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ABSTRACT

Four types of waveguide discontinuity are investigated:

(1) the interface between reciprocal homogeneous and reciprocal inhomo-
geneous waveguides;

(2) the interface between reciprocal homogeneous and nonreciprocai in-
homogeneous waveguides;

(3) a thin metal diaphragm in a reciprocal inhomogeneous waveguide;

(4) a thin metal diaphragm in a nonreciprocal inhomogeneous waveguide.
Mode matching is used to obtain theoretical solutions for discontinuities
of types (1)-(3); experimental results are obtained for type (3) and type
(4) discontinuities.

Detailed studies are made of the tws types of interface dis-
continuity. Both E-plane and H-plane dielectric loading are investigated
for the reciprocal case while the configuration used for the nonreciprocal
structure is that of the twin-slab ferrite loaded waveguide. Based on
these analyses, the interface and the two waveguides, homogeneous and
inhomogeneous, are described by relatively simple equivalent transmission
circuits. In these circuits, unique normalized equivalent transmission
line characteristic admittances are defined for the inhomogeneous wave-
guide. These admittances are shown\to be not generally proportional to
the wave admittances, even when such can be defined. 1In the nonreciprocal
case, the characteristic admittances are nearly the same in the two direc-
tions of propagation although the phase coefficients can be very different.

The two types of Jdiaphragm discontinuity are investigated ex-
perimentally at a frequency of 8.5 GHz. The experimental procedure is the
same for both types and requires the measurement of reflection and trans-
mission coefficients of unmatched sections of the inhomogeneous waveguide.

Theoretical results are obtained for the reciprocal case which indicate

that the error in the measurements is less than %67.
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SYMBOLS

a = broad dimension of both waveguides A and B

a, = complex amplitude coefficient of the TEio,mode in waveguide A

A ' = reciprocal homogeneous waveguide

Ay, Az = interface wave-transmission matrices

Ay = wave~transmission matrix of a length of inhomogeneous wave-
guide v

Ad ¥‘diaphragm wave transmission matrix

A.n Bn Cn Dn = amplltude constants for the nth mode in waveguide B

b . = narrow dimension of both waveguides A and B .

bj = complex amplitude coefficient of the LSEjo mode (E-plane

. loading) or the_LSE1j or LSMlj mode (H-plane loading) in
waveguide B oy

b% g = complex amplitude coefficient of the TE;O mode in waveguide -
B O N ¥ T . .

B o= reciprocal or nonreciprocal inhomogeneous waveguide

= normalized shunt susceptance in the two- element equivalent '

'circuit of a reciprocal interface .

= normalized shunt‘susceptance'in the.equivalent’circuit of a-
diaphragm in reciprocal waveguide ‘

Bt : = normalized shunt susceptances in the equivalent'circuit of
a diaphragm in nonrec1proca1 waveguide

B, . "f#'normalized shunt susceptance in the three—element equivalent'
circuit of a reciprocal interface '

Bi, Bi = normalized shunt susceptances in the-equivalent'cireuit of .
a nonreciprocal interface with a wave incident from wave-
guide A and wavegulde B, respectively

e ' = distance between the 31de ‘wall of waveguide B and the in--T
homogeneous loading material

d = half the spac1ng between the two ferrite (or dielectric) slabs

viii



min

_or the LSE,, or LSM

distance between the side wall of the waveguide and the in-

side edge of the diaphragm
width of one of the metal strips used to form the diaphragm

c

‘transverse electric field of the:TEiolmode in waveguide A

transverse electric field of the LSEjO mode (E-plane loading)

or the LSElj or LSMlj mode (H-plane loading) in waveguide B

transverse electric field of the TE§0 mode in waveguide B

total transverse electric fields in waveguides A and B,

‘regpectively

h

transverse propagatioﬁ coefficient of the mt? mode in the

empty region of waveguide B

mode in waveguide A

transverse magnetic field of the TEio

transverse magnetic field of the LSEjo mode (E-plane loading)

13 13 mode‘(Héplaﬁe~loading) in waveguide B
transverse magnetic field of the TE§0 mode in wévégﬁide B

total transverse magnétic fields in waveguides A and B,

respectively
coercive fbrce of»ferrite material
21/2g

differential phase shift of an unmatched section of non-

reciprocal waveguide due to interface effectéf -

‘length of the “inhomogeneous section

transverse propagation coefficient of the mth mode in‘wave-
guide B,in the dielectric region fdr*the:reciprocal'case and

in the ferrite region for the nonreciprocal case

numbers of modes used to'approximaté the total transverse

fields at a discontinuity

remanent magnetization of the ferrite

saturation magnétization of the ferrite
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I‘l, r2

transverse propagation coefficient of the mth mode in wave-

~ guide B in the region between the two ferrite (or dielectrlc)

slabs

semi-infinite interface reflection coefficients with a unit

amplitude wave incident on the interface

reflection coefficient of an unmatched section of inhomo-

geneous waveguide

.semi-infinite interface reflection coefficient

normalized semi-infinite interface reflection coefficient
half the thickness of the inhomogeneous loading material
semi-infinite interface transmission coefficients

transmission coefficient of an unmatched section of inhomo-

geneous waveguide

transmission coefficients of an unmatched section of non-

reciprocal waveguide
semi-infinite interface transmission coefficients
normalized semi-infinite interface transmission coefficients

normalized series reactance in the two-element equivalent

circuit of a reciprocal interface

e for a reciprocal section

C—al o ' . .
e for a nonreciprocal section

= normalized series reactances in the equ1va1ent circuit of

a diaphragm in nonreciprocal waveguide

normalized series reactances in the. three-element equlvalent

circuit of a reciprocal 1nterface

normalized ‘series reactances in the equivalent circuit of a
nonreciprocal interface with a wave incident from waveguide

A and waveguide B, respectively

normalized equivalent transmission line characteristic

 admittance in a reciprocal inhomogeneous waveguide
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normalized equivalent transmission line characteristic ad-

'miféanceS'in a nonreciprocal waveguide

input admittance
attenuation coefficient in waveguide B for reciprocal loading

attenuation coefficients in waveguide B for nonreciprocal

loading

G+ a7)/2

phase coefficient in waveguide B for.reciprocal 1oading
phase coefficients in_waveguide‘B fer nsnreciprocai 1oadiné
(8% + 87)/2 |

phase coefficient in wavegdide A

B* |
the,gyromagnetic'ratio (= 1,?6 X 107 oe‘1 sec™1)

propagation coefflcients of the dominant modes in waveguldes

A and B respectlvely for rec1proca1 loadlng '

propagation'coefficient of the ith mode in waveguide B for

nonreciprocal loading
permittivity of the loading material

relative permittivity ofethe.dielectric material betweenvthe__'

two ferrite slabs

relative permittivity of the ferrite

»permittivity of free space

relative perm1ttiv1ty of the loading material

¢2 - BL for reciprocal 1oad1ng_‘

¢2:- éz'forinonreciprqcal‘loadiﬁg»

phase.angle’of the transmission eoefficieﬂts of a reeiprocal '
interface . (semi-inflnlte case) o . |

phase angle of the transmission coefflcients of a diaphragm _

in reciprocal waveguide



phase angles of the transmission coefficients of a diaphragm -

in nonreciprocal waveguide

phase angles of the transmission coefficients of a nonrecip-

rocal interface (semi-infinite case)

off-diagonal element of the relative permeability,dyadic-of

the ferrite
free space wavelength
permeability of the loading dielectric, reciprocal case

diagonal element of the relative. permeability dyadic of the

’ferrite

effective relative permeability of tﬁe ferrite

permeability of free spéce

relative permeability of the loading material

-electric and magnetic Hertzian potentials - -

magnitude of the normalized reflection coefficients.

magnitude of the normalized transmission coefficiénts

phase angle of the reflectlon coeff1c1ents of a dlaphragm

in reciprocal or nonreciprocal waveguide

phase angles of the reflection coefficients of a reciprocal

or nonreciprocal interface (semi-infinite case)’

differential phase-shift per unit length of nonreciprocal

wavegulde

electric and magnetlc scalar potentials

\gcalar potential'for the i th mode in waveguide A'.
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ahgular fréquency A

.xi



| ACKNOWLEDcEiiENT

It has been a valuable experience to work witﬁ Dr. M. Khara&ly.
His interest and enthusiasmvwere unflagging tﬁroughout the course of
this projecf. |

I am grateful for the financial stport afforded by two W.C.
_Sumner Memorial Fellowships for the years 1971—1973 and an.H.R. Mac-
Millan Family Felioﬁship‘for the yéar 1973;1974. The project was sup-
ported by the National Reéearch Council of Canada under grant A-3344.

I wisﬁ,to thank Mr. C. Chﬁbb‘and'especially Mr. J. Stuber for
their excellent work and advice in making the various waveguide compo- :
nénts required for the experimental measurements.

Finally, I wish to-thaﬁk Miss S: Lund for doing an excellent

Jjob. of typing,thé manuscript.

Cxii



Chapter 1

INTRODUCTION

1.1 Background.

Electronic beam steering of antenna arrays is omne of the more
recent major advances in, antenna systems, mainlv‘because of the‘develop—.
ment of variable phase shifters. The nonreciprocal ferrite type of phase
shifter haa proven to be practical and is now widely used in these.systems.
The usefulness of this type ofbdevice‘was realized theoretically in the
early 1950's, with much of the workidone'to'analyse a waveguide containing
transversely-magnetized ferrite slabs(1 3). The twin-slab configuration
shown in Fig. 1(a) was found to have significantly different propagation.
coefficients, depending on the sense of the magnetization;v To‘prodnce
the required transverse magnetization,‘external.magnets were originally
used - a somewhatimpractical proposition. Itbwas not until late in the
1950is that the idea of a ferrite toroiddwith a magnetizing Wire passing’
through the centre was- proposed( ). Thisnactually.marked the beginning |
‘of the development of present-day nonreciprocal ferrite phase shifters,
as virtually all such devices since then have employed a tor01d configur-.'
at:i.}on(5 9). The most commonly used types are shown diagranmatically_in
Figs. l(b) - 1(d). | | |

The toroid des1gn‘had the further advantage of considerably re-
duced power requirements for sw1tch1ng the sensevof~the~magnetizat10n. |
This vas achieved through the proper design ofnthe ferrite,materiai so
that its remanent.magnetization could ber75—80% of its saturation value.

. Thus, it was only necessary to apply a.current pulae to the magnetizing

wire and the dev1ce operated w1th the remanent magnetization - hence, the

name latching ferrite phase shifter.' With the proper choice of the length
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Fig. 1. Nonreciprocal ferrite phase shifter .configurations.
(a) theoretical model; (b)-(d) practical toroid designs.



of the ferrite-loaded section, the device could be made to have the desired
value of differential phase shift»(the differential phase shift per unit
length constitutes the figure of merit of the nonreciprocal type of phase
shifter). A t&pical phase shifter design consieted of a series of dif-
ferent lengths of ferrite toroids, each with its own magnetizingdwire'
(see Fig. 2) and providing differential phase shifté of, for example,
180°, 90°, 45° and 22. 5° This allowed the phase difference between the
feeds of each element of an array to be varied digitally, in steps of
22.5°, from 0° to 360°. The large size of the array, which could be of
the order of 10,000 elements or more, permitted this digital operation
to scan the beam over a continuous:range. |

A large number of phase shifters is used in a single system,
since one is required for each element'offthe array. Thus, any reduction
in the size, weight or switching power-of the phase shifter would con-
stitute a significant improvement in the deeign of'the'system. In an
attempt to achieve such an 1mprovement a recent development by Spauldlng(8 »9)
involved loading the ferrite phase shifter perlodically with th1n<metallic |
,diaphragms;‘ His experimental 1nvestigat10n showed that such loading could
"provide 31gn1f1cant enhancement of the differential phase shift over a ‘
.wide bandw1dth Although the waveguide configuration he used Fig. 1(d),
was quite unconventional the results of the 1nvest1gation ‘were note-
worthy. A subsequent theoretical analysis of nonrec1procal transmission
lines perlodically loaded with diaphragms showed 31milar trends(lo)
This indicated that Spaulding s results were not peculiar to the type of
wayeguide he used but were typical of what could be expected by~loading

any form of nonreciprocal waveguide..

.



DIFFERENTIAL
PHASE SHIFT:

- MAGNETIZING
WIRES

4

Fig. 2. Cutaway diagram"of a four-bit ferrite phase shifter.



1.2 Objectives

" The aéplication of periodic loading.to simple wa?eguidé sfructures
appeared to be an attractive proposition and provided the incentive to
start the work in this thesis. To implement the thebry in fefefence (10),
it was necessary to determine the equivalent circuit of a single metallic
diaphragm in a nonreciprocal waveguide.: In attempting tb achieve this
objective, howéver, there were some fundamental problems which had to bé
“sélved~iﬁ érder to éhéwer certain quéstions. Tﬁeée questions are:

(1) What is the equivalent chéracteristic admittancé of an in-
homogeneous nonreciproéal'wavegﬁide? This_mﬁst be determined Before the
theory can be applied. |

(2) 1In fact, how does one define an equivalent characteriétic
admittance even in a reéiprocal inhomogene&ﬁs‘wéveguide where a wave ad-
'mittance~cannot be defined? (There seemedAtd be little unanimity.émongst

vﬁorkers on the subject.) |

(3) . Can the‘effect of an-in;erface betWeen reciprocal homogeneoué
waveguide and nonrecipfocal inhomogeneous waveguide be evaluated? iThis is alsq
ﬁecessary_in;order to measure the effect of:a diaphragm.

Becéuse of the lack of fundamental_wofk on discontinuities-in

:'inhomogeneous waveguides, the problem is tack;ed in fh:eé stéges:

@) The‘reéiéroéal inhqﬁogenéoﬁs waveéuide intérfacé is ahalysed
in an attempt to define'thg equivalent charaéﬁefistic,admittancé'of an in-
homogeneous waveguide. This work is presented in Chépter 2.

(25 The properties of a nonréciprocal'inhbmégeneous wavéguide.
interface are;determined and - appropriate characteristic.édmittanceszfor
the'two directioﬁs of.propagatioﬁ are defined. This work is presénfed in

Chapter 3.



(3) With_the‘insight provided by the work in Chapter 3, the pro-
perties of a thin diaphragm ip a nonreciprocal inhomogeﬁeous waveguide
are determined. This is done experimentally since thé nonreciprocal
waveguide configurations used in practice make an analytical solution very
diffiéulﬁ, if not impqssiblé. To assess the accuracy of the results, at
least indiréctlf, a basis for comparison is neéded. This is provided by
comparing the experimental results for a metal diaphragm iﬁ reciprocal
iﬁhomogéneéué wéveguideiwith nﬁﬁeridally obtained results for the same

configuration. ' The experimental work is presented in Chapter 4.



Chapter 2

RECIPROCAI, INHOMOGENEOUS INTERFACE

2.1 Introduction -

As discussed in Section 1.2, it is necessary to consider this '
problem and determine a unique method of defining the equivalent charac;
teristic admittance of an inhomogeneous waveguide before tackling the non-
reciprocal case., The problem of tﬁe juﬁction between homogeneous and in-
homogeneous waveguides is important in its own right and is encountered
in many practical devices. The most théroughly examined inhomogeneity
has been that of Eéplane dielectric;slab loading, Fig. 3(a). Such a
junction has been déscribed in terms 6f a lumped-element circuit jbining
two equivalent transmission lines of different characferistic admittances,
when only the dominant mode propagates_iﬁ each waveguide(ll;lz). The
.parameters of this circuit depend oﬁ the value of the equivalen£ trans-
miséion-liﬁe characteristic admittance for the dominant mode in the in~
\homogeneouély filled_waﬁeguide relafive-té that of the empty waveguide.
The definition of this quantity, the cﬁaﬁacteristic admittance; haé.it—

(11_15). To daté, neither

éelf been subject to various intérpretations
the.interféce problém nor the definition of éharacteristic admittance‘
has been resolved in a manner that is both phyéically‘meaningfui and
sufficiently géneral; | |

The sitﬁation‘undef consideration is depicted in Fig.-4, where

waveguides A and B are reciprocal and are assumed to have characteristic

admittances 1 and Y, respectively. The wave matrix analysis of this
(16)

junction is straightforward . Let the wave amplitudes, c and a, be

normalized so that they represent average power flows. .We may then



(a)

777777

®)

~ Fig. 3. Inhomogeneously filled waveguides. .'(a). E-plane dielectric
loading; (b) H-plane dielectric loading. ' ' '



Fig. 4.

Junction of two reciprocal waveguides, A and B.



write:

Ty = p 302 /
ty = £ = ted8 ¢5}
52 +Lf2 =1
8, +0,-20="Fn7

where fl and r, are the complex reflection coefficients of the dominanf.
mode»in waveguidés A and B, réspectively, and ty and t, are thé corres-
ponding normalized complex trénsﬁission coefficients. In the above relé—'
tions, there are only three independent (measurable) parameters which
must be determined to describe the junction completely. For exampie,
these may be p, ¢l'and 8. . Thus an eqﬁi&alent circuit for the junction
can'haQe only three independenﬁ parametérs. In this respect, there have
béen two alternatives: (i) Y is"coﬁsidered an unknown quantity_and‘the
effect of the junétion is represented by é two-element circuit,'as in -

Fig. 5(a); and (ii) Y is assigned a,vélue, Y', according to some criterion

10

~ and the effect of the juﬁction is represented by a three-element circuit, o

as in Fig. 5(b). The criterion by which Y has been assumed is essenti-
élly that it should be'propoftional to the.wave admittance in the inhomb;
geneous section (in an éffort t6 givé.it soﬁe physical significance).

This will be shown to be'approximatelf true in some cases where_a-wave ad-
mittance can be defined, such as the’E¥plane‘ldaded waveguide‘éf Fig.. 3(a)
However, iﬁ other cases such as the H—plane'lqaded wéveguide éﬁown ih'Figf
3(b), or where both the pefmittiQity,andlpefmeabiliéy_vary~oVéf the cross-

section Qf‘the waveguide, it is not pbésible_to define a unique wave
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(a)

A B
(S — le Xy b—o
. /.
1 332 Y
o o
(b)

Fig. 5. Equivalent lumped-element circuits used to represent the junc-
tion between empty and inhomogeneous waveguides. :
(a) two-element representatlon' (b) three-element. representatlon.



admittance. Either of these representations is mathematically correct
since the reflection and normalized transmission coefficients, from
which the circuit elements are'derived, are the eame in Both cases. How—
ever, while the first representation yields an equivaleﬁt circuit that is
physically meaningful in all cases, the second does not because it is
based on an arbitrarily assumed value for Y.

In this chapter a study is made of the properties.of the junction
between homogeneous and inhomogeneous waveguides with emphasis on the fol-
lowing'points:

(a) The two-element and three-element equivalent circuits for
the interface are compared. It is shown that while the former yields

results whieh can be interpreted phyéically, the use of the 1atter.caﬁnot'
be justified. In addition, by using the two—element equivalent circuit,
a genetai and meaningful definition of the normalized characteristic ad-
mittance ofvinhomogeneous waveguides is provided.

.(b) The junction between empty and H-plane dielectric—loaded
waveguide is analysed for the firet'time;

- (e) Comphted values are presented for the normalized junetion
parameters and characteristic admittance to illustrate the properties‘of

~ inhomogeneous waveguides with various types of dielectric 1oading.

2.2 .E;elane dielectric loading (u=uol

E-plane loading is considered.first since thisvtype‘of‘loading
has a1ready been discuesed by previous .authors, thus proeiding a basis-
for comparisens. In addition;-a wave admittanee can be defined in this:
case.-—Collin(ll) used the Reyleigh-Ritz methodvtovsqlve the ieterface.

problem and gave a circuit representation which is essentially the same .

as that shown in Fig. 5(a). The numerical example he used was for a °

12
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relatively low value of permittivity of the loading dieleétrié. from:
his results it appeared that the normalized characteristic admittance,
Y, was equél to the normalized wave admittance.(which, in turn, is equél
to the fatio»of the propagatiqn coefficients, YB/YA). Chang‘lz) used
mode matching to sol&e‘the same problem. Assuming that Y was in fact
equal to the normalized wave admittance, he gave.the three-element cir-
cuit representation shown in Fig. 5(b).

In this wofk, the amplitudes of the reflected and transmitted
waves in wavéguides A and B are determined by means of the mode matching
technique Aescribed in refs.(17)and(l8}. Values of the equivalent circuif
parameters are then obtained from expressions relating them to the ref-
lection and transmission coefficients (Appendix A). These parameters are
plotted in Figs. 7 and 8 for the two type§ of E-plane loading shown in
Fig. 6. In Fig. 8, Y is plotted as a function of YB/YA and is very’neériy,
but not exactly, equal to the normalized waQe admittance.- It .is 5150-
noted»thét the deviation of.the value of Y from YB/YA is somewhat larger
for side loading, Fig. 6(b), than for centré‘loading, Fig. 6(a). The
corresponding two-elément parameters, X and B, are ﬁlotted és a function
of-2t/a'in.Fig.'7, Note that both X and B are inductive. This iSYCOH;
sistent with whatione should'expeét'in this éase, since the only evan-
escent modes.excited are TE modes'for which the energy stored is predom-
inantly magnefic. With‘the fhree-glémént equiﬁalent circuitvrepresenta—
tion of the,interface?_where Y"is é;sumed equai to YB/YA’ldifferent
results are obtained. The values of'these equivalent circuit paraméteré,
Xl, B, and X , are als§ shown in Fig. 7 for,cenfre and side.loading..

2 3
Note that X, and B, are inductive whilevX3,is capacitive.
Examination of the results in-Fig.'7'sh6ws that X teﬁdsjto_zero

when 2t/a approaches 0 or 1 for both centre and side loading, as it.should
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when waveguide B is empty or completely filled with dielectric. The be-
haviour of X1 and X3 is not so predictable, however. With centre loading,
Fig. 7(a), Xl and X3 approach zero when 2t/a = 1 but their excessively

‘large values when waveguide B'is nearly full can be misleading: it

2

is also very small.

appears that the junction effect is quite large here, but in fact B, is

small and the 'effective series reactance', X1 + X3,

The behaviour of X1 and X3 is even more disconcerting for the side loading
case, Fig. 7(b). As 2t/a approaches unity their magnitudes do not con-
verge to zero but increase rapidly to large values®. While it is not
unreasonable to assume that the values of Xi; B2 and X3‘at 2t/a =1

should be approached differently for these two types .of E-plane loading
(since the field distributions are different in each case), one would -

r

expect that, at that point, the values should be the same in the two

3

that an analysis which assumes - a value for Y, or indeed for any of the

cases; i.e., X, = B, = X, = 0. From the above observations, it appears
. 1 2 _ . _

equivalent circuit parameters, can lead to a physically unjustifiable

behaviour of the junction parameters..

2.3 E-plane dielectric loading (u # 1)

In many applications, the.permeability, u, of the loading
material may be different from Hos e.g. for‘ferrites. In such éitﬁa;ioﬁs
a unique wave admitténce is nof definable. The computéd results shown in
Figs. 8 and 9 are for centre loadiﬁg and ére'given'for values of M, be-
.tweeﬁ O.S‘and 2. Except in the case of loading with a dielectric whose-

U = Wy, Y is markedly different from ?E/XAs Fig. 8. .In all éases,ﬂY

% )

The results for X

B, and X plottéd in Fig; 7 agree with those given |
(12) . .

1’ 72 3
by Chang
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varies rapidly Qith 2t/a for thin dielectriqs and'soon'reaches a plateau
as the dielectric thickness becomes large, Fig. 10. With side 1oading
on the other hand, Y changes very slowiy when 2t/a is small and varies
almost linearly when 2t/a is large. The junction parameters, X and B,
are again inductive and aré plotted in Fig. 9. .The maximum value of X
is approximately proportional tovthe ratio of permittivity to permeabil-
ity, €/u, of the 16ading dieiectric.' The.maximum value of B appears to
be a more cqmplicated function of € and u, but for both X and B, the.
peak values occur at smaller dieiectric thiéknesses as e/ﬁ is increased.

The effect“of the junction may be estimated by comparing Y, as
determined by using the two-element cirguit, with the input.admittance
at port A (Fig. 5(a)):

=l—rlv'=-Y+jB | =
imn T THr T @ - @ ax . - (2)

Y

The maximum difference between Yin and.Y occurs where X and Y are largest.
For example, with €, = 8 énd ui’= 0.5, thesg occqr at'2t/a’%_0.2 énd.ﬁhej
différencé 5etween Y and Yin is 1.6%. :With‘smaller ratios ofie/u the
juncfion effect is smaller: - the difference is less than 0.5% with

e = 6, uo =‘2/3, and less thén 0.06Z.with e, = 4, w = 1. Ebr impedance

~ matching purposes, then, the 1umped—element‘ci;cuit parameters qf the
interface can often be néglected and the juncfion tréated as one between
two traﬁsmission.lines with normaiized characteristi¢ admittances 1 and Y.
Thus‘it‘is importaﬁt t§ be able to detérmine a value'fdr Y that isvphysf

ically meaningful.

2.4 H-plane dielectric ioadiqg‘_-
The junction between empty and H-plane dielectric-loaded wave- .

guides has not been analysed befdre. This case is somewhat mqre V
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complicated ;haﬁ the E-plane case, althoﬁgh tﬂe procedﬁre for mode
matching is'similar. The difficult& here is in deciding which modes
must be used to satisfy the boundary conditions at the interface. 'The
analysis is given in Appendig-B from wﬁiéh it is seen that the modes
excited.are:

-TElo + TElm + ™

LSE, + LSM
1m

1 invwaveguide A
o m=2,4,6,....

1m-1 in waveguide B
Thé aﬁplitudes of the Tﬁ and LSE mddeé»were found to decayvmuch more ra;
pidly ﬁith increasing m than the TM‘or LSM modes (Tablé i is a typical
e#ample), 'BaSéd on this observatioﬁ, the.ratios of TE to TM and LSE to
LSM modes were chosen to be about 1:2. Tﬁe total number of modes in

each waveggide was varied aﬁd fhe convergence’found to Be adeqﬁa;e wifh

9 each Qf the TE and LSE modes énd 19 eacé of the TM and-LSM‘modeé. The
exact ratios of TE to TM and LSE fo LSM modes did not seem to be criti-

- cal but after fhe results had been obtained, a systematié'study Qas made

to determine the-importance of these ratios and thgir effect on the con-
vergence of the results. Figure 11 illustrates the effect on B (in the
interface equivalent circuit) of varying the two ratios independently

and together. The effect on.Y”éndAX is similar tﬁough nét és'pfonouhced.
This indicates that the ratios should be the‘same; assuming that the
:csfrééﬁ-éﬁSWer is sémewheré near 0.12260.> Convergeqéelwas.then checked
using several different ratios from I:G-td 1:1. The,éalculatéd §a1ues. 
 of B are plottedkin_Fig. 12 as a funétion of the’toﬁal number qf modes

in either waveguide. For all ratios, tﬁe Qalue 6f B convergesfto'0.12272,‘-
in thisvcase, as the total.nuﬁber of modes ié increased. " The most rapid
Conﬁergence occurs withba téfio of 1:3'§r less; _waever, with'a.ratio‘

of 1:2, approximately that used for all the interface reéults presented



Table 1. Example of mode amplitude decay for H-plane loading.
| e, =8 u. = 0.75; 2t/b = 0.105; b/A, = 0.3

r

i

WAVEGUIDE A WAVEGUIDE B
n TEm ™) w2 LSE 2 LSMy i1
0 -.42187 ~.06642 © 6.44151 8.71578 -.01110 -.00703 112.90114 -.32990
2 . =.00456 . .00591 .53971 1.38273 .00002 .00024 9.60478 43.67913
4 - .00026 -.00006 ~=-.03760 .01110 .00002 .00007 .31850 .09105
6 - .00008 -.00005 . -.08434 -.19051 .00001 -.00001 .38655 -.15653
8 -.00000 -.00002 -.04184 - -.11722 .00000 -.00001 -.00038 -.06325
10 -.00002 -.00000 -.00245 -.01924 -.00000 -.00001 -.02038 .00110
12 - -.00001 .00000 .01415 .03123 ©.00000 -.00000 ~.03948 .01310
14 ‘ .01238  .03340 . -.03141 .02156
16 - .,00341 .01236 .00486 -.00043
18 -.00365 -.00723 - .00705 -.00213
© 20 ~-.00523 -.01352 .01890 -.00948
22 -.00261 -.00800 -.00156 -.00008
24 .00084 . .00104 -.00212 .00061
26 .00251 .00621 ~-.00936 .00409
28 .00187 .00530 - -.00063 .00081 -
30 .00010 - .00088 .00090 -.00024
32 -.00123 -.00288 .00309 -.00120
34 -.00131 -.00352 .00308 ~-.00164
36 . =.00042 -.00143 -.00047 .00011
38 ~.00055 .00119 -.00096 .00034
A .00089 .00231 -.00309 .00143
.42 .00050 .00147 .00022 -.00002
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0.7, e, = 8.0, u_= 0.75, total no. of modes = 28.
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in this section, the value of B is within 0.1% of its "true" value with ,
a total of 27 or mdre modes in each wavéguide.

The general behaviour of the characteristic admittance asba
fﬁnction of the dielectric thickness is shown in Fig. 10 where it is
compared with the Y variations for the two types bf E—plaﬁe-loading con-
sidered. Because of the nature of the modes excited in H-plane loading,

mode. Thus, it isvpcs—

the next lowest order mode is the LSE., or LSM

12 13
~ sible to use dielectfics'with larger values of permittivity than can be
used for E—plﬁne loading and still have only one propagating mode. With
E-plane loading; e My must belless than 4.712 but with H~plane loadiﬁg,-
€.*H,. can be as big as 11.635. Two variationsin.er and u_ are con-
sidered heré: .(i) with the product €.t M. equal to 6.0, L is varied

from 0.5 to 2.0, and (ii) with . = 1.0, ér is varied from 2.56 to 9.0.
For the first variation, Y is plottéd as a function of YB/YA in.Fig. 13.
The deviation of Y from YB/YA With M= is greater for the H-plane case -
‘than for the E-plane case (compare.Figs.‘8 and 13). The'cotresponding
juﬁctién parametérs, X and B, afe plétted for bothvvariations in Figs.

14 and 15. This time both elementS’aré capétitive, whith can be ex-
‘pected since the evanescent modes excited are primarily TM modes, for
which the energy stored.ié predomiﬁantly eleétric; “As showh.in-Fig. 14,
ﬁith er-urﬁheld constant, B incteasés rgpidl§ with the ratio er/ur while

' X remains virtually unchanged; ‘With u = uo;ias tr is incrgased both X

‘and B increase rapidly,_althouéh theréiis_little vériation in thevaxi-"

mum value of B when er‘is greater than 6, as indicated in Fig. 15.
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Chapter 3

NONRECIPROCAL INHOMOGENEOUS INTERFACE

3.1 Introduction

The analysis in this chapter is'éoncerned with the pfépéfties
-of a nonreciprocal inhomogeneous waveguide interfaée; and it foilows
along the lines of that in Chépter 2. In nonreciprocal waveguides, ﬁow—
ever, the field distributions and the phase coefficients can be very dif-

(2)

ferent in the two directions of propagation .v'Accordingly, one would
expect the interface effect and the hormalized characteristic admittance
to be also different in these two directions. 1In some.caées it is im-
portant to. evaluate only the combined effect of these two factors. 1In
others, however, it is.necessary'to isolate ﬁhe two phenomena, e.g., in
order to carry out the analysis and design of the device(lo), or to mea-
sure a discontinuity within a nonrecipfoéalvsectioh'of'waveguide. The

. scattering parameters of a section of tﬁin—slab ferrite~-loaded waveguide
between two reciprocal homogeneous waveguides have been‘recently deter-

mined(lg)

. The evaluation in'ref. (19) did not require the explicit an;
alysis of the nonreciprocal interface, and thére has been as yet no at-
tempt to analyse such an interface fully. ”

As in the reciprocal caée,‘;he-nonrgcipfocal interface problem
is solved nuﬁefidally_by means of the.mode matchiﬁg téchnique. The ex- |
ample chosen here is that of the twinASlaE ferrite 1oaded-waveguide,_
often used as a model for nonreciprdcél férrite’phase shiftérs(z’lg’zq).
Using the solutions 6btained for the reflectiﬁh aﬁd transmiésion coef—"
ficients dﬁe to the nonreciprocal interféce; if is shown.that it is bos—

sible to derive simple equivalent transmission circuits which account

for the effect of the interface and the équivalent characteristic

29
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admittances of the nonreciprocal inhomogeneous waveguide, separately.

3.2 Mode matching

The configuration analysed is that shown in Fig. 16. The slabs
are symmetrically placed about the centre of.the waveguide and magnetized
transverse to the direction of propagation; This limits the modes excited
at the junction between the homogeneous and inhomogeneous waveguides to
' TEnO modes, wnere n is odd. The width of the waveguides, a, ls such that
only the TElO mode may propagate in elther»waveguide A or waveguide B.
For clarity, the modes in the nonreciprocal waveguide, B, are referred to
as TE;b'and TE;0 modes for propagation in the positive and negati#e direc~
tions of z, respeetively. Only counterclockwise magnetization need be
considered, aspin Fig. 16(a), since reversal oflthe magnetization simply
has the effect of interchanging junctions 1 and 2. lt is necessary, how-
ever, to analyse both junctions beoause different sets of modes are ex-
'Cited at each. In fact, there are four separate sitnations'to consider:
thevdominant_mode from eitner‘wavegnide A or waveguide B may be incident
on either junction 1 or junction 2, as ahown in Fig. 17.
The mode matching procedure in this case isnbasically the aame

as for reciprocal junctions(17’18). The transverse electric and magnetic

fields are made continuous over the cross-eection ofithe waveguideiat the
interface and orthogonality.relations for each set of modes are used to-
separate the eontinnity conditions on the fields into’N equations involving
the N unknown amplitude.constantsvof the modes. The solution of these
equations yields accurate values of the amplitudes of the dominant modes.-
The orthogonality relations and thelr implementation, however, are d1f—

| (21)

ferent in the- present case; they are, in fact, biorthogonallty relatlons

- The following s1mplif1ed form of these relations is made appllcable by
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Fig;' 16. Twin-slab ferrite phase shifter model.

(a)  cross-section, identifying the loading parameters;
(b) longitudinal section, -identifying interfaces 1 and 2.
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the restriction to transverse magnetization(zz):
£ [hi X ej + hj X ei] . azds =0 . Yy # Yj - (3)-

.The integration is over the cross4sectiona1'area, S, of the wa&egﬁide,
‘{Ei,ﬂi} is the transverse céﬁpbnent‘of a waveguide mode with propagation
coefficient-yi and'{éj,ﬁj} is the transverse compqnent of a.waveguiée
mode with propagation coefficient Yj' The procedure used to separate
the continuity conditions on the electric and magnetic fields into two
sété of equations is similar to'that which has been successfully employed
to analyse an H-plane bifurcatién in a plasma-filled wavéguide(23).
M;dal equations need bé developed for only two -of the four
‘situations shown in Fig. i7:. either (a) and (b) or (c)_and (d). The
ofher Ewo can be treated similarly. Coﬁsideriﬁg case (a), the total transverse
fields are approximated by the following partial sums; | |
Waveguide A |

: N
E, =€ ., + L a, e

A Al i Al ,
. i=1
(4)
“H, =h,, -~ L a, h,,
A Al j=1 * Ai
Waveguide B
N :
By = I vt 2]
=1 1 ¥ |
(5)
N
B, = @ ot
R S A
The contiﬁuity conditidns on the transverse fields at the
interface may be written either as: | .
T i) 2" L - ’—_ - +_ -—. ‘—d 6
£[hBJ XEA+_HAX BJ] a ds é’[hB:j xEB HBxeBJ]‘ a_ds | (6)

LUy xEy 4 E T Tde = [ By x By 4 Eyx Tl Tas (D
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Using eqn. (3), most terms on the right side of eqns. (6) and (7) may be

eliminated since:

- =+ — ¢ __ _ o S
£ [th X ij + th X eBn] . azds =0 , for all j and n
[ S + —
£ [th X ij + Hﬁj X eBn] azds =0 , j#n

Substituting eqns. (4) and (5) into (6) and (7) now yields the following

two sets of éqns:

\ N N
£ [th x (eAl + E aleAi) + (hA E aihAl) x ij] '.azds =0 _ (8
i=1 i=1 _
+ N T+ - —t —-_
. { [hgy x ¢ a1 ¥ BpyliEds + Lo {Ihgy x Ty — hyyx epylra,ds
bj — —
2 /ht, xe,. 3 ds

8 Bj Bj z o Rt

The set of eqns. (8) consists of N equations in the N unknowns, a;,
= 1 to N. Once determined, the coefficients a, are then substituted
into the set of eqns. (9) to determine the values of bTt.

- In case (b), the total fields are again approximated by

partiél sums :

' Waveguide A

Byt B - |
= ¥ o  (10)
M e
"'Wa§eguide B : N.
Ep =5 + I j ; ;

g (11)
HB hBl + z b+ h;J



The modal equations are:

N - o o
1§181 é[hg& xe,. - hAi x.gBj]'azds =2 Gj,l é hgix epy’ a,ds
o ™ x5 .-h = 1.3
o+ E ay é [th x e, hAi X ij] azds
bj = i=] .
T = =+ = .
. "2.£_th X ij azds
where ajll is the kronecker delta.

It is desirable that the expressions for'{EAi, ﬁAi} and
P '
{eBl, hBE} should have the same form in order to avoid difficulty when

1 1

+
deriving the equivalent transmission line networks from a and bJ.
Suitable expressions are given in Appendix C, along with the transcen-

' +
dental equations for the TEna modes.

3.3 Normalized reflection and transmission coefficients:

Once solutions have been obtained for the amplitude coeffi- a

+ . . N
~ cilents, a; and bg, one can proceed to derive relations for the normal-

ized reflection and transmission coefficients for the interface. Refer-

ring to Fig. 18 and using conservation of energy, we can write for case

17(a):
- 1wt +
- @ - ay]® 1, = [by]2 I
. N = - : —* . -
where 1 é e, X hAl azds R
+ - ot o+ vk, 3
Ig = [ egy x (hgp - a,ds
and a; and bI are determined from‘eqns. (8) and (9).

Rearranging, eqn. (14) has the form,
' +y O
1l - lRllz =_Y ‘Tzlz = |T2|2 '

where Ri = a3, is the reflection coefficientvin waveguide A
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and Tz = bI(I;/IA)i is the normalized transmission coefficient in

waveguide B. Similarly, for case 17(b):

- _wFl2 7 2 ta |2

Ip - |b]|% 13 |a1| I, | | (16)
where | IB = é e51 x (hBl) "azds
and al and bI are determined from eqns. (12) and (13).

Rearranging, eqn. (16) has the form,_

v+ 1 , - | ‘
T AL o aw

A

or, 1~ |R,|2=|T,]2 o (17b)

whefe’ ﬁz bI(I;/IE)% is the normalized reflection coefficient in waveguide

3

B -and fl = al(IA/IE) is the normalized transmission coefficient in wave-
guide A. In the above eqns., Yt .and Y™ are the equivalent characteristic
. admittances of waveguide B normalized to that of wavegulde A for propaga—
tion in the p051t1ve and negative dlrectlons of z, respectlvely

The normalized scattering matrix for the interface is unitary.

Thus, the following relations, as implied in Fig. 18, must be satisfied:

IRy | = Ry =0
Lo (18)
2] = 1%, =
and in addition,
1-p2=12 :
(19)

o3 + ¢, = 8; - 6, = 2w
The numerical results are consiétent with'this condition provided a large
number of modes (40 or more) are used for the mode,métching. However, ac- .

curate results can be obtained with fewer modes, if the magnitudes ‘and

phase angles of the normalized reflection and transmission_coéfficients,
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are averaged. Referring to Fig. 18, the numerical results also show

that T =7 f = 7 R, =R and R

3= T1» Ty =Ty Ry =Ry R, =R

1.

3.4 Eqplvalent circuit representation

It is convenient to express the behaviour of the interface in
terms of an equivalent transmission network, as shown in Fig. 19.- With
this representation, the nonreciprocal nature of the jundtion is accounted
for by allowing the reactive elements to have different values corres-.
ponding to propagation in the pdsitive or‘negative direction of z, and
incidence from waveguide A or Qaveguide B. Hence, these parameters are
identified by the superscripts + or - , and the subscripts A or B. The
dashed boxes indicate that the series elements, X%, appeaf at this al-
ternative position for some values of'ferrite loading parametefs._ This
situation is signified by the overscript, ~. Waveguide'B is represénﬁed
"by a nonreciprocal transmission line with normalized characterlstlc ad-

mittances, YX., The input 1mpedance at port A is thus given by:

Zyn =

1%+ 1 ";:1+pej¢’1

AmEiE L Ld% o (20)

and at port B, the input admittaﬁce'(or impedance)'is given by:

+ 1 1 =+ '
Y, =57 =7 B 4-———————15 - (XS = 0)
in - zy, 1+5 % XB
. . : , ' : . (21
: + : =+ 1 ' NP S o
- OF» Zin=3%tTrI8 G =0

A 2@
where in vi- A peJ¢2. T A ST

The transmission coefficients, for modes incident from waveguide A, afe:_

3o, _ (- eedtD/AF o
e 2-5 .Y++j BX--" R S (23

| :IA a- pe”l)ﬁ—
cand - tetl = T +3 B,

(24)3.‘
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Equations (20) - (24) are used to calculate values for the equivalent

circuit parameters from p, T, ¢l, ¢2, 6, and 6 As compared with the

1 2°
reciprocal case where three circuit elements are deriyed from three in-
dépendent measurable quantities, here five circuit elements are derivéd
from four independent quantities.‘ Consequently, the cifcuit elements
are not independent in this case although they are unique. The reason
for the extra circuit glement is the factrthat two reciprocal equivalent

.circuits, each valid in only one direction of propagation, are used to

represent a nonreciprocal interface.

3.5 Numerical results and discussion

In order to obtain realistic results, the values chosen for”
the ferrite saturation magnetization and remanence ratio are typical’pf
those of ferrites used at X-band in nonfeciprocal phase shifters. . The
elements of the permeability tensor were derived from these values, based

(24>. _Table‘

dn empirical formulas recently published by Green and Sandy
2 lists the pértinent data. The twin-slab paraﬁeters, d, c and t, are
identified in Fig. 16-and the loading dielectric is assumed to have a
~relative permittivity, €4 of either 1 or_i6.- The.normalized waveguide
width, a/ko, is 0.65 for all the results. The nuﬁbgr of modes uéed for
the mode matching solutions is 25 in all cases and the‘accuracy was-
éhécked by comparing the results of one case with tﬁe cofresponding re—-
8sults obtained with 40 modes. This check indicated that the values cal-
culated for the interface parameters are accﬁrate.to at ieast four dec;
imal places,.

?roperties of the nonrecipfoéai wéQeguideé.B, are shown in Fig.
20 where the normaiiged phaée coeffiéienté, B;/BA and BE/BA, the'nofmae

lized equivalent characteristic admittance; Y+, and the pe:centage
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Table 2. Assumed characteristics of the ferrite

Saturatioh magnetization, 41TM8 (Gauss) - - 2000
Remanence ratio, Mf/MS _ ' o : 0.8
y4ﬁMs/m at 8.5 GHz 0.66

Permeability tensor:

diagonal element, u » » 0.96
off-diagonal element, K , -0.528
Effective relative permeability, Mo : 0.67

Relative permittivity, €¢ S , 12,0
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difference between Y' and Y~ are plotted as a function of 2t/a. It is
seen that although the normalized phase coefficients can be quite dif-

ferent, the difference between Y' and Y~ is very small indeed, contrary

to initial (intuitive) expectations. With this result in mind (Y+ = Y7),

one might wonder whether these admittances could be determinéd from the
simpler case of twin-slab diéletﬁric loading. The relative admittance,
Y, in Fig. 20 was obtained for a loading dielectric with relaﬁive per-
mittivity, €es and relative ﬁefmeability,'ue. The two curves, Y and ¥t
(or Y'); are similar but for most values of the thicknegs,‘t, there is
a significant difference between the two. -

The properties of thé interface betweén waveguides A and B are
shown in Figs. 21 - 23. The magnitudes and phase angles of the norma-
" lized reflection and transmission éoefficients, as defined in Figf 18,

=16 are similar). The

are plotted in Fig. 21 for.ed=1-(the-curves for €4

elements of the equivalent circuit of the intefface, determined from
these paraﬁéters, are plofted in.Figs. 22 énd»23 for the cases of s&=l
and 16, respectively. It is worth notingithat there are two possiblé
solutions for each of XE and B§ gs obﬁained from eqns. (21)vand (22).
" However, only one solution.is shown here..

| It may be instructivevto discuss the behaviour 6f'the intér—:
face in terms of stored énergyf An inspectioﬁ of eqns. 20.-'22 Shows
thatAthe reactive part of the interface impe§ance is édsitive.when.¢l ‘
(oxr ¢2) is between O and = radians,-for’incidence'from wavegpide Ar(qr_
waveguide'B). Referring to Fig. 21;‘the interface impedaﬁce_ffom-wave—:
guide A hasﬁa posifive reactance if‘2t/a is'less tﬁah 0.36; i.e., the
stored energ&'is magnetic for.small ferfite thicknesses,’changing:to

electric for lafger thicknesses. The junqtion behaviou: isbéomewhat

different when the wave is incident from waveguide B; the éhangé‘from
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magnetic to electric stored eﬁergy occurs at 2t/a.= 0.295. This be-
haviour is of course reflected in the values of the elements of the in-
terface equivalent circuit.

The case of twin-slab dielectric loading again provides an
interesting comparisbn;: The equivalent circuit elemgnts, X and B, ob-
tained for this case are also shown in Figsfi22 and 23. It can be seen
that the stored energy is magnetic for all values of the dielectric
thickness, t, which is consistent with the results of Chapter 2. Thus,
although the nonpropagating modes excited with either dielectric or fér—
rite loading are all TE, the effect.of the interface can be_markedly &if~
ferent in the two cases.

For the sake of completeness, the dependence of the various
parameters on the slab seﬁaration, d,'was also investigated. A tyﬁical
-case, where‘Zt/a = 0.24 and €q = 16, is shown in Figs. 24 and 25. The .
difference between Y' and Y~ isragain fouﬁd to be very’émall and is vir-
tually unaffected by changes in d, as shown in Fig. 24. The corresponding

. reactive elements of the equivalent circuit are'plotted in Fig. 25.

50
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Chapter 4

EXPERIMENTAL ' INVESTIGATION

4;1 Introduction

The main objectivebof’this thesis has been stated earlier as
being the determination of the effect of a metalydiaphragm in a nonre-
ciprocal»inhomogeneOus.waveguide. It may be possible to do this analy-
~ tically for the theoretical twin-slab ferrite model but it was thought

unlikely for the more complex ferrite toroid configurations used in‘prac—
tice. The modes in such structures are complicated hybrid modes, for
whicn it would be very difficult to derive analytical expressions.

Hence, it was decided that the effect of the diaph:agm would hawe'to be
.measured experimentally. Since a_theoteticai analysis did not appear
feasible, the accuracy of the experimental results was difficult to as-
sess. This was accompllshed by an 1nd1rect metnod the effect of a
metal diaphragm in a reciprocal 1nhomogeneous waveguide was also deter-
dmined experimentally, but the’configuration was chosen so that theoreti—'
cal results couid be obtained for comparison. The accuracy of the tee'
suits for the reciprocal case was‘then used as an indication of the ac-

curacy of the results for the nonreciprocal case}

4.2 Method of measurement

Before the effect of a.diaphragm in’inhomogeneons waveguide

: could be measured, the problem of either measuiing or matching.theijnnc—-
tion between empty’ wavegulde and the 1nhomogeneous wavegulde was encoun—:
tered. Impedance matching was considered first but this did not seem - g
feas1b1e for the nonreciprocal‘case. Thus, .the effect of the”inhomogen—
eous waveguide interface was measured so that the diaphragm measurements’"

could be made on unmatched sections of the loaded waveguide. It was



then possible to eliminate the effects of the interfaces from the mea-

surements as shown in section 4.3.

The quantities measured were complex reflection and transmission

coefficients. The reflection coefficient, R, was measured by means of a
‘calibrated attenuator and a slotted line, Fig. 26(a). A null bridge,

» Fig. 26(b), was used to measure the transmission coefficient, T. To
determine the interface parameters, R and.T were measured for two dif-
ferent iengths of.the inhomogeneous section. Measufements of Rand T
of a section containing the metél diaphragm then yielded thé information
required to determine the équiﬁalent circuif of the diaphragm as shown
in section 4.3.2. 1In the nonreciprocal case, R and T were measured fdr

both senses of the ferrite magnetization.

4.3 Derivation of the diaphragm effect from the measurements
"4.3.1 Interface wave-transmission matrices
For the reciprocal case, the wave-transmission matrices of

the interfaces are:

: ‘ ' _aJd2
A = lje 1J.¢ el . . .(25a)
T€ | e 1 e’ )
- -
N 1 __pejfbl ) S
where pej¢1, peJ¢2vahd TeJe are the semi-infinite inte:face reflection

and transmission coefficients shown in Fig. 27(a). Thus, p, T, ¢1; $o
and 0 are to be determined from measurements of R and T (only three of
. these parameters are indepehdent).' In addition, the wave-transmission
matrix of a length, 2,0f the inhomogeneous waveguide,is:i

I 1 B
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Fig. 26.  Block diagrams of experimental systems..(a) reflection. coef~
) ficient measurements; (b) transmission coefficient measurements.
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Fig. 27. Junctions of homogeneous and inhomogeneous waveguides identi-

fying the semi-infinite interface parameters.
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where (o + jB) is the. complex propagation coefficient in the inhomogeneous
waveguide. ' The overall wave-transmission métrix of the section 1s simply

l Ay A2 . A3, so R and T may be expressed as follows:

R = pejé; [ - oJ2(¢2 = B2) e—2a£]

= Dejd)l [1 - XzejZYl]

: - _ " R ¢
1 - p2e32(¢2 BR) e 208 . p2x2e32" (27)
T = Tzej (26—82) e—CLQ _ _(1_02) X ejv(¢l+n) ] (28)
1 - p2 oJ2(42-82) 208 1-p2 x2 eJ2n

where n = ¢, - B2 and X = e—al. Equations (27) and (28) may be separated

into real and imaginary parts, so fhat they represent four equations in
the four unknowns, p, ¢;, X and n ; Linear iteration was used to solve
for these unknowns for each length of inhomogeneous waveguide. This
method proved to be reliable when allbsimultaneous solution methods
failed: smali experimental errors seemed to preclude convergence. Re-
sults fo¥ two lengths, then, were expécted to yield tﬁe same values for-
p, ¢1 and a, while the two values for n, ¢p — B2; and ¢, - By, deter-
mined ¢, and B.‘ Thus, the wave ﬁatrices for'fhe interfaces and for the
length of inhomogeneous waveguide were determined for the reciprocal
case.

. From the results of Chapter 3, the wave transmission matricesS:

for the two nonreciprocal interfaces are: .

1 1 _pej¢2 _
A, = - . ' ..«(29a)
1 02 peJ¢1 eJ(el + ez)J : :
i _aad ] -
Lo |t pe | o ...(29b)
3 .TeJez Lpem (e + 6;)_ o -

. where pej¢1, pej¢2, Téjel and Tejez'ére the semi-infinite interface
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reflection and traﬁsmission coefficients;.fig. 27(b). For the opposite
sense of magnetization, 6; and 6, are interchanged. The wave-transmis-
sion matrix of a length, %, of the nonreciprocal waveguide is: |
+ 4 apt
A2 = I —(a--?-jB-) . .30)
0 e . ..
where (ot + jB+) and (a™ + jB7) are the complex propagation coefficients
in the forward and reverse directions, respectively. Here, reﬁersing
the sense of the magnetization has the effect of interéhanging (ot + j8+)»
and (o™ + jB7). The overall'wave—transmission matrix of.the section
is A1 . A2 . A3, and is dependent on the sense of the-magnetization.

The reflection coefficient, however, is not. The coefficients, R, T+

and T, may be expressed as follows:

R = ped®1 [1 = 3202 = (BY + 80 -+ aTgy

+ - . -
1 - pzej(2¢2 - (BT + 8 )z)e—(a* + a )2]

vpej¢1 [1 - x2 ern]
1 - p2x2 ejzn

e« . (31)

B _ ot o+
™+ = Tzej(zez 8TL) R

1 - p2ed (202 = BT+ 870 ~(aT + aT)s

—(1 - p2) x JO1F N GG - ye/2)  -22/2

1 -‘p2X2 ern :
. . . ..(32)

T = 12(201 - B7TR) a7k -
1 - p2e(202 - (87 +87)2) -(aF + )

L1 - g2 x JO1 M I = /) 22z

1- 22 % S5
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. ~6% N A 4 - s _ oF -
where X = e s N=9¢0 -8, 20=0a +0a, 286="+B", x= 0 - 8],
y=8Y-8"and z'= ot -a~. Ifa mean value of the transmission co-

efficients is defined such that T = vTt+ . T , then

T = <(1-p2) X ej(¢1 + 1) ) .
1- 02 xel2M PR

Equations (31) and (34) haﬁe the same form as eqns. (27) and (28) so
the procedure for determining the wave-transmission mat?ices of the
interfaces is the same for the nonreciprocal case as it is for ﬁhe re-
ciprocal casé. The terms x, y and z are readily determined since

T+ - ej(2x = y2) e—zl

= . . «(35)

4.3.2 Diaphragm wave matrices and equivalent circuits
Once the interfaces had been measured, a thin metal diaphragm
was placed at the center of an unmatched section of the inhomogeneous

waveguide. The wave matrix then measured was A:

v. ."’.b
a Ayt

A=A, A - A . . .(36)

1 2

3

and (29) for the reciprocal and nonreciprocal cases, resPectively;‘Aé

is the matrix of half the length of transmission line between the in-

‘where A1 and A, are the interface wave matrices, defined in eqns. (25)

d
and A

terfaces and A, is the wave-transmission matrix of the diaphragm.

3 2

all easily inverted, it is now a simple matter to determine_Ad.' For

Since Al, A are known from thé interface measurements and'are

a thin metal diaphragm of the type considered here, the matrix-Ad

5, has the forms:
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P LI 1CE)
T T
Ad = » reciprocal case
P eJ (q)-e) -]_.- eJe
T : T . .(378)
_ _.' + L T
le jo - o3 (9-67)
T _ T : .
= , nonreciprocal. case
i(e-ehy . g6~
L % e . . .(37b)

Iﬁ the reciprécal case, the diaphragm may be represented by
a single shunt element equivalent circuit; althbugh there appear fo be
two independent measurable quantities, p and 6. In the nonreciprocal
case, there are apparently three independent measurable quantities:
Py 6% and 6~. It was decided that in this case fhe_diaphragm should be
represented by a two—eleﬁent equivalent circuit as éhown in Fig. 28,  _
with each element, X and B, assuming differént values for a different
sense of magnetization (or direction of propagation). These fbur éﬁén?

tities, x* and B%*, are not independent although they are unique.

4.4 Measurements

4.4.1 Preliminary work‘

Measureﬁénts were made to determine the effect of a metal di-
aphrag@ in three'differeﬁt configurations of inhomogeﬁeouslyvldaded
wavéguide. Cases (a) and (b), Figs..29(a) and (b), were reciprocal,i
with symmetrical E—planevceramigrldading.. Theée casés served as a means
of evaluating the accuracy of the measﬁrementé'since theoretical results
' could be obtained for'these‘cases. The third configuration was the non-
reciprocal case, (c), shown in Fig. 29(c); and involved ﬁagnetized'fer-
‘rite loading. The'propertiesAof the ferrite are listed in fable 3.

A fourth case, shown in Fig. 29(d), wés'alSO reciprocal,'with

* dense Alumina, Al,04
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Fig. 29. Inhomogeneous loading configuration for the four experimental
' cases. (a) and (b) ceramic loading, €,

= 9.37; (c) ferrite
loading; (d) polystyrene loading, e, = 2.53.



Table 3. Characteristics of the ferrite.
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Saturation magnetization, 4wMS (Gauss)
Remanence ratio, Mr/Ms

Dielectric loss tangent

Relative permittivity, ¢

Coercive force, H, (Oersteds)

Type of ferrite -

Material cbmposition

Supplier

1400
0.35
<0.002
12.0
5.0
microwave spinel
Nickel; Chromium, Iron

Marconi, England
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symmetrical E-plane polystyrene loading. This case was investigated
earlier to provide confidence in the theoretical technique used to de-~

(25). The

termine the effect of a-diaphragm in inhomogeneous waveguide
measurement procedure was somewﬁat different but is worth noting: the
inhomogeneous section was matched to the empty waveguide and the effect
of the diaphragm measured directly. This procedure still required the
determination of fhe effect of the hdmogeneous - inhomogeneéus waveguide
interface in order to design thebquarter—wave transformers. However,

the method could be applied to nonreciprdcal cases; although thebdesign
of ﬁhe quarter-wave tréﬁsformers would be more complicated, and it-might
be preferable in some.ihstances to the "unmatchedvtechnique" geﬁerally
used in this type of work.

The inhomogenéous waveguides_in cases (a)-(c), Fig. 29, are
all smaller than standard X—bandlsize. Two waveguide tapers were made
‘tovjoin each size of waveguide to the standard 0.9" x 0.4" waveguide. at
both ends of the inhomogeneous section. ' The tapers were made by elec-
troformingicoppef onto polished stainless-steel forms, which gave the
inner surfaces of‘the tapers a very‘smooth finish. The total’lengfh of .
ééch taper was approximately 5 in. In caseé (b).and (c) the smallest
waveguide cross—section, if air—filled,'woula hgve been beyond chtfoff. '
at the méasurement'freéuency of 8.5 GHz, s§ this region was filled.with.
polystyrene. The polystyrene loading waévthen tapered’tq a poiﬁt in the
centér of the waveguide.crésé—section so as to m#tch the_polystyrene—‘
filled, small size waveguide to the emﬁty, stan&ard size waveguide as
shown in Fig. 30. Reflections from the polystyrene and-waveguide tapers
of cases (b) and (c) were measured and found to have a‘maXiﬁum value Of

about 0.07 over the frequehcy range from 8.25 - 9.5 GHz. The reflections
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from the waveguide tapers used for case (a) were léés than 0.02. The
effect on the results of these reflectioné could not be predic;ed, but

it was found by considering the accuracy of the results for cases (a).and
,<b)’ section 4.5.1, fhat this was not serious.

Several precautions were taken to ensure that the results would
be repeatable. Aluminum spacers were made to locate the ceramic or fer-
rite in the center of the waveguide to #0.001 cm. The polystyrene in-
serts for cases (b) and (c) were glued in place at the side walls of the
waveguide so that they would exert pressure on the ceramic or ferrite and
eliminate the possibility of air gaps'at.the interfaces. The waveguide
sections which contained the inhomogeneous loading material Qere machined
from brass blocks so that the tops could be removedf The dimensibns for
case (c) were such that pressure was exerted on the ferrité so there

‘would be no gap between the ferrite and the broad walls of the waveguide.

4.4.2 Preiiminary'measurements'on nonréciprocal waveguide sections

In order to magnetize the ferrite, wires were inserted into
the waveguide through holes in the sidé walls, through slots in the poly—b_
styrene and through the center of thé ferrite toroid. The wires and fhé
slots in the‘polystyréne were found to have a very sﬁall efféctvon'the
. measured quantities: less than 1° and 0.3 dB.‘:

From the list of propertiesvof.the ferrite.ianablé 3, it is
seen that the remanent magnetization was only'a third“of the saturation
magnétiZation; By plotting curves of differential phase shift versus
magnetizing current forvarious léngths of ferrite, it was apparent that
ba constantvmagnetizing current would ha?e to be used for the measuremehts
in order to ensure that the ferrite loaded waveguide was substantially

nonreciprocal. A current of 15 amps was thus used,'which meant that
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the ends of the ferrite toroid, where the wire paésed across to the wave-
guide wall, éould be magnetized to a gréater ektent than the resf of the
ferrite (normally, this would not be a problem since fhe deQice is used
as a latching device). Initially, the arrangement of the magnetizing
wires waé as shown in Fig. 31(a): the wire passed through one side of the
waveguide, through the ferrite and back oﬁt the same side, causing a non-
symmetric increase in the magnetization at the ends of the ferrite. It
'wés thought that this nonsymmetry might excite a mode that is possible
with only one ferrite slab positioned off—center in the waveguide. Thus,
the magnetizing current was spiit so thaﬁ hélf came from each side of the
waveguide, Fig. 31(b). However, the results for the two arrangements were
virtually the same.

From eqn. (35), the measured phasé difference bétween Tt and

T™ of an unmatched section containing magnetized ferrite is:
ITh - /1= 2(0 - 01) + (87 - 8L+ K’ . . .(38)

‘where K' is the added differential phasé shift due to the increased mag- -
netizatiqn at the ends of the ferrite, (B‘{— 8T) is the tfue differen-
fial phase shift per unit 1ength.and 2(62‘—_6i) is the theoretical effect
of the interféces. Eéuation (38) may be-reﬁritten in the form:

T - JT= = Y2 + K = - . . .(38a)

where ¥ is the differentia1 phase shift per unit length and K ié the -
total interface éffect.. Tﬁese two termsbwéfe determinéd frém measure-
ments on two lengths of férrite, 1.0 in and 1.25 in, and areaplotted'in
‘Fig-~32 versus magnetizing current. As the.cu;rént-is incfeased, the
regions at the ends of the ferrite approach.saturatioh so that the dif-

ference in magnetization between the ends of the toroid and the centre
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~ becomes sma;ler. This is reflected in the behaviour of K in Fig. 32.
Although K would apperently be smaller with a higher magnetizing current;
a current of 15 amps was chosen to.avoid overheating the ferrite.

Various sources of experimental error are listed in Table 4,
along with indications of their effeets on the accuracy of the results
where possible. The maximum combined effect of these errors was estimated
to be +2° and *1 dB in the measured values of reflection and transmission

coefficients.

4.4.3 Interface measurements
In order to determine the properties of the homogeneous-inhomo-

geneous waveguide interfaces and the propagation coefficients in the in-
homogeneous section, R and T were measured‘for'two different lengths of
the section. For each length, values were then calculated for p, ¢3, n
and X as described in section 4.3.1. The effect on these parameters. of
- small errors in the measured values of R end T was investigated. This
was done by choosing a hypothetical case with typical values of p, ¢3, n .
and X and calculating the corresponding values of R and T. The dagnitudes
and phases of R and T were changed about their correct values and the ef-
fect on the derived values of p, ¢i, n and.X was observed. . Typical re-
sults are presented in Table 5 where it is seen’that small errors in R
and T can cause large errors in o, ¢1, n and X. Smeil errors in R and T

were, however, rnevitable. Thus, the measured angles were changed slightly
(but within the estimated experlmental error of 2° ) in order to obtaln'
approximately the same values of P, ¢1 and o (— ~1n X) for the two spec1—

T
men lengths used. Typical changes required were 1°.- 1. 5°



Table 4. Sources of experimental error.
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Source of error

Maximum error

- Effect on results

Centering of ferrite

Pogitioning of ferrite along the waveguide
- Magnetization of ferrite

Temperature variance of ferrite
Positioning of metal diaphragm

Frequency drift

Oscillator amplitude drift

Reading accuracy

Mismatch‘errors'in bridge

Reflections from tapers (magnitude)

© $0.001 cm
' :0.003 cm

£0.005 cm

i20 KHz

0.02-0.07

+0.4°
+1°, 0.1 dB
+0.5°, +0.02 dB

'+0.03 dB -
+0.05°, *0.03 dB
*1°, +0.1 dB




Table 5. Effect of errors in interface measurements,

Errors in measured quantities Derived parameters
IR| /R (deg.) |T| /T (deg.) | ¢1(rad.) -n(rad.) X P

no error : 3.002  5.703 0.900 0.301
.005 - 3.008 5.713  0.902  0.309
.010 | | 3.015 5.724  0.904  0.318
.015 3.023 5.736  0.907  0.327
3.052 5.761  0.902  0.325
3.096 5.814  0.905  0.359

3.135 5.862 0.908 . 0.377 .
.005 3.025 5.730 0.906 0.311
.010 13,049 5.759  0.911  0.322
.015 13.074 5.789  0.917  0.335
1 3.03 5,761  0.902  0.325

2 3.061 5.814  0.905  0.350
3 3.083 5.862  0.908  0.377

.005 1 .005 1 3.107  -5.853  0.914  0.376
-.005 -1 -.005 -1 2.865 5.528  0.889  0.247
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4.4.4 Diaphragm measurements

Tﬁe~diaphragm was made from two strips df 0.003 in. thick brass
foil and held in place by pieces of polyfoam (er = 10.3). Each metal
strip was bént in the shape of a bracket, [, so that the flat ends would
make proper conﬁact with the broad walls of the waveguide and would at
the same.time fit over the polyfoam pieces for positioning. The dia—
phragm was placed half way between the two interfaces and in all.cases,
(a)—(c);,measurements were made for seﬁeral transverse positions, d, of

the diaphragm in this plane, Fig. 33.

4.5 Results and discussion

4.5.1 Reciprocal inhomogeneous loading
The results of the interface measurements for casés (a) and

(b), Fig. 29, are shown in Tables 6 and 7. The theoretical values for -
the interface parémeters and propagation coefficients are listed for
‘comparisdn in Table 7. The values of p, ¢; and B are in good agreement.
' with the theoretical values, but those of ¢o and 6 are not. The rela— :

tively large error in the last two parameters_is due t§ the fact ;hat
_.¢2 is small and is calculated from the small difference between two
large values of n; the tranémission‘angle,,e, is derived from ¢, and:¢i
by eqn. (1). This error affects the valﬁes of the equiyélent_circuit
éarameters of the interface significéntly as shoﬁﬁ-in TaBle 8,Ja1thoughi
the error in the characteristic admittance‘isilessbthan 5%

‘ | The wave—transmission matrix of the diaphragm’is given by eqn.
(37a) . Experimentally determined va1ués>of the elements of'thisvmétpiX'
are présented in Table 9 for a typiéal éituation; i.e., fof the inhémo—'

geneous loading of case (a),“a diaphrégm widtH,.dmin = 0.25 cm aﬁd'posi—

tion, d = 0,78 cm, where dmin and d are defined in Fig. 33. Because of
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6. Interface measurements, ceramic (Al1,03) loading.

Case (a) Case (b)
g = 2.0" g = 2.15" 2 = 2.0 g = 2.15"
¢1(rad.) 3.030 3.032 3.161 3.129
-n(rad.) 22,572 24.245 22.434 24,098
X(=e"%) 0.977 0.960 0.981 0.964
0 10.583 © 0.583 0.423 0.424
Table 7. Semi-infinite interface parameters.
Case (a) Case (b)
Expt. Theor. Expt. Theor.
o 0.583 0.591 0.424 10.426
1 (rad.) ©3.031 . 3.0216 3.145 3.1005 .
¢ (rad.) -0.310 0.2015 -0.306°  0.0724
8 (rad.) -0.2103 . 0.0408 -0.1513  0.0157
B (rad./in) T 11.124  11.223 11.064 ' 11.106
a (nep./in) 0.019 - —_ 7 0.011 —




Table 8. Interface equivalent
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circuit parameters.

- Case (a) Case (b)
Expt. Theor. Expt. Theor.
Y 3.672 3.848 2,412 12,478
B 0.629 ~-0.329 0.370 -0.069
X 0.097 0.034 0.061 0.006

Table 9. Typical diaphragm wave-transmission matrix,

case (a):  d ., = 0.25cm, d = 0.78 cm.
min . o

. Matrix element

Theoretical form

Experimental values

A

Ad12

Aa21

A422

1.0269/-10.418°
0.1627/-80.945°
0.1627/99.055°

0.9983/10.876°




measurement errors, the various elements of the matfix are inconsistent;
e.g., 6 is not the same in Adll and Ad22’ ¢ - 6 is not +90° in.Ad12 and
Ad21’ and so on. Fof the variogs diaphragm positions, the magnitude,
p/t, and the two valueé of 6 showed the most consistent behaviour. Thus,
the values of p/t and 9 weré taken as beiﬁg the most correct and were
used to determine p, 1, ¢ and é from the unitary conditions. The values
of these parameters were then used to calculate the values of the equiv-
alent circuit elements of the diaphragm. The results for cases (a) and
(b) are plotted in Fig. 34 along with ﬁhé'theoretical curves. The agree-
ment of B with the theoretical values is within *6%, and most values are
within #3%. Considering the overall acéUracy obtainéd; it éppeafs that
the errors.in ¢, and 6 (of the interface méasufeménts),have littie éffect

on the diaphragm measurements.

4.5.2 anreciproéal inhomogeneous loading>
The results of the interface measurements for case (c), Fig. 29

are presentéd in TaBles 10 and 11 and the eéuivalént circuit pafametefs
are listed in Table 12. Values of the elements of the diaphragm wave-
transmissiqn matrix, eqn. (37b), are lisfed in Table 13 for a tyﬁical
situation: the width of the diapﬁragm,'dmin = 0.25 cm and‘thé diaphragm
position, d = 0.547 cm. As in the reciprocal-cases; the magnitudé, o/,
and the angles, 0, were used to derive-the yalues of p, T, ¢, ot and 6~
from the uﬁitary-conditions. Tﬁe equivaiént,circuit parameters, B aﬁd

- X%, are plotted in Fig. 35 as functions of d.

Comment on the values of Xt and X~
It is seen from Fig. 35 that relative to B+, x* is of the order

of 15-20% and relative to B~, X is less:than 9%. Thus; there is some
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Fig. 34. Equivalent circuit parameters of a metal diaphragm in ceramic
~ loaded waveguide. —— theory; ooo experiment.



Table 10. . Interface measurements, magnetized ferrite ldading.

g = 1.0" % = 1.25"
¢1 (rad.) - 3.087 ' 3.089
-n (rad.) 10393 12.976
X(=e"0ty | 0.903 o 0.874
o | ©0.321 0.359
TH/T™ (dB/deg.) | .20/74.9° .22/92.9°

Table 11. Semi-~infinite interface parameters.

0 | '~ 0.340

¢1 (rad.) - ) 3.088

¢2 (rad.) 0062
-el.(rad.) . -0.0706

0, (rad.) | . _0.046

gt (rad./in) ) | | 9.70

8™ (rad./in) o ©10.96
~o* (nep./in) : - 0.093

o~ (nep./in) = - 0.117




Table 12.

Interface equivalent circuit parameters.

t 1.942
Y~ 1.938
B} 0.064
By 0.111
B§ 10.070
BZ 0.102
X 0.037
Xz 0.050
Xt 0.026
x5 0.058
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Table 13. Typical diéphragm wave-transmission matrix,
case (¢): d_, =0.25cm, d = 0.547 cm.
min

Matrix elgment ' Theoretical form Experimental values
A1 1 39" 1.0270/-16.144°
Al 2 gj(¢‘9+) 0.2033/-95.272°
_Ad21 % J(e-h 0.2033/84.728°
Mgy | 1 07 | 1.0168/9.688°

-
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1.0
max

70.25 . 0.3 0.35 0.4 0.45 0.5  0.55 0.6  0.65
' | d(em) - o |

Fig. 35. Equivalent circuit parameters of a metal diaphragm in ferrite’
loaded waveguide; magnetizing current = 15 A



question as to the significance of X (or X*) . althougﬁ the unitary
conditions for the diaphragm wave matrix cannot be satisfied by 8% and
B~ alone. This was investigated by recalculating the diaphragm equiv-
alent circuit elements for the reciprocal cases using the nonreciprocal
circuit representation. Ideally, one would expect X' and X~ to Be Zero
and B* and B~ to ha§e the same values. The calculations showed that
the valueé of Bt and B~ were negligibly different from those of B and
that the values of XT were of the order of 3-7% of»B. This indicates
that the values of X+'and‘X‘ determined for the nonreciprocal case may
be greatly in error. However, they are small compared with the values

of Bt and B™ and may be ignored for some purposes.
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Chapter 5

CONCLUSIONS

The main objective of this work was to determine an equivalent

" circuit representation for a thin metallic discontinuity in a nonrecip- -
rocal inhomogeneous waveguide. The configuratiop chosen for the non-
reciprocal structure is typical of those found in latching nonreciprocal
ferrite phase shifters. Because of.the comple#ity of this configur-
ation, a theoretical analysis did not seem possible. The effect of a
métal diaphragm was determined experimentally but before the diaphragm
could be represented by an equivalent circuit.it was necessary to be able
to derive values for the characteristic admittances of the nonreciprocal
waveguide. The experimental technique involved the measurement of re-
flection and transmission coefficients of unmatched sections of the non-
reciprocal waveguide, which introduced:a further problem:-it wae neces-
sary to determine the effect of a-nonreciprocal inhomogeneous wavegﬁide‘
interface.

_Before‘considering the diaphregm discontinuity, the related dis- -
.continuities. of reciprccal.and ﬁonreciprocal inhomogeneous waveguide in-
terfaces were analysec theoretically._ In both cases, the numerical tech-
nique mode matching was ueed. A two-element equivalent circuit represen-.
tetion of a reciprocal interface led to a‘useful definition of the norm-
alized equivalentfcharacteristic adﬁittance ofvah inhomogeneous. waveguide.
This was an important step towards thebdefinition of the characteristic
admittances in a nonreciprocal waveguide. CcmﬁutedAvalues of the norma—.
liéed equivalent circuit elements and characteristic admittances were
obtained for bcth E—place and-H-planeldielectric.ioading over a wide

range of parameters.
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A similar repreSénﬁation was used for é nonreéiproéal inhomof
geneous waveguide interface. In this case, the equivalent circuit
elements and the characteristic admittance of ﬁhe nonreciproeal section
assumed different values depending on the direction‘of propagation.

The nonreciprocal structure was a twin-slab ferrite loaded waveguide
which is.a theoretical model for ferriﬁe.toroid configurations. >Con—
trary to expectation, the characteristic admitfances for the two direc-
‘tions of propagation were fcund to be nearly the.same o#er a wide range
of parameters, alﬁhough the difference betweeh the tﬁovphase coefficients
could be quite large.

:

The analysis of these two interface problems provided the un-
derstanding required to determine the effecf of a diaphragm in a non-
reciprocal wavegﬁide from experimentai measurements. ' The diaphragm was
représented by a two~element equivalent circuit; each element having
diffe;ent-ﬁalues for the two directions of propagation. .Measurements
made at 8.5 GHz showed that the seriesveleﬁents are an ordef of magnitude
smaller than the shunt elements.

The aécuracy of these results could not be checked by comparisop
with tﬁeoretical results so an indirect ﬁethod was used. ‘The effect of
a diaphragm in a reciprocal ihhoﬁégeneoué wavegﬁide was meésuréd, with
the inhomogeneous loading configuration.chosen so that theoretical re-
vsults'could be obtained. The accurécy of tﬁe results for the reéiprocal
‘case then provided an indication of the accﬁfaéy of the resﬁlté;for tﬁe
nonréciprocal case. The maximum error.iﬁ the ﬁeasﬁred quantitites is
esfimated to be #2° and #1 dB, while the errdr in the derived_valuéé of
the shunt elements is estimated to be less.than iﬁ%. Thé percgntage er-
ror in the values of the series eleménts ﬁéy bé much lafgér but forlmany:

purposes these elements are negligible.



Appendix A
REFLECTION AND TRANSMISSION COEFFICIENTS FOR A
’ RECIPROCAL INTERFACE

Mode matching yields values for the normalized coefficients df
the reflected and transmitted waves (domihant modes) at the interface.
The reflection coefficient is obtained directly from.these results; i.e.,
rl/al.f The transmission coefficieﬁt is obtained by eduating the power
flowing in the positive z—direcfion in the two waveguides, A and B:

2 2

1 |r1| /3. xA -d~|b1'| f & xB.* - 3ds
- a; ) s %A1 ¥ a1 T %08 7 ZI s °B1 * Bp1 éz S
i.e., ‘
2 2 [ - = % _
1 - lfl - |_bi| s €py X hBl azdS A It |2
al a _ E * .. 3 ds - 2
£ 81 *hy o8,
b, 2 f& .  xh¥.3ads
2 Bl Bl
o.o t2 = ('éi) 7‘- — z s o -(39)
1 P eAl X hAl azds

where s is the waveguide cross-sectional area.

In the above expressions, éAl and HAl represent the dominant mode in A

while EBl and Eﬁi represent the dominant mode in B. The equivalent cir- .

cult parameters, Figs. 5(a) and 5(b), may then be defined in terms of

rl/ai and t,.

Two-element circuit

VA =3—il/_:a_l_=’x+_l__
in 1 - rl/al' J Y + jB

. .« (40)
i (1 - rllal) Y '
2 Y + 3B
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Three-element circuit

. 1+ 3X '
Z, = iX

in

+ = ~
1 Y' (1 - X3Bz) + JB2

(1 - rllal) i
2 Y (1 - X4B,) + jB

2

« W41
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Appendix B
INTERFACE BETWEEN EMPTY AND H-PLANE DIELECTRIC
SLAB LOADED WAVEGUIDES

The steps outiined here for the mode-matching solution follow
the generallprocgdure in refs. 17 and 18. Considering Fig. 36, wave-
guides A and B are matched so that the only reflections are those caused
by the interface and the dimensions are‘such that only one mode may pro-
pagate in either A or B. If the TE10 mode is incident_on.the junction
from waveguide A, the total transverse fields at z = 0 may be approximated-

by sums of mode fields:

Waveguide A

M
E, = (a1 + rl)eAl + 22 a8, _ ... 42)
Hy = (ap —rphyy - 2 aghy A
1=2
Waveguide B ‘
. - X | ) .
E.= I b,e_. ' ' ... (48)
By 3B
_ N : o
H,= I b.h ' ' , ... . (45).

B oy 3B

In the above equations, €5 s

netic field componénts of the i-th mode excited in waveguide A and EBj

and EAi are the transverse electric and mag-

and.ﬁBj are corresponding terms for‘waveguide B. Using the orthogoﬁality
relations for modes in each waveguide and'satisfying_the boundary condi-

tions at the interface we have:

=

' ‘N b, [ &, x ds
r - = - i s °B3 * "a1 " % - - -
1 e, xh s ads + I z — — - & =xh a_ds
;I .é Bn © Al 'z =1 a1 4-2 é EAi b4 hAi- azds 8 Bn Ai z
, bn ; | o
R h *a = e h e« 3 ".' . e
+ g €, X th azds S Cpn X hAl a_ds . (46)
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r
1 - = -
LT

[
(&

. (47
where s is the waveguide cross-sectional area.

Equations (46) and (47) represent a set of N + 1 equations in the N + 1

b b2 bn r,
. s 7 The amplitude coefficients of the modes
1 1

reflected in waveguide A may be found from:

" unknowns,

e
|
|

ij X hAi . azds-'

1 {
[ & . xh,. *3ds
8 z

a
a

, 141 L. . (48) -

=
o,
[

To decide which modes to use to approximate the fields EA’ ﬁA’

EB and HB

x h

’ consider‘the in;egrals, é € By

. - a ds. We start with
Bj Sz

the TElo mode, the (only) mode incident on the junction from waveguide A.

This mode is of the. type TEnd (n odd) which we denote by the superscript

I. The first step is to examine the integrals - I8 .xh L. a ds for
_ ‘ s Bj Ai z

all the different types of modes that'may exist in waveguide B. This

reveals that the only modes excited directly By the TElO mode are LSMlm

modes, m = 1,3,5,...; these are also denoted by the superscript I. Next,

we determine which modes are excited in waveguide A by these LSM modés
Bj * Pai

10° TEpp and T,

The TE1m and TMlm modes are denoted by the superscripts II and III, res-

pectively. Now, for the corresponding modes excited in waveguide B, we -

- = IT,IIT = . _ o ' B
£ 85 X h,y "+ d,ds = 0 for all but LSE; modes, m = 2,4?
' II

6,..., denoted by the superscript II. Finally, we find that é éBj b4

ﬁAi * a,ds = 0 for all but TE1m and TM; modes, m = 2,4,6,..., which are

through an examination of the integrals é e . Ezds. These in-

tegrals are zero for all but TE n modes, m = 2,4,6,....

find that
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already excited by the LSM1m modes és shown above. Thus, no other modes

are exicted at the interface. These results may be summarized as follows:

Waveguide A

TElm’ m= 0,2,4,...

TMlm’ m = 2,4,6,7..
Waveguide B

LSElm, m= 2,4,6,...

LM, , m=1,3,5,...

P

Expressions for the fields in both waveguides are derived from

similar equations. TFor TE or LSE__ modes:
nm nm

E=-j wp'V x ﬁh
f=1?7 +W -0
h h

‘where ‘

- - = _-Yz :

Hh a, wh(x,y)e | for TE modes |

- ~yz '
= a, wh(x,y)e : _ for LSE modes

and wh satisfies the relation
2 : 2 2, _
vt wh + (y¢“+ k )wh -.0.

For T™M or LSM modes:
nm S nm

E= kzﬁ + V0 . 1
H=jwe' VxI
e
where i =a_ v (x,y)e '° - - for TM modes
, e z e _ } : _
- . -Yz
= ay we(x,y)e . for LSM modes

and ¢é satisfies the relation



o2 2, .2
Vi Vet (T + KDy,

In the above relations,

= 50,‘u0

The resulting equations

Waveguide A

0

er(y)eo, ur(y)uO

in waveguide A

in waveguide B

for the fields are summarized bélow.

TE modes:
nm .
€ I, -jwp 2T sin 2L x 3
A 0 a a y
. . (49)
7,5 = "L sin 2L x 3
A = Yom a a x
e =3 LU [cos 2T« sin‘-llll ] a
A Jurg 7§ Ta b Y %%
-jwu ar [sin’EE x cos = y] a
S0 a a b y . (50)
h I _ LS [sin BT % cos XL ] a
A Yam "a a 5 Y X
.+ o [cos'BE-x sin =% 13
Yom "B a Ty Y y
TM  modes:
nm _
g M- _, &t [cos 2L x sin ZL y] 1
A Ynm " a v a b y X
~y mr [sin LN cole-11 y] & ,
nm b a . b y :
. "(51)
= IIT _ . mr nm mr . ’
hA = jwey =g [sin 5 X cos ¥] a
nw nw mm -
-jweo a [cos 3 X sin B vl ay
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LSM
nm

IT

td':l‘l

Waveguide B

modes (m odd):

nmw . nr -
- —mh [sin h y cos — x] &
a m m a

2 . NnT . -
~Yom [cos hmy sin = x] ay.

nmw . n
A lm[61n lm(b/Z-y) cos

a ' m
v 2
YOm m

. 0T -
jweoynm[cos hmy sin —z-x] a

X

A [cos Zm(b/2—y) sin 20

X

x] a

x] a

. . nm -
JQe YnmAm[cos lm(b/Z y) sin - x] a

.h_ sin hm(b/2—t)

cos hm(b/2—t)

A =_.£ —.]_‘
. om 2 sin ¢t € cos 2t
m m m
2 .2 nmw, 2 2
Yom = b+ ( a) - kg
2 nw, 2 2
- zm +( a) - Erur k0
LSE__ modes (m even):. -
““nm
I, ) nm
ey ---jmuoynm[31n hmy cos — x] a

nm nre oy =
- hm[cos hmy sin 3 x] a

2 nw -
- Yom [sin hmy cos —;-x] a

n
a

~ Yom “n

y

2 nm o
A [sin Zm(b/2—y) cos —— x] a

. nmr 4 -
~jwu YnmAm[Sln zm(b/Z—y) cos a‘x] a

™ . N7 -
= ——-Amzm[cos Zm(b/2-y) sin — x] a

y.

b/2-t

b/2¥t

IA

A

1A

1A

IA

b/2-t

y £ b/2

b/2-t

y £ b/2

b/2-t

y < b/2
b/2-t

y = 6/2
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. (52)

.. . (53)



sin h (b/2-t) h
m . m

cos hm(b/2—t)

cos L t
. m

95



96

Appendix c.

TEril0 (n odd) MODES IN THE TWIN-SLAB FERRITE LOADED WAVEGUIDE

For the twin ferrite slab configuration of Fig. 16, and magne-

tization,inlthe y-direction, the permeability tensor has the form:

n é-uo u 0 Fix
0 1 0 ’ « o «(54)
+jk 0 u

where the upper signs correspond to magnetization in the positive direc-

tion of y. The TEi modes have only Ey’ Hx and H, field components:

0
- |
By = Ype’ nZ | o . . .(55)
tjuy v, -+ kPl — . :
H = — 250 Bn #rn? .. .(56)
x 2 2 v :
wuo(u - k)
kv Y +'ju P! — .
H = L Bn En e+'Ynz : ' . . < (57)
2 2 2 . ;
wuo(u - k")
3")Bn

where wén = and the upper signs correspond to TE: modes. Super-

ox 0
scripts, * , have been omitted from an and yn.for simplicity. In eqmns.

(56) and (57) «k = 0 and 1 = 1 in the air and dieleétfic regions of the

waveguide. For odd modes, an has the form:

1A

= Asinh x : -0
n n .

- i = < x < .
Bn sin ln(x c) + Cn81n ln(cft x) ¢ _.x < o+t .. .(58)
' o . : . b+ < x < a
D cos qn(a/2 X) | | c+t‘_ x 2 a/2

and satisfies the wave equation:

" 2 2 _ . o '
YEn + Ay tk) b =0 | . . «(59)



where  k

In the empty waveguide,ltbAi = sin(ig x). Thus, the constants Ah’ B

97 .

= kg 0<xZc
k2 <x<c+t
0 £V c<x<ec
2.
ko €4 c+ t <x< a2
= HE_:;EE
He ”
The modal expressions may be summarized as follows:
Waveguide B
ht =272 Asinhxa
Bn muo n n X
0<sx<ec . (60)
& = A sin h x a '
Bn n n y
—t Yn : -
o= %] [B sin & (x-c) + C_sin & (ct+t-x)]a_
n WHGH, B n n n X
+ —ELE— [B2 cos & (x-c) - C 2 <cos & (c+t—x)]5
WHgH, ~ n'm n nn . n X
. : . c £ x S ctt . (61)
i [Bn31n ln(x—c) + CnSIH,ln(c+t_x)]ay
_, o )
T = 4] — -
th tj e Dncos qn(a/2 x)ax
ctt < x < a/2
-+ _ Y-
& = Dncos qn(a/2 x)ay . . .(62).
Waveguide A
Y .
£ S
hAi h| oy sin( a x)ax
. o +(63)
- _ ir o
€ = sin( P x)ay

» C

. n n

and Dn should be chosen so that an is real in all three regions of the

waveguide B cross-section, regardless of whether hn,_zn and q, are real
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or complex. This is done by normalizing the constants to Dn. Satisfying

the boundary;conditioné at x = ¢ and x = (ct+t) yields the following:

D =1
n .
_ Bn = cos qnd/sin Qnt" |
Cn = [—ue q sin'qnd sin lnt + kn cos Znt cos qnd : T . . (64)
-, K .
+j u Y, sin znt cos qnd]/[ﬂ,n sin Ent]
A =Csin 2 t/sin h ¢
s n n n

The eigenvalue equation is obtained from these boundary conditions.

If the subscript n is omitted, this has the form:

. sin ¢t : . K sin &t
-q ¥, sin qd cos he _—_E_—-+ (Tl - Tz) cos Lt * j y y(Tl + T2) 3
+ l_[(ﬁ_y)Z_QZ] sin he cos qd sip 2t _ 0 ' . . .(65)
Mg M h , L _ .
*ﬁhefe T1 = cos hc cos gqd
T, = 3 gin hc sin qd

2 h

and the upper sign corresponds to TE:b modes. Equation (59) may be written

more.e2plicitly for the three regions in the forms::

v =n? ik | o .. .(66)
2 _ .2 _ 2 ’ .

25 =0+ (egn, - 1) kg . (6D
2.2 : 2 : o S S

q = h +_.(€d - 1) kO ‘ | ‘ ... . .(68)

With eqns. (66)-(68), solutions may be féund'forkh frpm eﬁn.-(65).v For
probagating modes, ' Y is_imaginary and‘a.solution exists for h whichkis
either pure real or pufe'imaginary. For npnpropagating modes,.hoﬁeQer;"
Y is not pure imaginary and the soiﬁtions for h are cbmpléx; .Thus,“y;‘l
and q are also complex. One simplificatioﬁ ;rises, howevéf, since tﬁe

TEiO-and TEio modes form a coangate pgir 75 1.e., if Yi —.ai + ] Bi’;
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then Yy =»ai.— 3 By
The eigenvalue equation was solved by Newton's method. If

h = a + jB is a solution, then eqn. (65) may be written as:

F(h) = R(h) + jI(h) =0 | - | .. . (69)
' and, ddi(h) =R, 1T =T, - iR | .. .(70)

Newton's iterative method:

Ogpq = oy F IR, -RI _ o on
: LRaIB —IaRB_i '
Bipp =Byt RI -IR | |
RI, - LR, oD
L o B aB_i

Equations (71) and (72) converge provided the starting values, ag + iBg»
are sufficiently close. It was found that for all soldtions, B << «
and suitable starting values were obtained by setting 80 = 0 and finding

o by bisection sﬁch that R(ao) = 0.
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