides, and
alsc minimizes the coupling of this mode between cavities. In order to
reduce the coupling of the TE,,, mode between cavities, the coupling slots
in each cavity are oriented at right angles to one another, resulting in
the positioning of the cavities shown in Fig. 15.04-2.

In addition, radial transmission lines of different lengths are
formed on the tuning plungers of euch of the cavities ws shown in
Fig. 15.04-2. The radial transmission lines are formed by attaching
undercut aluminum disks to the brass,contacting tuning plungers. In the
two tuning plungers having the deepest chokes, two disks of resistive
paper 0.0035 inch thick and having a resistance of 2000 chms per square
are placed between the brass.contacting tuning plungers and the undercut
aluminum disks. In these cavities nylon screws are used to hold the two
parts of the tuning plungers together. The resistive sheets lowered the
unloaded Q of the undesired modes in these two cavities, without appre-
cisbly affecting the unloaded Q of the desired TE,,, mode. The resistive
paper was not placed in the tuning plunger naving the shallowest radial
line because in that case the paper lowered the unloaded Q of the TEOll

mode also.

These radial transmission lines shift by different amounta the reso-
nant frequencies of the undesired modes in each cavity, and, as explained
ebove, iower the unloaded Q of unwanted modes in two of the cavities.
Hence, the transmiasion via these higher-order modes i2 greatly reduced.
The shift in resonant frequency in an end cavity, produced by the two
deepest radial line chokes on some of the modes that are near in frequency
to the TE;,, mode is illustrated in Fig. 15.04-8. It is seen that these
chokes do not cause the tuning curves of any of the unwanted modes to
cross that of the TE,,, mode. The chokes in the tuning plungers also have
the advantage that they slightly shift the resonant frequency of the T, ,
mode which, in an unperturbed cylindrical resonator, is always degenerate
with the TE;,, mode. The grooves at the outer edge of the bottom plates
of the cavities have a depth of 0.125 inch and a width of 0,500 inch and
are also for the purpose of shifting the frequency of the TM,,, mode.

The usual technigue for suppressing the effects of spurious modes on
echo boxes or frequency meters operating in the TE, mode is to place
absorbing material in the cavities in such a position that it couples
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strongly to all modes except the TE;, modes¥ and therefore greatly
reduces their unloaded Q, Q,. Hence, such a dissipatively loaded cavity
when used as a transmission device has a very low transmission for ali
modes except the TEy, modes, or when used as a reaction device produces
only 8 negligible reaction in the feeding line except at the resonsnt
f;equcncy of the TE,, mode. One place where the lossy material is o..en
put is behind the tuning plunger which is made non-contacting. The +alls
of the cavity can u«lso he made in the form of a helix with lossy materisal

between the turns. This lossy material, particularly when placed behind
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assumed sinusoidal electric field distribution (in the plane of the
aperture) along its length, given by

mu

E, cos *T (15.04-3)

F———1 T, ]
-

where E, is the peak electric field in the plane of che aperture. The
exact expression for the amplitude E, the peak electric field excited in
the rectangular guide, is

(15.04-4)

The peak electric field in the plane of such an uperture can also
be calculated approximately from another formula which has more utilicy
in the calculation of electric fields in the internal apertures. The
expression in mks units is

nwop MO H -
E, = ——-5;7—-- volta/meter (15.04-5)

where, w, is the angular frequency, My = 1.257 x 10"¢ henries/meter, H;

is the magnetic polarizability of the aperture and A is the ditfference be-
tween the magnetic fields on either side of the aperture. The magnetic
field ". on the cavity side of an external aperture is much grester than
the magnitude of the H-field of the external waveguide. Therefore, for

the external apertures, H. = AN,

The peak electric field E.'.,| in the plane of an iaternsl window
of polarizability ';,aol connecting Cavities k and & + 1, is given by

e MO"O.;.QHA”LHI

b, At}
' U, by

(15.04-6)

where 1, ., ond h.'.,l are the leagth and height of the rectangular
coupling sperture between Cavity k and Cavity £ + I, It is tedious and
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difficclt to evulult.eA”..“l exactly, since its value depends on both
wie mognitude and phase of the magnetic field on either side of the
apercure. A conservative design estimate is to aseume thatAH, .., is
equal to the difference between the magnetic field in the two cavities
when they are in phase opposition.

In order that the fringing fields perpendicular to the plane of the
aperture and at its edges do not become excessive, it is necessary to use
thick coupling apertures, and to round the edges of the apertures. As
shown in Fig. 15.04-2, it is the aperture edges parallel to the u axis
7in Fig. 15.04-9) that must be rounded. The aperture edges parallel to
the v axis need not be rounded. The magnetic polarizability of the

apertures is quite insensitive to the rounding of the corners.

For an infinitesimelly thin aperture with dimensions of |l = 2.75§
itches ard h = 3.25 inches, exciting a rectangular waveguide with dimen-
sions of ¢ + 6.5 inches and b = 3.25 inches, Eq. (15.04-4) predicts a
peak electric field £, in the plane of the aperture equal to 1.94 £. The
actual thick aperture in the experimental filter had the same |l and h
dinensions and, in addition, the inner edge of each aperture was rounded
wi:h a 0 325-inch radius along the | dimensions. Reference to Fig, 15.02-5
shiws that the maximum electric field E; near the rounded corners is
1.85 E,. (Note that E, is the peak field in the plane of the aperture,
w!ile E| is the peak field regardleas of direction.) Therefore, the maxi-
mum elec:ric field E; near the“external coupling apertures when exciting
a wive oi amplitude E in the external guide is E| = 3.59 E. The pulse-
powr casacity of the external coupling aperture is thus only 0.0776 times
tha . of the external guide. Using a relation taken from Table 15.03-1
{thet the pulse-power capacity P: of the external guide is 76.4 A/K. mega-
watts for air at standard temperature and pressure) it is found that the
peak pulse-power capacity of the external coupling apertures at midband,
whers the filter is matched, is 4.06, 4.24, and 4.37 megawatts at fre-
quen:ies of 1250, 1300, and 1350 Mc, respectively, which is greater than
that of the resonators.

The ratio of the peak electric field in infinitesimally thin internal
coupling apertures (i.e., apertures between resonators) to that in infimi-
tesimslly thin external coupling apertures (i.e., lpe}turec between end
resonators and the terminating guides) can be calculated fromEq. (15.04-6).
Since the edges of the actual apertures in the filter were all rounded by
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the same amount, this ratio should also apply approximately for the
actual spertures. The result is, using the final values of I = 2,75
and h = 3.25 fer iLhe external epertures and t = 2.00 and h = 3.25 for

the internal apertures,

TS TOR LY 1.375 (15.04-7)
E:xt M.!'. (A’,)..t '

In this expression E{ and £, |

internal and external apertures, while(AH)i" and (AH) . are the

differences between the H-fields on oppo: ‘te sides of the internal

are the peak electric fields at the

apertures and on opposite sides of the external apertures. To an excel-

lent approximation, (AH) = H where H is the peak H-field in the

axt aext ext

center of the external apertures. In Fq. (15.04-7) M  is the polarizability of the

L
external aperture which has calculated values of 4.60, 4.67, and 5.17 »t

frequencies of 1250, 1300, and 1350 Mc, respectively. The polarizability

M... of the internal apertures has calculated values of 1.275, 1.288, and

. 347 at frequencies of 1250, 1300, and 1350 Mc, respectively. Making

the couzervative assumption that(Alfh_l .

that the pulse-power capacity of the internal eperiuies is 7.0, 7.35, and

is equal to 2H one finds
8.53 megawatts at 1250, 1300, and 1350 Mc, respectively. Reference to
Fig. 15.03-3 shows that the fields in the second and third cavity rise to
about 1.4 times their midband values, for ' of 1.4. Therefore at this
frequency (AH), |
Consequently the pulse-power capacitics of the internal wpertures would

increuses to about 1.4 times its assumed midband value.

be reduced to about one half their midbaud value, which still is higher

than the pulse-power capacity of the filter cavities themselves.

SEC. 15.05, HIGH-POYER WAFFLE-IRON FILTERS

This section describes the design and measured performance of two
L-band model waffle-iron filters (Sec. 7.05). In the one developed
first,® the principal requirement was for a very wide stop band, to stop
all harmonics from the second to the tenth, inclusive. This structure
consisted of three waffle-iron filters in cascade with overlapping stop
bands. In the aecond model® the emphazis was on power handling and pass-
band width. This was achieved by changing from square to circular teeth,
changing the end sections, and paralleling four identical filters. This

increased the power handling capacity more than five times. There is no
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‘reason why the best features of both models could not be combined to

produce a filter with a wide stop band (second to tenth harmonic), wide
pags band (VSKR < 1.2 over almost all of L-bLand), and a pulse-power
capacity of approximately 8 megawatts in air at atmospheric pressure,
but such a model has not yet been built. The two separate models will
now be described. v

Waffle-Iron Filter with Stop Band up to Tenth Harmonic®— 1n this
structure three different waffle-iron filters with overiapping stop bands
are connected in series to give a combined stop band which extends from
2.2 Gc to 13.7 Gc where the attenuation is 60 db or greater for all
possible propagating modes. This stop band includes the second through
tenth harmonic of frequencies in the pass band of 1.25-1.35 Gc. In the
pass band, the waffle-iron filter is matched to a WH650 waveguide
using quarter-wavelength stepped transformers (Chapter 6). The pulse-
power capacity without breakdown was measured in the presence of &
cobalt-60 radioactive source to be 1.4 megawatts in air at atmospheric
pressure using pul.:es 2 microseconds long and a repetition rate of

60 pulses per second.

Figure 15.05-1 is a photograph of the filter in the disassemhled
condition showing the quarter-wavelength transformers used to connect the
various waffle-iron sections together. The transformers used to connect
the waffle-iron filter te che WR650 guide are not shown. R

The thevretical staggercd image stop bands of the filters are shown
in Fig. 15.05-2. The design of Waffle-Iron A has been previously de-
scribed as the first example in Sec. 7.05 under the hcading: “Design
Using Cohn'’s Corrugated Filter Data.’”” 1t was made ten sections long in

order to achieve a tlieoretical stop-band attenuation of about 80 db.

Yaffle-Iron B and Waffle-Iron C were designed using the technique
described in Sec. 7.05 under the heading: *“Design Using the T-Junction
Equivalent Circuit of Marcuvitz,” Waffle-Iron B was made seven sections
long in order to achieve a theoretical stop-band attenuation of more than
60 db above 5.75 Gec while Waffle-Iron C was made nine sections long in
order to achieve s theoretical stop-band attenuation of more than 60 db
above 9.25 Gc. Figure 15.05-3 shows a typical high-power waffle-iron
filter section illustrating the notation used to aspecify the dimensions,
while Table 15.05-1 shows the dimensions of e¢ach of the three waffle-iron
filters,
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Table 15.08-1
DIMENSIONS OF WAFFLE-IRON FILTERS

DINENSIONS NUMBER OF
nrrie (Inehes) SECTIONS cenarn | Maoiupes
(Iaches) CORNERS
nuren | " ) In In
b ’ b ! U] widen | Longen (1nches)
A |o.280] 0210|161 [o0.500] 07| S 10 | 130 0.063
B | 0.200 | 6.210 { 0.986 | 0.231 | 0.360 | 12 7 4.137 | 0.063
¢ }0.280  0.210 [ 0.700 | 0.250 | 0.256 { 16 9 3.654 | 0.045

SOURCE: Technical Nete 2, Comtract AF 30(602)-2392, SR: (See Raf. 45 by E. D. Sherp)
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The corners of the bosses in each of the filters were rounded to
reduce the electric field et these positions. The radius of curvature
used in each case is shown in the table. For Waffle-Iron A and Waffle-
Iron B which have b" < !, it is appropriate to use Fig. 15.02-5 to de-
termine the field strength at the rounded corners. Reference to this
figure shows that the maximum electric field at the rounded corners is
only 1.4 times its value at the center of the tooth. For Waffle-Iron C,
I <b" and it is more appropriate to use Fig. 15.02-7 to determine the
field strength. Reference to this figure shows that the maximum electric

fieid at the corners is 1.58 times its value at the center of the boss.

The height of the waveguides necessary to present an image match to
each waffle-iron section was computed using the procedures outlined in
Sec. 7.05 In addition, measurements of the image impedance of each
filter were made using Dawir’s method, which is described in Sec. 3.09.
The results of these measurements are presented in Fig. 15.05-4 in terms
of the height of the terminating guide necessary to achieve an image match.
The height of the guarter-wave transformers necessary to match the waffle-
iron sections to each other and to the terminating waveguides over a 1250-
to 1350-Mc band were determined from these data and the quarter-wave-
transformer tables of Sec. 6.04. The height of the single-section
quarter-wave transformer between Waffle-Iron B and Waffle-Iron C is
0.341 inch. The dimensions of the two-section quarter-wave transformer
between Yaffle-Iron A and ¥affle-Iron B are shown in Fig. 15.05-5, while
the dimensions of the transformers at either end of the filter are shown
in Fig. 15.05-6.

The measured VSWR of the assembly is shown in Fig. 15.05-7, while the

stop-band insertion loss is shown in Fig. 15.05-8.

The performance of a single section S-band waffle-iron operating in
both the evacuated and pressurized condition has also been described by

Guthart and Jones %

Yaffle-Iron Filter with Increased Pass-Band Width and Increased
Power-Handling Capacity®—The principle of the waffle-iron filter with
wide pass-band width (and wide stop-band width) was explained at the end
q& Sec. 7.05. A photograph of this filter was shown in Fig. 7.05-10, and

its dimensions were given in Sec. 7305. The'priﬁciple behind the increased

o ;;QJF:hnndling caﬁ:ciiyyafthe round (as opposed to square) teeth will now

be explained.
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FIG. 15.05.5 CROSS-SECTION OF TRANSFORMER BETWEEN
WAFFLE IRON FILTERS A AND B

SOURCYE: Technical Note 2, Contract AF 30{602)-2392, SRI
(See Rel. 45 by F.. D). Sharp)
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FIG. 15.05-6 CROSS-SECTIONS OF INPUT AND OUTPUT TRANSFORME RS (DIMENSIONS
WITH AND WITHOUT PARENTHESES ARE FOR TRANSFORMERS THAT
MATCH WAFFLE IRONS A AND C RESPECTIVELY, TO L-BAND WAVEGUIDE)

935



e e g ST TR IR, T Y

20

\
\
A\

/

N

FREQUENCY —— s

1400

SOURCE: Techuical Nute 2, Comeact AF 30(602)-2392, SR
(See Ref. 45 by E. D. Sharp)

B4- 0470 -7

FIG. 15.05-7 VSWR OF WAFFLE-IRON FILTER ASSEMBLY

936

o



. s

0¢

Ly — db

20

LA

' 3 8 14 ] " 13 18
FREQUENCY — G¢

RA=3078- 400
SOURCF:: Tschnical Note 2, Contract AF 30(602)-2392, SR
(See Ref. 45 by E. D. Sharp)

FIG. 15.05-8 ATTENUATION OF WAFFLE-IRON FILTER ASSEMBLY

The filter shown in Fig, 15.05-1 was tested at high power until
arcing occurred. It was then opened and examined: strong burn marks
were found on the four corners of the teeth in the center three longi-
tudinal rows. (There were no burn marks on the two rowa of teeth along
the side wall.) Rounding the edges alone would leave a ridge at the
four corners, which had therefore been rounded off into approximately
spherical corners; but this still remained the weakest part of the filter
from the standpoint of power-handling capacity. To spread the field more

evenly, it was argued that a circular tooth should be better than a
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square tooth, since it has only one edge and no cornera. To arrive at
& quantitative comparison, the following reasoning was used.

Cohn® has enalyzed the fields near two-dimensional rounded corners.
With the dimensions of both the round and square teeth, his results
should still hold closely for the fields near the line-edges of the
teeth. One curve in Fig. 15.05-9 is taken from Fig. 15.02-5, and shows
the maximum field near a rounded edge with circular boundary. It is
shown as a function of the ratio 2R/b", where R is the radius of the
rounded edge and b" is the spacing between teeth (Fig. 15.05-3). To
calculate the maximum field near the spherically rounded corners of the

squere teeth, we proceed as follows.®

40
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.SOURCh Quarterly Progress Report 1, Contract AF 30(602)-2734, SRI
(Bee Ref. 43 by L. Young)
FIG. 15.05;9 MAXIMUM FIELD INTENSITIES NEAR CIRCULAR EDGE

OF ROUND TEETH AND NEAR SPHERICAi. CORNERS OF
SQUARE TEETH
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The plane of symmetry between teeth may be regarded as being at
ground potential, The field intensity well inside the region between
teeth is denoted by £,. Then the potential ¥V of a tooth is

V. = tEb"/2 . (15.05-1)
The field & _ on the surface of an isolated sphere of radiusRandat a po-
tential V above ground is
14 Eob“
Fouo = 7" o (15.05-2)
Therefore,
ke b"
. — .05-
F. oA (15.05-3)

approximately, for the three-dimensional corners on the square teeth,
when the corners have spherical contours. HKquation (15.05-3) is also
plotted against 2R/b" in Fig. 15.05-9 and is a rectangular hyperbola.

For the filters under consideration

2R 0.126
—_ - — - 0.6 |, (15.05-4)
b 0.210

and Fig. 15.05-9 shows that F.'_"/Eo is 1.415 for the circular edge, and
1.667 for the spherical corner. Therefore, the waffle-iron filter with

circular teeth should handle about

2
(Le) g (15.05-5)

times as much power as the waffle-iron filter with aquare teeth. With
four waffle-iron filters in parallel and circular teeth, as in
Fig. 15.05-10, the filter should handle about 4 %X 1.39 = 5,56 times the

power of the single filter in Fig. 7.05-10, corresponding to about 15 per-
cent of the power handled by YR650 L-band rectangular waveguide,
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IN FIG, 15.05-10
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This four-waffle-iron filter was tested in the presence of a cobalt-60
radioactive source in .air at atmospheric pressure, using pulses 2.5 micro-
seconds long with a repetition rate of 200 pulses per second. At 6.3 mega-
watts pulse power (the maximum power available) there was still no sign of
arcing. DBased on the above calculation and 1.4 megawatts for the single-
wafflc-iron square-toothed filter of Fig. 15.05-1, the filter in
Fig. 15.05-10 should handle 5.56 1.4 = 7.8 megawatts under the same

conditions.

It was pointed out at the beginning of Sec. 15.02 that the pulse-
power capacity referred to short pulses. The reader should use caution
when applying these results to longer pulses. Both the square-toothed
and tie round-toothed watfle-iron filters were subjected to pulses
110 microseconds long, at a rate of 30 pulses per second. The pulse-
power capacity with the 110-microsecond pulses was only about one-third
of that v _.h the 2-microsecond pulses. Furthermore, it appeared that

arcing arted about 50 microseconds after the beginning of the pulse.

7 : dimensions of the power dividers for the high-power waffle-iron

filcer in Fig. 15.05-10 are given in Fig. 15.05-11. Each of the four
parallel filters has the same dimensions as were given in Sec. 7.05 for

the single filter shown in Vig. 7.05-10.

The VS¥R of the filter shown in Fig. 15.05-101s shown inFig. 15.05-12,
including both power dividers in the measurements. The solid line is
for the original filter in which the three one-eighth-inch plates sup-
porting the round teeth (Fig. 15.05-10) were solid plates from end to end.
later these plates were modified by cutting large circular holes between
teeth, as shown in Fig. 15.05-13, which also shows the shelf-like con-
struction of the filter in more detail. The reason for the holes was to
allow coupling between the four parallel filter units, so that propagation
through the various wafile iron filters could not get out of phase, and
thus to forestall any possible trapped resonance around a plate due to
poor tolerances or other imperfections. (No such resonance was ever
actually observed with or without coupling holes.) The VSWR of the filter
with coupling holes is shown by the dotted lime in Fig. 5.05-12. The VSYR
is better than 1.2 over almost the whole of L-band, with or without

coupling holes, and betiter than 1.1 over two considerable portions of it.

The stop-bund performance is shown in Fig. 15.05-14 together with

‘thut of Waffle-Iron Filter A (which les square teeth, has ten sections,
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FiG. 15.05-12 VSWR OF FILTERS IN FIGS. 15.05-10 AND 15.05-13
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FIG. 15.05-13 SHELF-LIKE CONSTRUCTION OF FILTER IN FIG. 15.05-10
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FIG. 15.05-14 ATTENUATION OF TWO WAFFLE-IRON FILTERS

and begins with half-teeth). After allowance is made for the fact that one is
a five-section andone is a ten-section filter, there is no noticeable differ-
ence in the stop-band performance. However, some difficulty was experienced
asaresult of imperfecc contact at the coupling flange. Since TE;, and other
TE,, modes can propagate through the waffle-iron filter in thehigher part of
the stop band, one must make sure that TE4, and other TE, modes are not excited
where the waffle-iron sections begin. Normally these modes are not excited be-
cause of the symmetry of the structure, and they are cut off jn the low-height
waveguide matching sections so that none can reach the filter proper. However
if thewaffle-iron filter and the low-height waveguide matching sections are
made in separate pieces and then connected, imperfect contact at the flanges may
set up the unwanted modes. ‘Then any conversion from propagating TE_, modes in
the exterior waveguide to propagating TE;, modes in the filter proper, and sub-
sequent re-conversion at the output, will cause spurious pass bands. A few very
sharp and narrow spurious responses were observed, and were found to improve
with better flange fitting. To avoid the need for excessive care in mating
flanges, sixone-eighth-inch-diameter rods were passed across the filter, =as
shown in Fig. 15,05-15, which completely eliminated all spurious responses in

the stop band.
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FIG. 15.05-15 WAFFLE-IRON FILTER WITH THIN RODS TO SUPPRESS TE,, MODE EXCITED
BY IMPERFECT CONTACT OR MISALIGNMENT OF FLANGES

SEC. 15.06, DISSIPATIVE WAVEGUIDE FILTEHS

Dissipative low-pass waveguide filters are extensively used to
suppress the spurious harmonic radiation from high-power transmitters
because they are well matched in both the pass and stop bands and hence
preclude resonances between the transmitter and the filter that might be

damaging to the transmitting tube 9.®

lhey usually have maximum attenu-
ation at the second and third harmonic frequencies with lesser attenuations
at higher frequencies. Most designs can handle essentially the full
waveguide pulse-power without recourse to pressurization. It is also
relatively eusy to pressurize them if necessary in order to make them

compatible with other components in a system.

Figure 15.06-1 is u sketch of a portion of a typical dissipative
waveguide filter. [t is seen to consist of & central waveguide that is
aperture coupled to an array of secondary waveguides, which stand on all
four sides of the central waveguide, und each of which is terminated in

a matched load. The width a, of the secondary waveguides is smwall enough
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so that they are below cutoff in the pass band of the filter and hence

at these frequencies power can propagate down the central waveguide with
an attenuation that is ordinarily less than 0.1 db. In order to achieve
this low, pass-band attenuation the tips of che spear-shuped loads in the
secondary waveguides are placed approximately u distance a, (equal to
one-half of the TE, -mode cutoff wavelength in the secondary waveguide)
from the apertures so that the fringing fields at the apertures do not
interact with the loads. In the stop band, which exists at frequencies

above the pass bund, the side waveguides can propagate and harmonic power

TYPICAL LOAD —— —

WAVEGUIDES TERMINATED
WITH MATCHED LOADS

ﬁ@:ﬁ

/V

FIG. 15.06-1 TYPICAL CONSTRUCTION OF A DISSIPATIVE WAVEGUIDE FILTER

N8-3027 -902
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propagating down the central waveguide is coupled into the side waveguides
where it is dissipated in the matched terminations.

The coupling apertures for the secondary waveguides are usually long
and narrow slots as shown, and maximum attenuation in the central wave-
guide occurs at the frequency at which the aperture lengths ! are about
one-half a free-space wavelength. The center-to-center spacing of the
apertures, along the length of the waveguide, is usually made less than
half a free-space wavelength at the highest frequency of operation of the
filter in order to avoid multiple reflections from the apertures which
would raise the stop-band VSWR. The coupling apertures cannot couple
equally well to all possible modes in the central waveguide, which can
propagate a rapidly increasing number of modes as the frequeacy is in-
creased. When slots are used, as shown in Fig. 15.06-1, the slots attenuate
most strongly those modes with currents trying to cross the slots (i.e.,
having transverse magnetic fields in the case of Fig. 15.06-1); the
secondary waveguides are then effectively in series with the central wave-
guide. Furthermore, the attenuation is greatest when the centers of the
coupling apertures are located at the positions of maximum transverse
magnetic field (maximum longitudinal wall current). The attenuation of a

mode measured in db at a particular frequency is also approximately in-

versely proportional to its impedance in the central wr:~- ‘de (which for
TE modes and a given a/b ratio is proportional to the ; of guide
wavelength to free-spece wavelength). Therefore, a'! rder mode

having the coupling apertures of the secondary waveguides arranged so that
the mode will suffer maximum attenuation may still be less strongly at-
tenuated than a lower-order mode having a lower guide impedance. Greater
attenuation by the secondary waveguides along the broad wall of the central
guide is obtained when the impedance of the guide is reduced by reducing
its height, 5.9 However, this procedure also reduces the pulse-power
capacity of the filter since the pulse-power capacity is directly pro-
portional to b.

In the filter shown in Fig. 15.06-1 the secondary waveguides along
the broad wall of the central waveguide would couple strongly to the
second-harmonic power propagating in the TE,, mode. They also couple just
about as strongly to the second-harmonic power propagating in the TE ,
mode. The waveguides along the nurrow wall of the central waveguide couple

most strongly to second-harmonic power propagating in the TE,, mode.
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If the double array of aside waveguides along each broad wall of
the central waveguide in Fig. 15.06-1 ere replaced by triple arrays, the
filter would be most effective in suppressing power propagating at the
third harmonic frequency. For this reason some dissipative filters have
a double array of waveguides along a portion of the broad wall and a

triple array along the rest of the wall.

In order to provide a good match between the dissipative filter and
the terminating waveguides it is customary to linearly taper the lengths
of the coupling apertures at each end of the filter. When about a dozen
apertures are tapered at each end of the filter the resulting pass-band
VSWR is usually less than 1.20.

An S-Band Dissipative Filter—A filter which is typical of dissipative
filters in general, has beea developed by V. Price, et al.® The configu-
ration of the side waveguides in this fiiter is as shown in Fig. 15.06-1;
however, a cylindricul pressure vessel surrounds the filter so that it
can be operated at a pressure of 30 psig (pounds per sguare iuch, gauge).
The filter, which is made of aluminum, is fabricated in the following
fushion. First, the coupling apertures are milled in the central wave-
guide. Then o number of aluminum stampings are made which, when assembled
in the fashion of an egg-crate, form the side waveguides. The side wave-
guides and the central waveguides are then clamped Logether and permanently
joined to each other by immersion in a dip brezing tank. The specifica-
tions for such a filter are given in Table 15.06-1, and its attenuation

characteristics are shown in Figs. 15.06-2, 3 and 4.

Tabhle 15.06-)
SPECIFICATIONS OF AN S-BAND DISSIPATIVE-FILTFR EXAMPLE

Rows of slots on each broad wall

Rows of slots on each narrow wall 1
Nunder of full-length stots on hoth broad walls 272
Number of full-length slots on both narrow walls 136
Number of linearly tapered matching slots at

each end of eacz row of slots 16
by, height of side waveguides 0.26 inch
a,, width of side waveguides 1.29 inches
12. length of narrow wall side waveguides 2.6 inches
tg, Tength of broad wall side waveguides 2.4 inches
!, Veagth of coupling apertures 1.30 inches
v, width of coupling apertures 0.19 inch
Over-all filter length including flanges 36 inches
Outside diameter of pressure vessel surrounding filter | 9.25 inches

947



r vns - rme e = e e

s
I ¥ 1 1 LI
ATTENUATION > 70 ¢» +—>
8o r— -
el- .
g |
. L‘
%0 | SI0E wAvEGUIDE -
S pA CuT-0FF FREQUENCY
20} \ | 1.2
. \ | y
\ /
\ I " vSwh / £
0} \. A il N LAR
Ssev \ " \‘ ,' \ ! >
Y, ~ , N
~ . . ” -
o ) R el N N T PN
20 30 40 50 60 80 100
FREQUENCY — Gc a-3827-583

SOURCE:  Final Repurt, Change A, Contract A 30(602)-1 670, General Electeic Company
(See Ref. 49 by V. G. Price, J. 1*, Rooney and R. H. Stone)

FIG. 15.06-2 TE,,-MODE ATTENUATION AND VSWR OF S-BAND DISSIPATIVE
FILTER WHOSE DIMENSIONS ARE GIVEN iN TABLE 15.06-1

b T YT T T T
30 - ATTENUATION > 60 ¢b ~3—>
H
a0} | -
SIDE WAVEGUIDE
CUT-OFF FREQUENCY
$ | J
| |-
-
3 :‘|
|
20 |- TE,, MODE CUT-OFF ' 20
FREQUENCY ‘.:l
i «
~~ J1sd
10 r‘ : I vswn‘v' ~ .8 v,.
I , ] AN
[N ) AN
0 1 T TIPS’ S W W i
20 30 40 S50 60 20 100

FREQUENCY — Gc ra-asar-sne

SOURCE:  Final Report, Change A, Contract AF 30(602)-1 670 General Blectric Company
(See Ref. 49 by V. G, Price, J. PP, Rooney and R. H. Stone)

FIG. 15.06-3 TE30-MODE ATTENUATION AND VSWR OF DISSIPATIVE FILTER
WHOSE DIMENSIONS ARE GIVEN IN TABLE 15.06-1

948



1 T 1 1T T 17
80 |- ‘ -
sof | -
. |
|
¢ : ' "
| sof  TEo WOOE cut-oFF !
- FREQUENCY
b i
|
20 - ] — 2.0
|
|
| 3
ok s}
' vwn\/‘\\‘ 14
] Pid
| . /”
Py 1 L 1 T | 0
20 30 40 30 60 80 100

FREQUENCY — G¢ na-3827-888

SOURCE: Final Report, Change A, Contract AF 30(602)-1670 General Electric Company
(Se~ Rel. 49 by V. G. Price, ]J. P. Rooney and R. H. Stone)

FIG. 15.06-4 TE(;-MODE ATTENUATION AND VSWR OF
DISSIPATIVE FILTER WHOSE DIMENSIONS
ARE GIVEN IN TABLE 15.06-1

Other types of harmonic-absorbing waveguide filters with secondary
waveguides have also been built. One of the more promising variations
on this theme has been the use of circular instead of rectangular
secondary waveguides, open-ended into the rectangular central waveguide.
The secondary guides may or may not be loaded with dielectric material,
but in any case musc be cutoff in the pass band, and have to start propa-

gating at some frequency below the second harmonic.

SEC. 15.07, DISSIPATIVE COAXIAL-LINE FILTERS

Dissipative low-pass filters can also be constructed in coaxial line
to suppress the spurious power from high-power transmitters. Their
principle of operation is essentially the same as that of the waveguide
dissipative filters discussed in Sec. 15.06. The stop-band attenuation
per unit of length of the TEM mode in a typical coaxial dissipative
filter is greater than that of the lowest mode in a typical waveguide

dissipative filter because the characteristic impedance of the central
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trsnsmission line is lower. However, the pulse-power capacity is less
for a coaxial filter because the pulse-power cupacity of the best couxial

line is less than that of standard waveguide in the same frequency range.

Experimental models of coaxial dissipative filters have been built
by E. G. Cristal.® One model has a pass-band cutoff frequency of 1.7 Gec
and a characteristic impedance of 50 ohms. The inside diameter of the
outer conducter is 1.527 inches while the diameter of the inner conductor
is 0.664 inch. Twenty-one rectangular-slot pairs were cut in the
0.049-inch-thick coaxial line wall and were spaced 0.400 inch apart
center to center. The width of each slot was 0.25 inch, and each slot
subtended an angle of 150 degrees at the axis. [In addition, ten smaller
slots were cut in the coaxial line in the regions ahead of and behind
the twenty-one main slots; the audded slots were arranged te form a tapered

sequence so as to improve the impedance match in the pass band.

The secondary waveguides were 0.375 inch high and 3.5 inches wide,
corresponding to a cutoff frequency of 1.7 Gc. The length of the secondary
waveguides is about 12 inches, but this length could be reduced. FEach of
the secoudary waveguides was terminated with resistive Teledeltos*® paper.
(Each lond was found to be able to dissipate at least three watts average
power without cooling.) Figure 15.07-1 shows a sketch of the filter
(without the tapered slots). [Its measured attenuation to the dominant

TEM mode is shown in Fig. 15.07-2, for several values of the coaxial line
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\\\ -
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SOURCF:  ‘Technical Note 4, Contruct AR 30(602)-2392, SHI
(See Ref. 50 by E. ;. Cristal)

FIG. 15.07-1 COAXIAL LEAKY-WAVE FILTER

.
Obternable from Micro Circuites Co., New Bulfalo, Michigen.
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FIG. 15.07-2 ATTENUATION OF EXPERIMENTAL COAXIAL LEAKY-WAVE
FILTER TO A TEM WAVE FOR VARIOUS LINE IMPEDANCES

impedance, from 50 ohms to 20 ohms. The impedance was adjusted by
changing the diameter of the inner conductor from 0.664 inch (for 50 ohms)
on up. It can be seen from Fig. 15.07-2 that the attenuation to the TEM
mode is substantial over a very wide frequency band, for all line imped-

ances, and that the attenuation increases as the impedance decreases.

The TE,, mode propagates above 3.5 Gec. A TE,, mode launcher was

constructed and the attenuation of the coaxial leaky-wave filter was
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measured to two polarizations of the TE ; mode: in one polarization the
currents try to cross the slots and are attenuated strongly, the over-all
sttenuation being about equal to that for the TEM mode. In the other
polarization, the slots do not perturb the current flow so much, and the
coupling through the slots is much weaker; the measured attenuation in db
was about one-fifth of that for the orthogonal TE,, polarization and the
TEM mode. One way to ensure high attenuation for the TE,, mode in ali
polarizations is to use two filters in cascade. hut arranged with their
transverse geometry orthogenal. At the time of this writing, other possi-
bilities are still under consideration.

The shape and size of single slots were varied experimentally in
order to determine the coafiguration for maximum coupling in the stop
band. For example, dumbbell slots can be masde to resonate st lower fre-
quencies than plain rectangular slots, and thus give slightly stronger
coupling near the cutoff frequency, but it is doubtful whether the amall
improvement is worth the mechanical complication for most applications.

A numerical analysis for some idealized cases was also undertaken to dis-
cover the dependence of the stop-band attenuation on the various parameters
involved. The slots were closely spaced in every case. Doubling the
number of slots and secondary waveguides per unit length did not appreci-
ably increase the attenuation, when the slot widths and waveguide heights
had to be halved to allow for twice as many slote. Tle greatest attenu-
ativh and the flattest frequency response resulted from the widest slots
(slot width equal to waveguide height).

The VSWR of the 50-ohm filter in the nominal pass band of 1.2 to
1.4 Gc was found to be less than 1.09. In the stop band, the VSWR for
the TEM mode was less than 1.5 from the second to the fifth harmonic,

inclusive.
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CHAPTER 16

MULTIPLEXER BESIGN

SEC. 16.01, INTRODUCTION

As was diacussed in Sec. 1.02, filters connected in parallel or
in series are often necded in order to split a single channel carrying
many frequencies into a number of separate channels carrying narrower
bands of frequencies. Similar filter groups sre often required also .
for the inverse process of summing & number of channels carrying
different bends of frequencies
so that all of the frequencies

20-268 Ge

can be put in a single broad-
band channel without loss of
energy (which would otherwise ar— CHANNEL 1
occur due to lenkage of energy (c"““‘Lz
from any one of the input

. . 20-40 u—‘{ 26-33 G
channels into the other input
channels). | cranne, 3

Figure 16.01-1 shows a
three-channel multiplexer which
would use three separate band- 3.3-4.0 G¢ a-ss2r-9e
pass filters, one to providethe
2.0- to 2,6-Gc channel, a sec- FIG. 16.01-1 A THREE-CHANNEL
ond to provide the 2,6- to MUL TIPLEXING
FILTER GROUP

3.3-Gc channel, and a third to
provide the 3,3- to 4,0-Gc
channel. It might at first
appear thut the design of this multiplexer could easily be accomplished
by designing the filters using any of the band-pass filter design pro-
cedures previously discussed in this book, and then connecting the
filters in parallel. However, though the procedures previously dis-
cusaed are useful for multiplexer design, they should be used along
with special techniques in order to avoid undesirable interaction
between the filters, which could result in very poor performance.
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Most of the diascussions in this chapter relate to the problem of design
80 &% to eliminate asuch undesirable interaction effects. However, the
constant-resistance-filter approach diascussed in the next section avoids
this problem entirely by using directional-filter units which have
matched, constant-resistance input impedances at all frequencies so that
in theory no interaction effects should occur.

SEC. 16.02, MULTIPLEXERS USING DIRECTIONAL FILTERS

The dir>v*ionat filters discussed in Chapter 14 have a constant-
resistance i .t impedance provided that their output ports are termi-
nated in their proper resistance terminations. Filcers of this sort,
when all designed for the same terminating resistance, can be cascaded
as shown in Fig. 16.02-1 to form a multiplexer which in theory com-

pletely avoids the filter interaction problem meutioned in Sec. 16.01.

-

“ fo fy fe 7]
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T
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FIG. 16.02-1 EXAMPLE OF DIRECTIONAL FILTERS USED
FOR MULTIPLEXING

Each filter provides the proper termination for its neighber, so that
to the extent that there are no residual VSWR's due to design and
manufacturing imperfections, the system is reflectionless. In Fig. 16.02-1,
Filter a removes all of the energy at frequency f , but passes on the
energy at all ‘other frequencies., Filter b removes the energy at

frequency f, and so on.

The use of directional filters for multiplexing is a conceptually
simple and elegant way of solving the multiplexer problem: In muany
cases it is also a very practical way of dealing with multiplexing
problems, though by no means always the most practical way. Each filter
will generally have some parasitic VSWR, which will affect the system
significantly if many filters are to be cascaded. However, probably
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the greatest practical drawback of directional filters is that each
resonator of each filter has two different orthogonal modes, and if
more than one or two resonators are required per filter, the tuning of
the filters may be difficult, Although an effort is made to tune the
two modes of each resonator independently with separate sets of tuning
screws, the tuning screws for one mode generally have some effect on
the other mode, so that some iteration in the tuning process is generally
required, Thus, if there are more than, say, two resonators per filter,
the fact that the two modes in each resonator must be tuned separately,
along with unavoidabie interaction effects in the tuning mechanism, can
make the tuning process quite time consuming.

Figure 16.02-2 shows another form of directional filter which also
has the constant-resistance input properties exhibited by the filters
in Chepter 14.1+3:3 In this circuit two hybrid junctions arc used, such
as the 3-db couplers in Sec. 13.03, the 3-db branch-guide couplers
treated in Secs. 13.12 and 13,13, short-slot hybrids, or Magic-T's. In
the case of the Magic-T, an extra quarter-wavelength of line is requirad
on one of the side ports of the hybrid in order to give the desired
90-degree phase difference between the outputs of the side ports of the
hybrid. In Fig. 16.02-2, the required phase relations for transmission
between the varioua ports is indicated by arrows and numbers.

to
el

BAND - PASS
FILTER

90° 0

i
to.dc . tg

e o
fa.tp.fc 1

BAND - PASS
FILTER

A-3527-897

FIG. 16.02-2 A TYPE OF DIRECTIONAL FILTER FORMED FROM TWO BAND-PASS
FILTERS AND TWO HYBRIDS
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Besides the hybrid junctions, the circuit in Fig. 16.02-2 also
uses two identical band-pass filters which are designed to pass some
frequency f_, which the circuit is to separate from other frequencies.
Thus, if four frequencies f,, f,, f,, and f, are introduced at Port 1,
the energy at frequency f,  is divided equally between the two side arms of the
hybrid on the left, it passes through the two band-pass filters, and on
into the side arms of the hybrid on the right, Because of the phase
relations of the two components, the signal cancels to zero at Port 3,
and all of the energy at frequency f emerges from Port 4. Meanwhile
the other frequencies f,, f‘, and f, are reflected by the band-pass
filrers and they re-enter the side arms of the hybrid on the left.
Because of the phase relation, the components cancel at Port 1 and all
of the energy at these frequencies emerges from Port 2, The over-all
performance of this circuit is just like that of the directional filters
in Chapter 14, and filter circuits of this type may also be cascaded as
indicated in Fig. 16.02-1.

The circuit in Fig., 16.02-2 will usually be much easier to adjust
than the directional filters in Chapier 14, if there are very many
resonators per filter. The two identical band-pass filters can be tuned
separately, and the performance of the hybrid junctions is not particularly
critical, For example, if the power split of the hybrid junction is not
equal, and, say, is so bad that twice as much power comes out one side
arm as comes out the other, the net result if both hybrids are identical
will be to introduce only 0.5 db of attenuation in the transmission from
Port 1 to Port 43 The circuit in Fig. 16.02-2 has the drawback, however,
of being physically quite complicated and in many cases quite bulky.

In summary, directional filters with their conatant-resistance
input properties provide attractive possibilities for use in multiplexers.
However, they also have appreciable practical drawbacks., In any given
design situation their merits and drawbacks should be weighed against

those of other possible multiplexer techniques,

SEC. 16.03, MULTIPLEXERS USING REFLECTING NARROW-BAND
FILTERS, WITH GUARD BANDS BETWEEN CHANNELS

If the channels of a multiplexer are quite narrow (say, of the
order of 1 percent bandwidth or less) and if the channels are separated
by guard bends which are several times the pass-band width of the
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individual filters (or more), then various relatively simple decoupling

techniques should work quite wel] for preventing harmful interaction
between filters.

One method is shown in Fig. 16.03-1.''4 In this figure a three-
channel weveguide multiplexer is shown; the individual filters are of
the iris-coupled type discussed in Secs.. 8,06 and 8.07. At frequency
f, the filter on the right Las a pass band while the other two filters
are in their stop bands. Since the filters are of relatively narrow
bandwidth, the first rcsonator of both the upper and the lower filter
is relatively loosely coupled to the main waveguide, hence the input
coupling irises of these two filters introduce only small reactive
discontinuities in the main waveguide. These discontinuities will
disturb the response of the filter on the right a little, and if this
is objectionable, it can be compensated for by small corrections in

the tuning sand input coupling of the first resonator of the fiiter on
the right.

—Y}_]-

— WIDE DIMENSION
1 OF RECTANGULAR
1Y

— —{ WAVEGUIDE

:XJ!
. rﬁl ‘ | «, T2
| <
fotode < | L L7
T
4
'cl —
unln
- N ’ _J \//\ L A-3527-%98

FIG. 16.03-1 A MULTIPLEXER WITH NARROW-BAND WAVEGUIDE
FILTERS MOUNTED SO AS TO ELIMINATE FILTER
INTERACTION
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At frequency f, the upper filter in Fig. 16.03-1 has a piss‘blnd
while the other filters have stop bands and reflect small reactances to
the main quide. If the upper filter is placed approximately one-quarter
guide-wavelength (at frequency f,) from the input iris of the filter on
the right, the filter on the right will reflect an open circuit to the
plane of the coupling iris, (Actually, because of the residual reactances,
somewhat less than a quarter wavelength should be best.) Thus, the
filter on the right will be completely decoupled, and the energy at
frequency f, will flow relatively undisturbed out through the upper
filter. There will usually be some residual junction effects to disturb
the performance of the upper filter a little. Aguin, these effects can
be compensated for by smal) corrections in the input coupling iris size

and in the tuning of the first resonator of the upper filter,

The lower filter is coupled to the main waveguide in a similar
manner. If it is desired to add more channels, they can be mounted on
the main waveguide at additional points corresponding to various odd
multiples of A./4 from the filter on the right in Fig. 16.03-1 (where
K. is in each case the guide wavelength at the midhand frequency of the

filter in question).

Figure 16.03-2 shows another decoupling technique, which has been
proposed by J. F. Cline.% Although the circuits have been drawn in
lumped-element form, they can be realized in a variety of more or less
equivalent microwave forms. In this case the filters are again assumed
to be narrow band, with guard bands between channels. However, in this
case decoupling between filters is achieved by a decoupling resonator
adjacent to each filter. Since the filters are narrow band, their
coupling to the main transmission line is quite loose, and the coupling
between the decoupling resonator and the main line is also quite loose,
Each decoupling resonator is tuned to the pass-band center frequency of
its adjacent filter. Because of their loose couplings the filters and
the decoupling resonators have very little effect on transmission when
they are off resonance. Suppose that a signal of frequency f, enters
the circuit. It will puss the f, filter and the f, decoupling resonator
with very little reflection and go on to the f, filter and decoupling res-
onator. The decoupling resonator is a band-stop resonator and in the
upper circuit of Fig. 16.03-2 the f, decoupling resonator circuit will short-circuit
the entire circuit to the right, while in the case of the lower circuit

of Fig. 16.03-2 the decoupling resonator open-circuits the entire circuit
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FIG. 16.03-2 MULTIPL EXERS USING DECOUPLING RESONATORS
in the upper structure filters with inductively coupled resonators are
vsed, while the decoupling resonators are capacitively coupled. In
the lower circuit the reverse is true.
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to the righi. In this manner the energy is channelled to the desired
filter with a minimum of interaction effects. Note that in this case
the spacing between filters is not critical, so that this multiplexing
technique is particularly useful where it must be possible Lo tune the
various filters over a range of frequencies. In the figure the spacing
AA. between each filter and its decoupling resonator is assumed to be
made as small as possible in order to avoid undesirable transmission-
line effects. Residual refiections in che system can be largely compen-
sated for by small adjustments of the tuning of the first resonator of
each filter, and of the coupling between the transmission line and the
input of each filter.

A poasible way for utilizing the principle in Fig. 16.03-2 for
waveguide filters is suggested in Fig. 16.03-3. The band-pass filter
shown is of the iris-coupled type discussed in Secs. 8.06 and 8.07. The
decoupling resonator is of the waveguide band stop type discussed in
Chapter 12. The band-stop resonator presents a very large serics
reactance when it is resonant, but this resonator is located a quarter-
guide-wavelength from the band-pass filter so that when looking right
from the band-pass filter a very large shunt susceptance will be seen
when the filter and band-stop resonator are resonant. The filter, being
series-connecte ' will then receive all of the energy at frequency f,
and any circuits to the right will be completely decoupled. Just outside
of the pass band of the band-pass filter, the first resonator of the
band-pass filter will present reactances to the main waveguide which
are simiiar in nature to those presented by the band-stop resonator.

Thus at frequencies off f_, the structure functions almost exactly like

a two-resonator band-stop filter of the form in Fig. 12.08-1, operating

in its pass band. It should be possible to design the band-stop res-
onator using the band-stop filter techniques discussed in Chapter 12.

(The band-pass filter is replaced mathematically by a band-stop resonator
having a similar off-resonance reactance characteristic, and the decoupling
resonator repfeaents the second band-stop resonator.) Using this approach
the band-pass filter and band-stop resonator combination could present a
well-controlled Jow VSWR at frequencies off f , just as occurs in prop-

erly delsigned two-resonator band-stop filters.

The approach suggested in Fig. 16.03-2 and 16.03-3 looks especially
attractive if very many channels are to be multiplexed, because using

this approach the individual band-pass filter and decoupling resonator
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FIG. 16.03-3 A POSSIBLE METHOD FOR REALIZING DECOUPL ING
RESONATORS IN A WAVEGUIDE MULTIPLEXER

units can be developed and tested separately, and then connected
together more or less as is convenient, Strip-line, coaxial-line, and

semi-lumped-element forms of these structures are also possible.

SEC. 16.04, MULTIPLEXERS WITH CONTIGUOUS PASS BANDS*

The multiplexers discussed in the preceding section were assumed

to have guard bands separating the various operating channel bands.

.
The design equations and trial designs in this section were worked out by E. G. Cristal.
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The multiplexers to be discussed in this section, however, are assumed
to have contiguous channels so that channels which are adjacent have
attenuation characteristics which typically cross over at their 3 db
points., Most diplexers are simply two-channel versions of multiplexers,
80 the same principles apply to them. However, some additional comments
with respect to diplexer design will be found in Sec. 16,05.

Figure 16.04-1 shows a schematic drawing which consists of N
channels composed of specially designed band-pass fiiters. The channels
are connected in parallel, and s susceptance-annulling network is added
in shunt to help provide a nearly constant total input admittance Y.,
which approximates the generator conductance G., across the operating
band of the multiplexer. Figure 16.04-2 shows the analogous case of a
series-connected multiplexer. Since the series case is the exact dual
of the shunt case, so that the same principles apply to both, our attention
will be confined largely to the shunt cuse. However, it should be under-
stood that the same remarks apply to series-connected multiplexers simply
by replacing admittances by impedances, parallel connections by series
connections, and the filters and annulling networks used for parallel
connections by their duals.

The singly terminated low-pass filter Tchebyscheff prototypes
discussed and tabulated in Sec. 4,06 are very useful for use in the design
of band-pass filters for multiplexers of this type., Consider the singly
terminated low-pass filter circuit in Fig, 16.04-3, which is driven by
a stero-impedance generator at the right end snd which has a resistor
termination only at the Jeft end. As was discussed in Sec. 4.06, the
power delivered to the load on the left in this circuit is given by

P IE.I’He Y, (16.04-1)

where Y; is the admittance seen from the gemerator, Thus if the filter
has a Tchebyscheff transmission characteristic, Re Y; must also have a
Tchebyscheff characteristic, Figure 16.04-4 shows typical Re Y: character-
istics for Tchebyscheff filters designed to be driven by zero-impedance
generators, Notice that in the figure a low-paas prototype filter
parameter g, is defined. This parameter will be referred to later

with regard to the details of multiplexer design. However, it ahould

be noted at this point that either g, , or its reciprocal corresponds

to the geometric mean between the value of Re ¥, at the top of the
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ribpleu and Re Y; at the bottom of the ripples. This admittance level
for the low-pass prototype is analogous to the terminating admittance
G, in Fig. 16.04-1, for the actual multiplexer with band-pass filters.
That is, by the methods of this section the multiplexer is to be
designed to have a Tchebyscheff ReY,, characteristic with G, equal to
the mean value of the ripples.

The principles of this design procedure are most casily understood
in terms of an example. Consider the comb-line filter in Fig. 16.04-5
(which can be designed by a modified version of the comb-line filter
design techniques discussed in Secs. 8,13 and 8.14). In this figure
the filter has been designed to include a fine-wire high-impedance line
at the right end, for coupling to the common junction of the multiplexer,
This type of coupling to the main junction has the advantage of relieving
posaible crowding of the filters at the common junction. Other coupling
methods, such as series, capacitive-gap coupling, could also be used.
However, it ahould be noted that although numerous types of filter
structures and structures for coupling to the common junction are possible,
these structures must be of the sort which tends to give a small suscep-
tance in the stop bands, if the filters are to be connected in parallel.
If the filters were of the type to present large susceptances in their

stop bands, they would tend to short-circuit the other filters,

A four-resonator, 10-percent-bandwidth filter design was worked out

for a comb-line filter as shown in Fig. 16.04-5 using an n = 4 singly
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il Nt s
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ol It 2 s —_— |n e
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A=3527-520R

FIC. 16.04.5 A POSSIBLE COMB-LINE FILTER CONFIGURATION
FOR USE IN MULTIPLEXERS
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COMB-LINE MULTIPLEXER FILTER AS SHOWN IN FIG. 16.04-5

This filter has four resonators

terminated prototype having 1-db ripple. (The prototype element values
were obtained from Table 4.06-2). This filter design was expressed in
an approximate form similar to that in Fig. 8.14-1, and its input
admittence ¥, was computed using a digital computer. The results are
shown in Fig. 16.04-6, normalized with respect to G,. Note that

Re Y, /G, is very nearly perfectly Tchebyscheff, while in the pass band
the slope of InY, /G, is negative on the average. (Note that the right

half of the dashed curve is for negative values,)

If band-pass filters with input admittance characteristics such
as that in Fig. 16.04-6 are designed to cover contiguous bands, and if
they are designed so that the Re ¥, /G, characteristics of adjacent
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filters overlap at approximately their Re Y /G, 2 0.5 points or slightly
below, then their total input admittance Y, =Y +VY, + Y ... +VY, when
they are paralleled, will also have an approximately Tchebyscheff real-
part characteristic. This was done in the example in Fig. 16.04-7(a).
This figure shows the computed real-part characteristic for three paral-
leled, comb-line filters with contiguous pass bands, where the individual
filters have input admittance characteristics as shown in Fig. 16.04-6
except for a shift in frequency. Figure 16.04-7(b) shows the correspond-

ing Im Y4/G, characteristic for this three-channel design.

Note that the [m Y,/G, characteristic in Fig. 16.04-7(b) is negative
on the right side of the figure, and that on the average the slope of the
curve is negative throughout the operating band of the multiplexer. Since,
by Foster's reactance theorem, the susceptance slope of a lossless network
is always positive, the operating-band susceptance in Fig. 16.04-7(b)with
its average negative slope can be largely cancelled by adding an appro-
priate lossless shunt branch (which will have a positive susceptance
slope). In this case a susceptance-annulling branch could consist of a
short-circuited stub of such a leagth as to give resonance at the normal-
ized frequency w/wy = 1,02, where the Inm li/ﬁd curve in Fig. 16,04-7(b) is
approximately zero. Istimates indicate that if the stub had a normalized
characteristic admittance of ¥V /G, = 3.8502, the susceptance slope of the
annulling network should be about right. Figure 16.04-8 shows the normal-
ized susceptance ¥, /G, (Fig. 16.04-1) afrer the susceptance-annulling
network has been added. Note that although Im Y,y has not been completely

eliminauted, it hus been greatly reduced.

Since Re ¥V, /G = Re ¥, /G, the total input admittance },, with the
annulling network in place is given by Figs. 16.04-7(a) and 16.04-8. To
the extent that Y., approximates a constant, pure conductance across the
operating band, Gy and Y o in Fig. 16.04-1 will act as a resistive voltage
divider, and the voltage developed across terminals A = A’ will be con-
stant with frequency. Under these conditions the response of the indi-
vidual filters would be exactly the same as if they were driven by zero-
impedance generators (os they were designed to be driven). However, since
Y,y only approximates a pure constant conductance, the performance will be

altered somewhat from this idealized performance.

The driving generator conductance (i for the trial multiplexer

design was given a normalized value of G /G, = 1.15, which makes the
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generator conductance equal to the mean value of the ripples in

Fig. 16.04-7(a). Figure 16.04-9(a) shows the computed response of the
muliiplexer, while Fig. 16.04;9(b) shows the details of the pass-band
response in enlarged scale. Note that the attenuation characteristics
cross over at about the 3-db points, and that though the filters were
designed to have 1-db Tchebyscheff ripple when driven by a zero-impedance
generator, the pass-band attenuation is much less than that in the
completed multiplexer. This is due largely to the fact that adding the
generator internal conductance G, tends to mask out the variations in

Re Y, . Also, choosing G, to be equal to the mean value of Re Ypu in

the operating band tends to reduce the amount of mismatch that will occur.

Some Practical Details-—The discussion of the example above has
laid out the principles of the multiplexer design technique under ‘

consideration. Some steps will now be retraced in order to treat design

details.

When designing the band-pass channel filters using singly termi-
naoted prototype filters such as that in Fig. 16.04-3, the prbtotype

element values g, g,, ..., &,, 8,,, can be obtained from the tables
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