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ABSTRACT

iniave propagation in rectangular røaveguides loaded r^rith dÍelectric

slabs is investigated using perturbation Ëheory. Richter, Diament

and Schlesíngerfs Perturbation analysis, whích is a modification,

extension and generaLization of tíme dependent quantum mechanícal

perturbatíon theory is extended to deal with more general cases. In

particular, resulËs are obtained for one or several dielectríc slabs

with faces para11el to, and at arbítrary dístances away from the wave-

guide walls. It is shown, contrary to Richterrs conclusíon, that Ëhe theory

leads to reasonable agreement with experiment and available rigorous

solutions even when the magnitude of a certain perturbation parameter

is allowed to exceed unity. ThÍs parameter depends upon the type of the

perturbatíon, íts size and the relative change in medíum parameters.
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CHAPTER I

INTRODUCTION

There has been considerable effort in recent years to interpret

the behaviour of dielectric loaded waveguides from the calculation of

their associaLed propagation function [ 1 -5 ] . Such waveguides have

been used in the past as phase shifters [6] , slow \^lave structures lZr+1

and recently as models for ferrite devíces, ín particular non-reciprocal

phase shifters [5 ] and isolators [7 ] . Furthermore they have been

found to offer much greater bandwidth and po\¡/er handling capacíty than

unloaded waveguÍdes [Z ]

An exact formulation for isotropic dielecËrícs is easily accomplíshed

usíng transverse resonance techniques [ 819] . These techníques normally

yield a transcendental eguaLion, which must then be solved numerically

for the propagation constant. Some variational and graphical solutíons

for E-plane slabs have also been developed [ 3,10]. These methods are

either restricted to sma1l values of the dielectric constant or special

slab geometries or sometimes to single or double slabs only. However

these restrictions have to be removed in many of the devices mentioned

above.

Recourse is had to perturbatíon theories whenever exact solutíons

are not avaílable or are unwieldy. Moreover in many cases the approximate

perturbaEion analysis may yíeld sufficiently accurate results to diminish

the merit of an exact solution.

The aim of the present thesis is to calculate the propagation

constant and related parameËers for a number of geometries ínvolvíng

dielectric loaded rectangular !üaveguídes. Richter t s Perturbation Èheory



E1-14 ] is extended to deal with one or more slabs oriented in the E

or H plane and with varying geometrical configuratíons. These results

are compared rvith experiment or available rigorous solutions leadíng

to a good agreement in most cases.

An interesting result of this ínvestigation is that, contrary to

Richter's theory[141 good results have been obtained even when the

magnitude of a certain perturbatíon parameter is larger than uníty.

This parameLer is directly related to the type of perturbation, its

síze and the relaLíve change ín medium parameters as will be shov¡n ín

Chapter II. The deviation from other theories or experiment is found

to íncrease r¡hen the propagatÍon constant is perturbed from a real to

an imagínary value or when the,idielectricconstant is very hígh.

The theory is applied in chapter TII to a finite slab of míxed

dielecErics with partícu1ar applícatÍon to grain samples infested with

insects. The results of these calculations are also in favourable

agreemenË with exPerimenË.

Finally, the advantage of the perturbation theory ís that it

provides a simple and systematic approach for the calculation of

approximate values for Èhe propagation constant and relaÈed parameters'
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The word ''perturb'' neans to disturb, change or Vary sIight1y.

perturbation methods are pariicularly applicable whenevcr the problern

under consíderatÍon closely resembles one rvhÍch ís exactly solvable'

usually tluo problems are involved, the unperturbed problem for ''vhích

the solution is known and Èhe perttrrbecl problem which is slightly

diiferent from the unperturbed one. If both the unperiurbed and the

periurbed systens ar.e discribed by an eigenvalue equation, "a tj'me

indepencìent or statict' theory may be usec1. If the perturbed equation

is hol¿ever is not separable into eigenvalue equations, so that a set of

characteristic mocles does noi exíst, t'tinte dependent perlutbation theoryt'

tf5l js used

A rece.rrt contribution to rr:t jn:e indepe.nd.erlt or stat j'c" theory [16:20 ] j's a

rnethocl pioposecl by Rícliter [11-14] which is basically an extension of

tinie dependent perturbatíons in quantum mechallics, wíth'axial co--

ordinate replacing time. IÌovrever in the elec-tromagneti.c case this nethod

takes into account the phase progression of the perturbed wave r'¡hích

is usuall,y ignored in quantum Lheory '

2.2 GENERAL PROBT,EII

Theperturbatíonanalysispresented.herecanbeappliedtoall

boundary value problems r^'hiCh can be rePresentecl in the form

( tAol + tAl )tül : òt(,1/ðz
(2.2.L)

where the unkno\frl !{aVe functionp may be an n-vector functíon of the

axial co-ordinaLe z and of any number of other eo-orclinates' lfairices
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as sho\.rn

and its

where

Ê,v n

and

r_n aP

qn I lrrl

I
I

I

l=
I

I

pendix 42.1. This equatiorr is o, an. same form as (2'2'2)

ons are given by the well-knoç¡n modal expansion

-c¡u / ß'c

sin (nrx/a) " 
-j 3n= : ,Þrr.-j ßrr"

(2.3.2)

,3 -J2 2
r'k ¿'- n T le

(2. 3.3)
+ for n>c. ß = -ß

11 -lr

??k'=rù'ue (2.3.4)'o o

¡61..r perturbecl by a perturbaLion of relativg dielectric cons-

i- €-in,,r- (') ? 1nl then th¡r oerturbation matrix tA] is given byIIr !I5uLe \¿.J.LcL!

j :e 
o 

(e (z) - l- )h (x-xr)h ("2-*) (2. 3.5)

i.side unit step function ancl {lo in the present case

If the vraveguide is

tant e (xr") as shoru'n

f" ol
tllAt= I I

L1 oj
where h is the lleav

is taken to be

.t. _,t,vo-vl.
sin(:rx/a) "-ikr'

2.3.I Fo-rql 0F PERTURBED -E-M!q

The solution of equation (2.2.1) is assu¡red

I
(2 .3 .6)õo.

!

1

to be of the form

qr - úo" [ßo" + fo(z) ] +

llere the toÈal field has been expressed

altered by a nonlinear phase progression

(2.3.7)

as a sum of the incident mode Üo,

f (z\. and a scatterecl field

(2 . 3. B), =nåo un (z) "-j 
ßn t"*n
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Except for the incident modertÞconsists of a complete set of all transverse

modesp . u- are the corresponding mode cæfficíents. The functÍonpp
fo4), rfr:-"f, is the correction to the phase progression ßoz of the

unperturbed mode, ilâY be a complex function in order to account for both

amplitude and phase correctj-on to the incídent mode (Uo = Ur). Assuming

that the phase of the incídent mode in the absence of the perturbation

is simply ßoz, we see thaË ,o(o) = o and ,ro(o) = o, \nrhere the superscrípË

denotes the order of perturbation. Note that for the technique to be

valid' the function should be expandable as a sum of functíotr" rl;p, which

in turn should be orthogonal to üo for aLr z. The functionr! may also

be expanded as follows

(2 .3.9a)
ú= È 'n Q)þp

sn (z) u-!ßn'þ,p (2.3.eb)

Both of these forms lead to difficulties. First, sínce the complex

functíon r^(or s^) is expanded in order of perturbatíon, with. (o)(or s (o))
PPPP

as the first term, it is dífficult to retrieve information on the correction

to the phase progression fO, of a given mode from either rp or "p. In

addition, íf the axía1 extent of the perturbation is large and the average

correction to the phase progressíon per unit length is rron zero, thÍs

correction wí11 appear to each order of perturbatíon as a secular term.

This means that the cceffÍcíent of each mode would, to each order of

perturbation, increase without bound as a functíon of the axial co-ordinate

if the perÈurbation were exËended over a wider axial range.



The forrn fortp'used in (2.3.7) is a compromise. Secular tertrs are

avoid.ed.in Lhe mode of intàrest by introducing the cornplex exPonent

f. (z). lior,rever, the f ields scattered by the perturbation, as given in
o

(2.3.8),havebeen'expressedinasímplerformwithoutexplicitly

expressing their phase progression. This is expedient because one is

usually interested in the phase progression correction to the incident

mode whích is given by Èhe real part of f^.. This perturbation theory
o-

in general r,¡ould be valid only in those regions of perturbing structure

where the, scattered fields remain sr¡all compared to the incídent field'

Hor,rever Ëhe phase progression correction fo will not be required to be

sr¡rall and in fact it may gro\'1 la::ge with z'

2. 3. 3 3!BluBÞê!i-9!-gauA1f0r\$-

Substituiion of tTre expressions for ttre perturbecl f ielcls in (2 '3 '7)

ancl (2..3.8) into the perturbation equation (2'2'1) yíe1ds

,(¡L1+¡ ar ol 
ø2,)ú o.-i 

(ßozj-ro);ÌJa,rnldz-un 
[¿-] ) Un"-j 

ßp' (2 . 3.10)

Thj.s exact equation nay nov¡ be separatecl ínto individual equatíorrs for

each mode by taki-ng scalar products r+íth suj.table functions adjoint Èo

each mode. The. scalar product of (2.3.f0) withrfot (vrhere the príme notatíon

denotæ the acljoint) ancl rþo' fór qTio yields

| : ut. : ( rt," lal üo> I .-: iso

L a" "---?,1;il,l,l - j
and

-iB z ¿ú'lAl\t >u e - p ''o' ' p_P ' 
¿,rrT-,r' >'o'o'

<,pl l¡-1.1.>
----.:1---Ã-
<lli; luq>

(2.3.11)

\.u
-IJ

p+o

-iß z
gPñ-<Uolal,t,"> .-j (ßoz-rr")_ 5 "-ißr'<q,;l%t - dz (2.3 -t2)



respectively.

The scalar products are

,(a(i¡' lr¡ )={ t-1 r,ruo/Ên1'-'p' n ) o

and

/Ar - f *

(,l,o la luJ = I r-t utuo/ ßr 1

gr_ven

-/'\'l I'o

by

/sÅ
Irl

/e,f

,]1"1
L1 'l

sin (pnx/a) sin (nnx/a)dx

(2.3.13)

sin (ptx/a.) sin (ntx/a) g (x ,z) dx
[-ru

I

where

for the present

of perturbation,

series

(r)

lí )
df '-'

o
dz

g(x,z) = joeo (e-1)

example. To separate these

f and u are no\,ü exPandedop

(2.3.L4)

(2 . 3.ls)

equations into varíous orders

in the usual perturbation

(2.3.L6)

(2.3.L9)

(2 .3.18)

t =r (1)+tQ)+t
ooo

u (1) * ,,, 
(2) * ,,pppP

where each succeeding term represents a higher order of accuracy.

SubstituËion of (2.3.16) and (2.3.L7) into (2.3"11) and (2.3.L2) together

with the separation of the resultirrg e-<1uati-ons for various orders of

perturbatíon yiel<lsËhe following expressions for fo and uo

df
o

dz

i-r .. (k) , (i-k)
-or (p

=-I--o ' +

k:2 dz

, (1-1) 'iß zj <.þ; lA | 0'- -/¡eJ -o
,I"7]lñ-\9ol9o/

i=21314r.,.

(2.3.L9)



vrhere
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(2.3.20)

(2.3.2L)

(2.3.22)

: f o o \--J \Pr -tJ^) L- r P , í=213,4,...

(2.3.23)

(2.3.24)

'(2.3.25)

(2 .3.26)

' Gtt

The expressious for f and u- in this case are gíven by
zoP

E (1) _ k.-X .,r-^"11"oÞ1

2 . 3 . 3. I LLU S T Rt{T I V E E Xi.L\lP l, E : s - p!4\!-sl, AE--GIpS$ lë-j/-J)

(1)
u

p

.(2)_
I_

o

/, ')

u (2) = ljx'Gtl 
.-j (ß1*ß-

P ã--7ã_p.r= L Ptl ttl tP'
l,[ ton-

I 
e, cer-oor

ttt
Þ1 ß1 (ß1-ßP

I
I

j
') '1, )7 \

)

(



.^f
to XGír' lcooP! | rf-

7l c,

ß1ßp (ßr-ßn)- 
L 

-n

trrl
a--l"tl

11

(2.3.28)(3)

and

ln":'

f¡ = f-L
p>1

f(1) + f(2)oo
2

È-XGrrz
--- ñ- -t-

P1

. -(3)t I -1- o"¡.o.
- .4 2^2

RY G.Z
e. ur t ra'lr -¡
LL a a /R -R lrL
p '1'P'"1 -P'

-uax'r1." u6x3e3rr,

- 

t-:-- 
-L 

-- 
- -__- ---'f, 
'et,

7
t-Xcr1

qG;il +. I .J1Jt y t

=r
P

,-
k-XG..

aa .

R lR -3 )-P'"1 -P'

where the sununation over the integer p is

forrn'ard and backv.'ard Eraveling modes ' If

i.e. p = -1 , the fontrs contaíning ß '', are

expressi.on for f is given bY

equivaleni to summa.tion over

for the do¡rinant backr¡ard mode,

grouped ""P...t.1Y, 
the nel,'

+ ... I + ff (2'3-30)
t

k-xG.'.., z
?. LL

f = I ------
a

-"1

,!t_Ín, 
,

J)L
ß1 (3i-s; )

+-... l (2 . 3. 31)

Eere the

terurs of

ßn=-ß-n'

phaseconstantsforthebackrqardmodeshavebeenexpressedín

the phase constants for the forç'ard uiodes using the relation

The resulting expressíon for the propagation constani is given bv

r-lo-tl ¡r PtþZL

çl-Q.c!¡'r"

?
2k-XG.,.,

? < , ¡r 'l
L r -r'-*--l- l-^- t1

(2.3.32)

+ f.'l3r (2 .3.33)



!¿

brackets in <r.r.3l) have been sunined as awhere the

binorni al

pigures (2.3.la-fþhor" the results for

tions of various geometries r,¡here tlLe

Q.2.3 3) . rne cut of f rvavelength À- , inc-

terms

qerí eq

,x2
î.f=rt
IaJ
--1

--L^-^ 1' ^^-'^ '-s k when k in (2.3.33) ís equal to zero.wrrc!s NC Evuar 
Z 

\a.J.JJJ I5 e(luc.t

The propagatíon constant for the el.even slab case shor.,'n

(2.3.2) is obtaj.ned using the samc expression except thet X is

of x and G is given byPq ] x^+d-,-,
I " rrr

c ll Y sinfoäx/a) sin(q¡x/a) dx " i=L,?.,
Pq a 

I ^i -*"\Y'¡-a/ c/ u!¡r\Y¡¡-1 /

J x -{'d.
ol_

ínstead of (2.3.34). The integrals in (2.3.36) are straíghi

lead to the result

G

ín l-hp eñrr?ïê

and \

pq' sin (pr:</a) sin (qrx/a) dx , X =e-1 (2.3.34)

the E-nl ene di e1 eefri c sl:h nerturba-

^^ññitr¡r-'a-¡ ^-o l.¡ <øå a¡ () ? ?-l I f ôLUUIPULdLAVIIù élL uqo!u v!r \¿. ¿. ¿L,/ uv

figure (2.3.le) ís approximately given

J.J))

by

2
¿R YG..c,. I_t_1r-_

---- 

= -l, 2 - -at oc-
o-Pl

¿1ï:-t
c

(2

in Figure

no\./ a function

(2 .3 .36)

forwarci arrd

1'r [å.'"{(rxla)/ \ì ' " y:/a\(o*c)}l*J-di-ulG' = *- ) v | -'r !'1 L \'r-:-/-::.,_-(P__Qrl _ !111_$_,_:-_¿_\r__r/_r--pq' z¡¡ 4 xil --- p-i ,"+ ñ | - (2 '3 '37)r'1 Jx*d-

2.4. 4IP!I!4I-I-ON TO TtïE DIELECTRIC I.J¡WEGUIDE PIL{SE -q}iIllE-B 
r

- Consicler an E-plane dielectric slab perturbatíon of finíte axial

length .Q, çhích is the case of a w¿veorride díe'l ect r je s'l ¡h nhase shif ier.

The first order expressions for Ëhís case have been given in 11]. They

are reProduced here along with the expressions for higher order rerms.
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\,

' oszst.

-4(A -Q \-i-lo 0.1
-J \lJf -P-,/utrrr Yo t * I _\L9

t-i

(2.4 :I)

p>1 (2.4 .2)
p1(*l 'xr)h(z)e Ê, -R'I'p

-2
t<. x^
Þ1

-j (Ê1-ße) zh(z)-"t, (ß{9J
P<o (2.4.3)

(ß, -ß_)LP

r,¡hiehever is greater, and h is the

cos{(ß- -3 )zl2}'I 
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e
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For the integrations required to arrive at Ëhese results, the lower

linit ís chosen in such a \,/ay that the constants of integration vanish,

using the facË that un vanishes for z ( o in the case of positívely

traveling modes (p > o) and for z > L in the case of negaËívely traveling

modes (p < o).

The final resulË for Ëhe phase shift, normalízed with respect to the

electrical length of the slab, is the real part of. f/ßr[ as stated in

1,41. For ßrl,>>1 this quantíty ís obtained by setËing z : L and neglecting

small terms in the expansion for f leading to the same result as may be

obtained direcËly from (2.3.22) and (2.3.23). This is due to the fact

that for ßr[>>t the leading terms ín the expansíons for fo?), rot"

are much greater than the rest of the terms. If only these leading terms

are taken into account the expressíon obtained for fo is the same as

that obtaíned from (2.3.22) and (2.3.23). This approximation amounts to

neglecting the reflections from the second interphase of the perturbation

and is Ëhereby valid only for long slabs.

) h') PHYSICAL ]NTERPRETAT]ON

It is difficult Eo account physically for all the terms in the

general case (2.4.L to 2.4.7). Oo achieve a betËer insight, a simplificatíon

is now made. The perturbation ís allowed to be uníform over the entire

widËh of the waveguide such thaË

pq(*l ,*2) = cn'(o,a) : !\ r.or p = (2 .4 .8)

=ofor p#
'q

q

The sunmaËion over

dominant mode u_r.

the modes now reduces Ëo one Ëerm

Upon collecËing terms to various

only for the reflecËed

orders, the nonlinear



foQ)

roe) = ì^+ ú4.

. .-2ig.9, /: 3ot-+ê." t- (J t- L, 16ß-'.I

:zig. (L-z) ,, rti-_e " l_' (JL- /,
,5ßr_

phase progression

The first term, Bz,

progression of the

Êe instead of e
OO

where

Hence, for

expanding

Rl ="1

is found Ëo be

6i
\-2L_ r \...J

roö-.I

kv
- 

i:---L
a

1ÁR ":-*1
+

Y1
I

rî-*-;"v-t L Lt 1
{k ¿ - T la

.6 3
l+KX +r ' 

16ß15
""'')

. (2.4.e)

f (z) vanishes for zlorand f.or z)9., it is constant at the value obtained by
o

puttÍ.ng z=9, íf-(2.4.9). Equatíon (2.4.9) will nor,, be interpreted in deËail

and,for convenienee, Ís rervritten in the form

. 
(2.4 . 10)f.ok) : Bz t c - "-zißtu'-z) D + -..

clearly ïepresents the correction to the phase

incident mode in a medium r¿ith a dielectric constant

The actual value of B fron exaci anal-ysis is given by

u=ßi-

Rl=-l

fT---T,7--- t
= y'k"e - ¡¡-/a- + k-e-(e-1)- -O O

r-T*2-{þt +KX

rhi c av¡mnl o f he nertrrrbation f or¡riulation has the
Lll!Þ s¡\ar¡Lyre t

the square root for ßi in the binoniial expansion

& * k2x - Éi-* k6 ,3
I ¡ 1Q 1 5

LÐ- 
^^ 

J a a^ J'uL 3ßr t6ßr-

Q.4.rr)

effect of

(2.4.r2)
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ê êyñê.r-ê,l f nr t:hiS terrn Of f Only lVhen Èhe
o

, 2 2_t,-q r.rhì ch nnrreqDonds to lk"X/ß, -þ1 . The remaín_

10) may b-e explajned by two physical effects.

the amplí.tude of the forç'ard traveling mode

inric Çann-'l +:he aCtUal TE, _ mode, Obtained frOm
lo

rturbed region, does not have the same wave

d mode. Thus the actual- forl.¡ard traveling mode

urÌperturbed forç¡ard and back¡ard traveling modes

rìl-r I It-llttllll
^ .^r | |ß,+ßj l-oulR -Rrlr r- | ot'1 'llsin(rix/a) ?^, r^\
--1er- 

r'l a-'l ,ot I (¿.Lt.rJ)'ut L urJ "r IJ

--Å +-^..^1 -'-^ .-.tve iS a linear SuDerDosi ti onci!u Llc!VsfIIló SeVg !ò 4IIIlgdI ùeHe!yvrr

-:F (,\
d v¡aves. Thus ín the expansíon of e '-o'-'

-2iB- (9"-z)a propagatlon tactor e - l_- ¡ âs \.,/el 1 as

These factors must also appear in the expansion

erms C and D i¡r (2.4.1 0) represent ïespectively

e1 f rnvol ino r.r:rro a;rn-l i trr¡loq añnl-""^"f ^,i 1"' t}rayu¿a!¡ó rvovs c¿..ryr Lv!rL!aUULçu U-y LILç

urbed mode in the expansions (2.3.7) and (2.3.8).
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for f (2.) and

the forward a

positíve1y tr

2.5 EXPERI}ÍEì{TAI, SET UP FOR P}L\SE MEASUREMENT

The results obtained in Section 2.4 were com,pa-red (figure 2.5.1) r¿ith

an experímental ileasurenent of the phase shiít using a stanclard bricige l2I,22l

The experiment r\ias set up as shor,rr in figure (2.5.2).

Procedure

e

T

C

I

N

b

h

a

r

The signals from the reference and the unknor{r'r. ârÈs of the bridge are
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fed to .the two input alms of the magic a... ' Any differerrce ín the trvo

\
signals is indicated by thà detector ín Èhe difference arm. This difference

is initially brought to a minimuia by adjusting the variable attenuator and

varial-¡1e phase shifter in the reference arm. On Ëhe introduction of a

dielectric slab in the unknotun anl, the detector reading is founcl to change'

The variable attenuator and phase shifter are adjusted to bring the detector

rcaåinq ro its initial va1ue. The change in their reading gives the attenua--
r eçrsr!!b

tíon ancl phase shi.ft introcluced by the dielectric slab phase shifter.The phase

shift is fourrd to be dependent upon the position of the slab. The change

ís small if the dielectric slab is placed Ín Èhe \^/eakest portion of the

electrí-c fielc1 and a larger change is produced if the díelectric slab is

place.d in the stronger portion of the electric field. The phase shiit is

also a function of the die-l-ectric ntaterí,al, its dímensions, and the- fre"'

quenc.y. With regarcì to the accuracy of the aeasurement rve note that

1) The attenuation was founcl to be neglígible.

2) Since the dielectric slab rqas noved by hand, there is some degree of

rr¡¡orÊainir¡ in the location of the slab"uLIUgr L@J ¡lLJ rrr Lrrs

3) Due to some leakage, it was not possíble to obtajn an absolute null

even r¡lten the two sígnals \.^;ere equa1.

2.6 H-PLANE PERTURBATION

Consider ê \,r,âveguíde loaded by ariH-p1ane pertLlrbation of semí-infinite

length as shorm in fígure (2.6.1-). The scaitered ¡rodes in such a 'ç\7ave-

guide are Tll to y tS] ancl Èhe r.¡ave function ín a ntatríx fonn is given by
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t"ll¿=*-A
ü,o =l 

11 '{q;-f "i,,c'n*/a)cos 
(nrvl¡) "-rk,z

Lo.Jl r J

where

ßtr-,=ffi

trix [A-] is given by (appenclix A2.4)- o-

l' o ----L -â2 I
| . . j'ã; 

^r'. 
''u'l

Ltq ?#f ;?.j'eo 
' o l

s pcrturbation nratrix [A] by

[ " lfit"'-"#l
tl
l-:r.o 

(e-r) 
J

he scalar products are given by

,,,,, lú,o) = C.r¡rdÐ3 eÞ- ô ,{ôJg -7- ot*'or""

for a waveguide of

may be chosen as Tl"1

by

- qro = ú10

The ma

IAo]=

arid it

lAl=

IÍefe. t

<v

and
(úå'r,' le lúo',r) c¡e ß- ^OIU

,). t<'- (nr/b)1,,,,. ,+ 1

,toß*r, --o^' j 0e 
o

x G**'nr,'

io

I
I

I

I
J

by

I

I l7êl

d

1

dime

- ^tol_u

L.r.,
I

_l É
a

l1
L

gÍve

ens

oy

ll-o
;-
-10

I

en

ns a and b, The

which is the same

-i1¿ 
q

, \ li\ osl-n(Txla)e - z

(appenclix A2.4)

incident mode

as the TE'O

(2.6.L)

(2.6 .2)

case

i c sir¡en

(2.6 .3)

(2.6.4)

(2.6.5)

(2.6.6)

in Ëhis

mode and

a

(4,'r,' útr) ,L
K

I
(Ue-r),T,'J

(2.6 .7)
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where

.î_l
' ot*tnnt - ab

Using (2.3.24) to

consÍderrng on-Ly t

b/2 ar(tl
oo

(,) ? ??\
\L.J.Jr)

he scatt

ein (m¡'y/¡ I ein l¡ I *u I n\ ^^- f--" /h\.--- \-- ,^/ d/LvÞ \rr.) / uTcos (n'tty/b) d:< dy

(2.6.8)
--,1 fl-'^ aa"¡r.i^-- J^.'^'!^^^.J nl'nr¡o iho enlr¡f^inndLtu Lllg glludLIUL!,ì ugvglvyçu duvvçt Lt¡c ùvauLf vrr,

ered mode ß .',.,, is given by
-fw

&to' = (r + 2 Gi_roo #rt,'
k

z

The results are conipared .."ith the available

shoç¡n ín f ígure (2.6.1) .

(2.6 .e)

rigorous soluIjon 123] as

2.7 CONVERGENCE A}iD LTÞIITATIONS O}' THE }IIITTIOD

Like nost other perturbatÍon techniques, the succe.ss of thís technique

depencls to soûle extent on the rale of convergence of the perturbation series.

Tn corrnr:-l ô ^^?È,,11--r-i^- qr,rieq miohf h¡ s¡id fo conveTge if for a1lLLr d PELLUIU4LIvtT ùurrur u:rarr vsrÞç

!L

nrdnrq í nf ncrf,,-l.'.r.in- l-'¡'nlrnr fJl 2¡1 : qnoeífie ordar- thc ratjo Of the ítttu!ugLÞ M Ps!LLt, UdLIULT lrlótls! L.¡(rr¡ c !s vruLrt

tí) , (í-1)
order scattered fli.elds $" aL sone point in space to thaL of Ô'* -'at the

same point is less than sonie constant (r.ri-uh respect to j ) which is snialler

than unitv"

As mentíoned earlier the per[urbation uratrjx tA] should be sma1l

compare<l wíth [Ao] in sone sense. The actual condítion on the síze re-quircrd

fnr fho rz¡'l r'¡lit\/ ôf fha f onhninrr.- m:rr¡ rlpnpnd rrnnn thc, f vrro of ¡rr+',rtr'¡Fr'nnIOI LIIe VaIl-AIL) vr LrrL LUUrrrrry'JL uLoJ usyLrtu ufrUII LI¡E LJyç vr Hcl LurudLrv!Lt

r't-¡ ^h.'- j n¡'l --'"e ¡''i th rpsnoci to f ho r¿ave'l enqth and the orcler to which!Lù PrrJùILd! ùl ¿s wrÇLr rLryuçL Lv v!.r-LrróLl

one is v¡i1'l inq a-¡ ¡1,1a ¡n î.ya-\r oili the coì-rr)trf aiiOnS. HOWeVer it íS nOidlru dure LU Lar rJ

fL^ 1--^^ ^L"--'^.'1 -:-^:¡-^1f fha l-r¡no nf nart',-¡].¡Fr'nn nr ilrê l:foeLllEj adIëg PLlyÞIUcti- 5-L¿C -LLÞUar t Llle LJPe wL Pçr LuLUdLlv¡rt vL Lrru ¿s!oe

change in rnecliurn paranìeters, but rather the conrb j-nation of all these quantities,

whích limits the validity ol the t.echníque. This point *-j11 be nor.; explairred



Eore clear1y. For a perturbation which conpletely fi1ls the cross-section

of the waveguide

t
'ttVzk : ß.(1+'#)"zLpl

(2 "7 .L)

,)ttTlra fa¡f nr 1¿'v/4,' in (2.1 .7) is replaced by 2G.,k'X/ ß.', for the general*--^-^,-1-=r------r--11--^,-1

case, and may be referred to as the perturbation parameter. This parameter

is directly related to the frequency, the medíuni paranteters, the type

and the size of the perturbation. One can use the theo;y for any value

of ttris perturbation parameter if the contrj-bution fron the dominant

scattered node were suffÍcient to get accuraEe results. This is possible

because these contributions have been expressed in a closed form,. Hor¡e.¿er

Èhe contributions fron the dominant mode are not alwaYs sufficient and

hi qher order modes have to be consi rì nred to inrrrrovc the accuracy in many

cases. Since the contributioris fron the dor¿j.nant urocle have not been put in

a closecl fornr, sonie restríctions have to be pui, íf extrenrely accurate

results are desírecl. Thus for extreme accuracy G.. or G-_ should be sma1l,- .LI Pq

-'L-'1^ r, ^L^"14 be smal1 and less Ëhan ß.2/Ze .-U2. The first two conditíons,al-wllrru Å òrruuru us ùutéra érru ¿( 
r r1

though they irnply that the phase progression ccrrection and the scattered modes

are sma11 to the first order, do not necessarily im.ply tha.t the hígher order

Èerms are small comirareC to the first orcler terils. The thírd condition

ensures Èhe latter.
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CHAPTER III

APPLICATION TO THE MIXED DIELECTRTCS

3.1 INTRODUCTION

The results of the theory developed ín Chapter II can be utilízed

to find the propertíes of a finite slab of mixed díelectrícs which in

this ehapter are assumed to be graín and ínsects.

3.2 EQUIVALENT DIELECTRIC CONSTANT

The equívalent complex dielectric constant of a mÍxture of two lossv

dielectrics is given by t241.

el/el, = L/4{-frl-3F)lFr /^r\' nr ô'r
n r/ +l- L \.r-Jç,, \LIl LH,r-r Jç- z J

'+ /Lc-3Ð (eilefi) + 3E - 2l' + sei/efiÌ ß.2.r)

Here the subscript H denotes the host medíum (grain) and I denotes the

inclusions (insects). In the derivation of (3.2.L) it ís assr¡med that the

host medium is homogeneous and ísotropic whí1e the ínclusions are randomlv

distributed spheres. f is the volume concentration of the insects normalized

wiËh respect to the volume of the grain. The results for et,/:efi -l vs 6

are shown graphically in fÍgure (3.2.1). Since the dielectric loss in a

particular volume of the mixture is directly related to the complex part

of the dielectríc constant, these results can be utilized for the detection

of insects iri samples of infested grain.

3.3 SCATTERING COEFFICIENTS

The reflection coefficÍent of a slab of finiËe lengÈhl.Q, ís given by I12l
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'- (s.s.r)

(3.3.2)

(3. 3. 3)

where

^-.J4l¡u

q =s-
z(ßr+c) ;.*

- tP1 ,Ll " '

Equation (3.3.1) can be rer,/ritten in the alternative form

Rr =[ S.lg?:1,?;\ ] ( r - e-j <lø!+uzy -ß, )¿) (3.3.4)
ß¡/8i+u'Y

r,¡here Rt represents Èhe reflection coefficient at z=0. The term between

the square brackets in (3.3.4) represents the reflection coefficient for

a seni-infinite slab. The results for Rr vs.0 based on (3.3.4) are plotted

ín figure (3. 3.1) .

3.4. MEASURAÍEìir -OF SCATTEÌìrNG COEFFT_CTENJS

Prevíous results for Ëhe scattering coefficients obtained with per-

turbatíon theory are conpared with experimental neasurement trsing Deschanrþ's

graphical method. The experimental set up is shor'-n in figure (3.4.1). The

measurement procedure consists of placing a sliding short circuit at the

output temrinals oí the grain sarnple and moving it through a series of points

separated by I/16 of a guided rvavelength" The input impedances correspond-

ing Èo each of the shorL circuit positions are Eleesured and plotÈed on the

reflection coefficient p1.ane of Ëhe Snith charË resulting in a circle. If

the radius of this circle is less than unity, then the sample is 1ossy, ancl
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if the radius is unity,

Fi¡ttra (2, L 2\ iS fOf aIIËu!E \J.r.¿/

wíth a x-band equipment

for different lengths of

in figure (3.4.3).

3.5 CONCLUSIONS

the saniple is losstess.

fesr sâmnle of 1.95 cms.

at frequency 10.365 GHZ.

¡L^ ^^*-1^ --r resultsLIlg Þélllgf,E 4!¡u
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The circle sho\.m in

The test r,,/as carried

The procedure ís repeated

of S". vs .0 are plotted
.LI

A method for calculating the equivalent dielectric constant of infested

graín has been presented using Taylorts formula L24]. The insects have

been assumecl to be smal1 spheres having a random distribuËion. This eclui-

valent dielectric constant can be utilized to detect the concentration of

insects in a partícular volume of grain.

The results for the reflection coefficient are found to be in reason-

able agreenìent wíth experinient. Although theoritical results were obtained

for the detectio¡r of insects, no proper experímental verification could be

made due to the sina11 volu¡ne of the ínsects ancl inaclequacy of Ëhe experi-

mental set up used. Ho¡,,'ever the detection may be possible for a larger

volume of the insects.

one nrecrícal application of the theory is to calculate the necessary

power to be díssípated in infested grain ín order to design the aPparatus

required to kitl the ínsects by microwave po\,,/er. The success of such practi-

cal schemes has already been established l25l and is based on the selective

heating of mixed dielectrics.
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CHAPTER IV

DISCLTSSION OF B-ESULTS AND CONCLLTSIONS

4..L GEIÙERAL

A perturbation analysis whích can be utilized for an axially dependent

perturbation in an otherwise axially uniforn structure has been developed.

The technique is iËerative and utilizes the expansion of fields in a complete

set of unperturbed modes. Due to the provision of a nonlínear term in the

correctíon to the phase progression function, it is possible to obtain

directly the correction Ëo the phase progression ín the incident mode. Thus

Richterts theory facilitates direcË calculation of propagaËion con.sËant

and. phase shift introduced by a dielectríc perturbation, except for the .,

límitaËions explained in the introductí.on.

Results have been presented here for the propagaËion constant and

related parameters, for one or more E-plane or H-plane slabs with faces

paral1e1 to and at arbítrary distances from the wavegu.íde wa1ls. The solu-

tíons are obtained usíng a closed form expression for Ehe conËributions

from Ëhe dominant scattered mode. The contributíons frorn the next scattered

mode are considered up to the third order. ConËributions from still hígher

modes have been fcund to be negligible ín most of the cases considered.

The followíng example for the eleven slab case illustrates Ëhe magnitude

of terms corresponding to various modes.

Perturbation parameter = 2G--k2/ß"2 : 5.t4--11'- ', r

ConËribuËion from dominant scattered mode (p:-l)

Cont.ríbution from next scattered mode (p=+3r-3)

Contribution frorn next scattered mode (p=*3r-3)

to

Ëo

to

k /ß_zl_
all order" Z.+gO0

second order 0,1820

thírd order -0.L077
2.5543
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k lk k /9.) (ß"/k ) = 1.836, error 126l = 3'967""-z''-o 'z"f,. I' o-

There are tvro main advant¿ges in using this procedure'

1) Results can be obtained even r,¡hen the magnitucle of the perturtration

) ) ?. 2
Daraneter (2G. .k'Xl ß.' or 2G.,k' /g-,- ) ís :'rore than unity '' I-1 "' l- rl- r

z) 'Results with reasonable accuracy can be obtained even for the most

difficult case of structures where the propagation constant has to be perËurbed

from a real to an ímaginary value, which is a rather ccrn'plÍcaled prcblem' Sonre

extrene cases of -this nature have been considerecl (2.3,la and 2.3.7d). How-

ever the resu.l.ts presented are reasonable r'¡hen one consíders the fact thatt

along rvith the above difficulty, the conclition for the convergence of the

perturbation serjes also does not hol.d in most of the cases studiecl'

4. 2 COIIPA-P'TS-9ì{ llU!!L-E

The results cbtained for the propagatjon consiant and cut off r'¡avelength

have becn comparecl r+íth exact soltr.iions ob'cained by transverse resonance

techiríques and nurùerj.ca1 solution of transcendental equatiolÌs t r-, , 2Lr23l'

Sínce exaci results for a finite dielectríc slab are not available, rve have-

eompared or-rr resul.ts with experiment.

The agreenent with Èhe experiment and the exact

maxi.mtm error in most cases ís around 7%.'' The error

to L0-752 in extrenre cases r"here rqe either deal with
. t.'

constant (e:16) or ruhen the propagation ccnsÈant is

to an irnaginary value, or boih

solution is good. The

is found to íncrease

very high dielectric

perturbed frorn a real

4.3 ç9rj!!gilq\s_

In conclusion therefore r,¡e have shorvn that r'eaqonably accurate results

may be obtained for E or H-plane dielectríc slab pert.urbatíons even ruhen

the pertur:batíon pere,.ìeter is allor.;ed Èo exceed unity and the propagation
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constant ís perturbed frorn real tc an imagínary value. These advantages

have been anply demonstraËed and permit the applícation of RÍchterrs

theory to many cases whe-re it was predicted to fai1.

4.4. SUGGEST]ONS FOR FI-]TLE.E RESEARCH

There is an unlirnited scope for research in the field of inhcmogene-

ously filled dielectric waveguides. An obvíous extensíon ís the case of

four dífferent slabs filling Ëhe cross-section of a waveguide as shown in

figure (4.1a). The author has attenpted a. fírst order solution for the

specific case of er=eO=3'5 and er:er=3'75' Howeve'r the experimen-tal results

have been found to be significanLl.y different from the theoreËícal results'

These first order results cot-ld stíll be useful for very low dielectric

constants.

^- ^++^ñ^+ should also be made to exEend the theory to a ranciomly
¿llL éLLç¡rrPL

filled cross-section. some work has been dcne on thís subjec'Ë' Richter

[1=3] has given 4 x 4 perturbaticn maËrix for the problem but nothing

further has been done.. Holmes l27l l.as attempted to use the l"'entzel,

Kramers and Brillouín (wKB) approximation. This rnethod however depends

upon the asynptotic forniulas or onslor¿ varíat.ion of perturbations wíthin

a wavelength. Karbowiak [28] has tried to solve the probl'ern from a trans-

mission line viewpoint by constructing an equivalent circuit of n-coupled

transmission lines. The random characËeristics of the perturbatíon have

been taken inÈc accou.nt by assurning an equivalent randon ccu.pling between

Ëhe modes of the homoge.neous system. Howe.ver no mention has been rp'acie of

the choice of coupling coefficienËs for a specifíc perturbatíon' The

theory presented here can be utilized to calculaËe tbe results only up Ëo

the first order. Hígher order terms are difficult to compute because
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they ínvolve couplÍng between various types of scatËered modes.

Further research should be done to utilize the fact that the theory

is particularly useful for prcblems involving axía11y dependent perËurba-

tíons. The case of an H-plane wedge as show¡r ín figure (4.1b) is an example

of such a probl.ern. R.ay Optical solut:ions have been attempËed for this

problem [29] but wíth insufficient confídence because of the difficul.ty of

summing the contríbuÈions from the diffracted rays.

Fínally the applÍcation of the theory is suggested Ëo the case of a.

ferrite or plasma loaded waveguide. The perturbaËion matríx should be

capable of taking ínto accou.nt the tensor nature of the perturbation. Some

perturbational and variational methods I 517 ] for the forner case hav'e been

proposed for very srnall perËurbatíons.

Further extension of the work presented ín this thesís may lead to

reasonable results in all these. cases where the exa.ct scluËíons are riot

available oî are too complicated.
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APEENDIX 42.1
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Ma>lr..,e1,l ts equa.tions for the TErro câ.se cêh be redtrceO to the forn'.
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Eguations (2.3.18) to (2.3.23) can be used to

f anC u far varÍcusop
frou. (2.3.18)

orders of perturbation..

APPENDIX A2"2

pERIIAll_ql_QF (2. 3. 33)

Z t .n/ J Þ.
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