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s ] ABSTRACT
Novel computer algorlthms for the time domaln analy51s of

electromagnetlc_ fleld problems have been developed and

uthelﬁ appllcatlon to .a wide' varlety of elgenvalue problems

related to- microwave and/or mllllmeter ‘wave' resonato¥s . and

wavegu1de'structuresr;s presented_ln thls thesis.

et

- Firstly, the scalar Transmission Line Matrix(TLM) method .

.-has ‘been developed on the basis of the orlglnal TLM method

and’ Hert21an potentlal concept However thlS method can -

‘only handle’ relatlvely sxmple structures where solutlons can

be_decomposed-rnto TE and/or T™M modes.

Secondly, the concept of the Finite leference Tlme Do—
maln(FD TD) method have been extended to calculate elgenva-jp

lue solutlons of - 1nhomogeneous and/or anlsotroplc,_resona-
i . . R

tors. A new feature of this algorithm ‘comprises initial '

field value assignment and the Fourier transform technique. . ©

?Thirdly, thelnewly developed.algorlthM'hes'been modified
further in order to’ utll1ze the 1rregular'.£sh technlque
The nUmerlcal results’ obtalned by thls 1rregular mesh tech-
nlque are v1rtually identical to those of the irregular. mesh

TLM method while computer expendlture is reduced to almost

one tiird. . o T o )



~ In order “to ilius;traté thé capability of the developed
: ﬁigorifhm{ é'e\-rér‘al differeﬁfc types of finiines_ R inhomo;;ene-‘ .
.01:1'5 -;fesoﬁators,‘ and - anisotropié microstrips are analysed.
. 'Whe‘a‘re _‘ever‘ pc;;.;ible,..most results ére_compared with analyt-
-ii:al' ‘data “and those - o‘}S'tained by other numerical métﬁqu; |
. iLe.‘ speqtral'.method and tranéverse .resonant. methéd; and

good agreement is noted.

- vy -
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_ : ':,m; fl. Chapter l'
L INTRODUCTION

Electromagnetlc problems 1nvolve the solutlon of Max—p,j

| well %] equatlons sub;ect ‘to the approprlate boundary condl-,L

] v a

tlons valld for a partlcular 51tuat10n W1th the assumptlon_”'

: of t1me harmonlc varlatlon, Maxwell s equatlons reduce to. o

the famlllar Helmholtz equatlon _whlch "‘more 'generally

cla531f1ed as an elllptlc type of partlal dlfferentlal equa-

tlon : A number of technlques are avallable to solve thESE¢l
.ell1pt1c partlal dlfferentlal equatlons : However,{'untllﬁu
E three decades ago, only analytlc approaches were used wlthf;:

nthe development of—h1gh speed d1g1tal computers,—several nu-‘

s -

"ﬁ‘merlcal technlques\have evolved to obta1n approx1mate solu—“f“

.tlons to these equatlons _(;

. . \‘_.“.“ -
._\.. .

\.

The most commonly Q\ed technque is. the general flnlteilp__r

3

“dlfference method WhICh dlscretlzes the three d1mens;onal'f" b

f

space into a regular cublc mesh and glves ‘an approxlmate so-”-;

_lutlon-at each mesh p01nt\ The accuracy of the model 1n-."

,creases as more mesh poznts are used to represent the reglon-""

under study, but at the expense of h;gher computer;memgryﬁh

" and CPU time.



More recently developed methods are the flnlte element

‘.Jmethod and the moment method The flnlte element model re-‘

qulres that the's utlon reglon ‘is- analytlcally modelled or

'approxlmated by . rgplac1ng 1t w1th an ensemble of dlscrete"

"”elements “On the other hand in the moment method the un-.

.;known functlon is flrst expressed 1n terms of basls or ex-ff

'pans1on functlons in- the reglon under study The coeffl—'

'_:c1ents of the expan51on functlons ‘are determlned such that

“

the error between the exact solutlon and the expan51on is

,"mlnlmlzed; A R o

-

All the above mentloned methods may be con51dered a

-‘Lclass to be frequency domaln methods, whlch are based upon ;J'

‘,the assumptlon of an exp(Jwt) tlme dependence in Maxwell s
'equatlons In general methods of thls type lead to a large‘
" system of llnear 51multaneous equatlons 'and the solutlon of

5these may requlre con51derable computer resources or requlre

' some spec1a1 expertlse in the- solutlon of llnear equatlons

In recent years two dlfferent technlques whlch.are 51m-‘
ple yet very powerful for the solutlon of Maxwell s equa-_
-_ftrons;ln'the time domaln have been developed 1ndependently
These ﬁare' the _Transm1s51on Llne Matr1x_‘£ILM) .method
,[6]-[16}, and the Flnlte leference Tlme Domain (FD-TD)
:method [27]-[35] Even though they exhibit close 51m11ar1-
“ties 1n computer s1mulat10n and 1n the requlrement for grld-'

ded mesh t1me and space segmentatlon,_major conceptual”d;f-"

S



N __‘

{ferences.exlst-ln the algorlthms The TLM method obtalns,w
- time domain solutlons to Maxwell s equatlons u51ng a modelf

;made up . of transm1351on llnes connécted 111 ‘a three-dlmen-ne'
‘581ona1 mesh' network 'whereas :the FD TD method"d;rectly',
';d_solves time dependent Maxwell s equatlons by employlng a fl-.'.
nite dlfferencerscheme 1n tlme and space coordlnates “Thef
'“frequency domaln solutlon or elgenvalues of the boundedrff

- structure may be obtalned very szmply by taklng the Fourler‘J'

o transform of the tlme doma;n solutlon

These tlme domaln technlques compare very favorably w1th

“ the more conventlonal' frequency domaln methods, i.e. m07”‘('
fment'method, f1n1te dlfference and flnlte elements both. 1n S

“':computational eff;caency-and accuracy;;except~£or very'spe:*‘

cial geometries,[sd,Ljsjf

However; the tlme domaln method 1s much more general in -
.that 1t permlts the solutlon to be obtalned wathout_any '
“ymathematlcal proce551ng of. Maxwell s . equatlons ' Maxwell s

equatlons are. solved dlrectly in. thelr general three dlmen-ﬂ

3510nal vector form and the boundary condltlons are Supplled
to the computer program .as 1nput data The perm1tt1v1ty ;

_permeablllty and conduct1v1ty of " the propagatlon space are

L

'allowed to assume arbltrary values in space and tlme

-~

The TLM method has been used to solve a wide range offh

problems 1nvolv1ng nhomigeneous or even anlsotroplc me-

'dla[17]n At the same time’ several-improvements to the ,meth-



1hihod have been proposed and 1mplemented to - enhance accuracyﬂ;fr

e

:and to reduce computer resource requlrements . One of the~;,"“

-j;most 1mportant 1mprovements-has been-proposed bysAl-Mukhtar,.

aand lndependently by Saguet {ééf4{23]p whlch 1nvolves _the
use of a varlable mesh technlque leadlng “to . drastlc reduc-r
tlons 1n CPU t1me However, 1n order to obtaln the solut;ont;

E of hlghly locallzed flelds w1th1n a complex planar transmls-

'“51on line structure w1th reaSonable accuracy, thls method.f

Stlll requlres con51derable memory and-CPU tlme The reason:”

for thls memory demand re51des 1n the ba51c three dlmen51on-f

al TLM concept.hr

- 'The FD -TD method was flrst formulated by Yee [27] and -

has been exten51vely applled to the solut13n of scatterlng,.

.ariee-fz 4{§5]. .Sosfar the appllcatlon of - thls technlque;r

l',has been 1 m1ted only to determlnlstlc problems Wlth dlf-ﬁ

f_ferent ini 1al condltlons and Fourler transform technlqueSQ-"“

- :adapted-fr'

;fllzed 1n e'genvalue problems

In this'thesis,-the computer resource.*equirements ofithe

- TLM lnethod. have ‘been con51derably reduced Elrstly, " the

o scalar TLM has been developed for appllcatlon to a- spec1al

case where modal solutlons can be decomposed 1nto TE and TM‘

modes in a 51mple resonator By thls approach -.requlred

' memory size is reduced by a factor of four whlle ma1nta1n1ng -

s

the TLM- method the FD TD method can be utl—""'



f; Secondly, for the general solutlon Qﬁ/hybrld type modes, -a

-similar numerical accuracy as the TLM method (chapter IV)

“‘new numerical technlque was developed by adaptang Yee 8 al—

J'{qgorlthm for the flnite dlfference tlme domaln method to "the

"--":'j 5

ﬁconventlonal TLM method Wlth thls procedure, the networkj-e-

»

'varlahles of the TLM method were replaced by more dlrect'

.}fquantltles(fleld varlables) whlle the remalnlng procedures‘_.*

'hﬁgof the TLM were retalned Thls method shows a. marked 1m-1

provement in computer resource requlrements whlle malnta;n-’

1ng the accuracy of: the orlglnal TLM method CPU. memory and-'

' tlmes were reduced by a factor of three (chapter V)

In order to make the FD TD algorlthm more eff1c1ent and

"flexlble for appl1cat10n to complex geometrles an 1rregular fm,,;

mesh model of th1s technlque was. then developed .The re-‘

m:qu1rement for computer CPU memory ‘was’ further conszderably

RN

“reduced as compared to the unlform mesh ' FD- TD technlque oL

(chapter VI)

The—appllcatlon of the method to general mlcrowave and

-mllllmeter wave c1rcu1ts wlll be presented 1n chapter 7

-8 '

lllned below O S _" a pfif ]

In chapter 11, the current state of the art of mllllmeter."

ane E- plane c1rcu1ts as well as unlform flnllne analyszs 1s

This the31s-1s d1v1ded 1nto elght chapters whlch are out-”



v'strate:the accuraoy of~thrs method,

, 1.‘_.--7.

tpresented A qualltatlve dlscussron outllnes the dlfflcul-

' t1es 1n obtalning modal solutlons for these structures

UL

L Chapter III descrlbes the hlstorlcal background and theL
J.'orlglnal concept of the 'TLM method ' Several 1mprovements* ) o

;made 51nce the 1ntroductlon of the orlglnal TLM method are:

rev1ewed and the 1mprovement of a three dlmen51onal resona—'

'_tor analys1s proposed by the . author 1s also 1ntroduced

. Hert21an potentlal has been emplo&ed to 51mulate wave propa-

_gatlon 1n three dlmenslonal structures 1n order to reduce

"HfCPU requlrements for F spec;al class of elgenvalue problems

P

cept of the FD TD wmll be presented together w;th the 1m-5j

. plementatlon of the computer algorlthm Some numerlcal re-:_ffﬁafx

<

‘:sults and a detalled error analysls w1ll be glven to demon—“

- . “
DTS Ll

In chapter VI a. further evolutlon of thexFD TD tech»""

-

'nlque, a 1rregular mesh FD TD method 1s developed Some nu—p

merlcal resulta and a comparlson study w1th the 1rregularfr"

—

Qmesh TLM meéhod developed by Al Mukhtar[23] 15 presented

i”For 51mllar accuracy, the comparlson shows that the FD TDII

: method compares favorably '.““;:h: B :j.,_Wf;.

fInfchapter]ViI;fseyéraliexamples mostly mllllmeter wave .

a~planar'waueguideﬁcircuits_Mhere;the developed FD Tﬁ‘method .

Chapter IV‘ deals Wlth the \scalar TLM technlque where;-.J N

C _pter V forms the ‘main’ part of the the51s where theAﬂl-"




: - S . . . . . . L RN

iihas been applied w1ll be presented In most cases, the nu—”.”

."merlcal results dbtained by thlS method .are. compared w1th . o

’;‘values from%other numerlcal methods, (conventlonal TLM and_

?"spectraljdomaln;method), for conflrmatlon of valldlty

'A-Chapte;}VIIIjggonfains'the_éoﬁelUSiéns_reached‘in‘thisd }
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2.1 - INTRODUCTION '

i
L

: 'REVIEW OF PLANAR MICROWAVE AND MILLIMETER WAV’E
L o ClRCUlT TECHNOLOGY ‘

' Chapter H

~Mi¢fowave'and'mlllimeter.wave'lntegrated’clroults hAvéf

',fbeen developed in recent years, and are’ expected to be 1nT‘*

'p;ﬂhlgh demand 1n the future for a w1de Varlety of appllcatlonslg
tln computers,‘communlcatlons, 51gnal proce551ng etc 'Alrf

' .though standard lnlcrostrlp has been used as a. bulldlngi

."block in 1ntegrated c1rcu1ts up to 140 GHz _several problems

.'arlse 1n mllllmeter wave appllcatlons ' These problems are
”generally assoc1ated w1th crltlcal tolerances and very nar-

F-row conductor strlps where radlatlon loss becomes severe

-

In order to solve these problems a general type of trans-
mlSSlon llne' the so called E plane c1rcu1t or flnllne has

'been proposed and w1dely 1mplemented at mllllmeter wave’ fre-‘

quencles.

Besmdes flnllne several other prlnted transm1551on llnes'

are used 1n mllllmeter wave appllcatlons Flg.z.l,shows four

'types of flnllnes, namely unllateral bllateral and antipof‘
'del finlines, as well as shlelded microstrip, coplanar‘line,
'and suspended strlp lines. All of-these may be mounted in a

A‘metal wavegulde housang spllt in ‘the E-plane

-8



*fe,' the walls one quarter bf the wavelength 1n the\substrate7

] . I’ " .: '; ':.“‘. I‘ \,l | r..‘ N L\:‘I,', . I !: c L : '. . "' . . K '~,. 'l ?;l I .9 .-‘ L ) .‘ '
) . v ) I\ ' | [

o .Flnllnes are planar structures\suspedﬁﬁd‘un tne E—plane‘

AR y FRR O A R Voo

LU of a_ rectangular wavegulde \,and thelr cOnductors- can. ‘be

Lot s ‘ . , ‘ ‘ . | ) -

printed in varlous patterns on the substrate There are tWO‘}

N \
Y - e

L| . ways to conhect fins to the wavegulde walls as shown 1n . f
AT 1 ah R
; Fig 2. 2 In the approach of Fiq\jﬁ 2. a),s the: flns are 1n-‘..ﬂ.f'-

\sulatEd from the housing at ﬂCwaut théy are'grounded at RF:~

by chokes formed wlthln the.wall of‘the hqu51ngu By maklng.

..,‘-.- \.

thlck the fins are effectltely grounded at the 1nper wall

e . et

of the hou51ng In the grounded approach of F;g 2 2. b the"ﬂ'

flns are dlrectly connected to the hou51ng Elnllnes exhlb-'
1t certaln advantages over other structures-fhell.::”x SRR
coa) 1ow losses (typlcally about one thlrd dﬁ mlcrostrlp»‘V R
'-~‘11neS) “‘h-z'“ - . },. N ﬂi:* A \ R

". 1
\

. L ) :-\'Iv

. b);Larger bandWldth than wavegulde Ji_f'“: . ﬁf{?f_i'} ;iy
. <) P0551b111ty of photollthographlc productlon‘;f;ff;‘.'-;' i

-d)rPoteﬁt;al for c1rcu1t 1ntegrat10n . ‘
o " R R
.}‘: The ﬁlrst practlcal f1n11ne was proposed by Meler[36]

BN \

q' §new transm1551on line for mllllmeter wave 1ntegrated c1r--

cults to overcome or allev1ate the shortcomlngs of conven-

v . .
"
P . [P

tlonal.mlcrostrlp c1rcu1ts - Before thls flnLlnes were only””

N R TR
. . A . A ‘ -

: p‘ proposed for 'a 'very specmal purpose 1nvolv1ng orthogonal,

1 . Coadd

) mode launchlng 1n c1rcular wavegu1des[37} Slnce th}s ba51cﬂ“

"\form of flnllne d1d not prov1de 1sotatlon from the wavegulde‘- s {‘" L

% : ' A » : ’ <



h’rmount 1tems snohwas dc blas -lFL{or'nodnlatlon‘connectlonf
.;-could not be accompllshed S e”\i  R R
Durlng the last decade,.the finline has been comblned s
afw1th other planar waveguldedstructures llhe mlcrostrlp and
hcoplanar llne to form Versatlle hybrld 1ntegrated clrcurts f‘”
”xfmounmed 1n the E—plane of a metal wavegulde hou51ng -Slnce;
iprrlnted E plane wavequlde are bas:cally planar ‘slot _ano
‘l fstrlp medla,llt 1s clear that from ‘the beglnlng the 1dea be—‘lj
‘j_f ) hjlhlnd the new technology was to lmplement semlconductors in i
. k}ﬁbeam.lead‘or.chlp,formb Conseqnentlyf the flrst 1ntegrateda“'
—_Ffplane;gifcuits'wereafiNrdicoe,attenuators anohswitchesr -{
.-Meierj-:also: 'p;o‘iri_-ted‘.‘:__‘.out.- that ‘hg}bfid’-‘a'e«}icés' cou'lri.*be
| ._\:ﬁshnht:fnountedacross;the.fine, or mounted in ‘series over a R
'«[gap 1nterupt1ng one fln- Slnce then several authors have
..npresented PIN dlode attenuato§§nu51ng two to four dlodes 1n_-
f'a parallel or serles type C1rcu1t[38]-[401 Both ba51c types
‘fof PIN dlode attenuators have been reallzed up to 110 GHz

'w1th commerc1ally avallable dlodes

ﬁ_;"_jni 6ver the years, the operatlng frequency and bandwldth of
N SPST swztches and attenuators ‘has- steadlly 1ncreased The

| progress 1ncludes operat1on in the bands 26 to. '40 GHz, 50 to
"1_70 GHz- and 75'to 100 GHZ,' Mere recently, the-ent;re_wlband
H'e h njvhas been covered [41], and SPDT, or SPGT svitches and atten-

- uators have been reallzed for 80 - 380 GHZ[42]



-;‘band by Meier[43] as a 51ngleﬂended conflguratmon, and b ; f

‘ﬁg“Gysel[44] in a balanced form Follow1ng this early wofkt
'*5increased The progress 1ncludes operat o*\in the bands 50

rscaled de31gns for freqUencles up ey 140 GHz have been re- fﬁ

-,a61t1ve stubs In the reallzatlon of these fundamental el -
l\ments dlscontlnultles are 1ntroduced and para51t1c elements ‘"‘,

-hmust be 1ncluded in the de51gn model ., The flrst flnllne

contlnultles Us:mg this result"band pass. f:.lters have been” -

oequ1valent-c1rcu1t approach Recently a—theoretlcal approach"

Mixers, on the other hand were first reallzed for the Ka'ﬁ

'the operating frequency and bandw1dth obtalnable steadily

L . [

'to 70 GHz and 60 to 90 . GHz [45]‘ éeveral modlfled and

o

ported since then [46] Conversnon 1oss measurements range o

froﬁi"S\S dB at 70 GHz to 7.5 &B at. 140 GHz. o B
"‘-;? o ‘ - ) . 4 ) | . . . ‘:_ . . B - : ;-.'

.".

Common q;rcult elemeﬁf”found in flnllne compone

‘clude tran51teens¥‘tapers, transformers 1ndu¢t1ve

'dlscontlnultles whlch were 1nvest1gated were flnllne lnduc-: '
'tlve strlps .and thelr use as an element of flnllne fllters X T

‘ -

‘was suggested Meler has taken a completely emplrlcal ap-F
'fproach to characterlze 1nduct1ve strips prlnted ‘on a dlelec- : e

,trlc substrate This 1nvest1gatlon has led to a deszgn

Qbhart for the equlvalent 01rcu1t elements of the strlp dls-j'

oireablzed demonstratlng the fea51b111ty of the employed

~hasjbeen presented by Arndt and-Vald1eck[47]f‘wh1ch__akes AR

into account both the finite metalization thickness and the

finteraction between the inductive strips. Three'resonator

da,

_ bandpass filters_have‘beenerealized>on quartz-substrate.f



eng; neerlng .

._; j‘fr Eurthermore, consrderable reducthn 1n sxze and welght of

- B

. i:,." mllllmeter wave subsystems qas been real;zédlby 1ntegrat1nq

= | | separate c1rcu1£a on one subserate 1n a-. 51n§ierpackage “Exe‘--
. amples\of such so called.hybrld mlcrogaﬁe 1ntegrated c1r-‘”

R f; CUltS(HMIC s) are a-medlem dlstance‘pulse radar front end

R f;ﬁ- for 35 GHz on a sxngle substrate and ‘a dual-polarlzatlon 94; "

vrmnyt

,“T; 77; GHz radar module [48] whlchvlncludes an E plane 01rcu1atorﬁa“

“in.ﬁhe:fuﬁuieffhigherfleveliiﬁﬁe&faﬁ{on-

LT

"'ng, as. well as hlgher power generatlng'capabllltles.
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. 2.2 CHARACTERIZATION OF THE UNIFORM FINLINE ~ =7

,// Co _ : S A
. .. L B - S ’ . . Yo
. O . ' ,..

Finllne technoloqy and trends have been brlefly dlscussed

e
.

in the previous sectxon With 1ncreasxng 1nterest 1n flnllne
& g
«

1ntegrated c1rcu1ts there has been a need for accurate and

-economlcal numerlcal analy31s of thls medlum : In thls ‘sec-

v T

txon,‘ the prlnczpal characterzstlcs of ‘a. unlform flnllne-

'

such ‘as’ equlvalent dlelectrlc constant gulded wavelength Co

S

and characterist.c 1mpedance w111 be discussed

oA

“ -

Flnlxnes exhlbit a comblnatlon of the characterlstlcs of

,‘_,-

dxelectrlc loaded and flnned, waveguzde They oan be de-”:'

- // . _"'

o

scribed elther as dlelectrlc loaded r;dged waveguldes or as E

P oo

“slot lines shlelded by -a rgctangular wavegulde

In a practical finlioef'the'dielectnic-substrate ééfvés

mainly as a mechan:cal support for the dellcate metal flns "

and the devices connected to them whlle the fin- geometry"'

b

domlnates ‘the electrical propertres of the llne It 1s de--

sirable that the dlelectrlc be as thin-as mechanlcal con51d-'A“

3

erations permit, and that its perm1tt1v1ty as well as’ 1ts,ﬂ

‘loss tangent be as.small as p0551ble..

-If the dlelectric is completely removed in a un11ateral

~,

or bllateral flnllne c1rcu1t the resultant wavegulde 1s the

well known.ridgednwavegu1de._Both waveguldes exhlblt very

1

similar characteristics. . . o d - .

QJ‘



‘:} o :T-t; :"V o ,"f;..' g ;“14
Firstljj research has been carrled out towards the deter-
dfmlnatlon of the propagatlon constant -and,the characterlstlc_

f.lmpedance The flrst approxlmate calculatlon ‘of the effec-u‘

otive dlelectrlc constant and characterlstic xmpedance was'-‘“

r

made by'Me1er[38] based on the premlse that the guided wav-
| elength is nearly the same as 1n a rldged wavegulde of 1den-'
_tlcal cross- sectlon : f;lled unlformly W1th .a: flCtlthUS
| equlvalent" dlelectrlc of permatt1v1ty k The gu1ded wavel-

-ength and effectlve d1electr1c constant 1n such an equlva-

Afplent homogeneous model are: '-;f S e

| »: L= k - Ony?
T FerelT M
e B T 2/ taps

where XV 15 the cutoff wavelength of the commensurate air

: ;flried r1 ged wavegulde and 'Z is the characterlstlc impe-
_fdance at 1nf1n1te freguency In-order'to-obtain‘ké, Meier
.made a - test measurement 1n a flnllne cavity. However, the

- reallzatlon of a test cav1ty 15 expen51ve and tlme consumlng

- for englneerlng purposes. For thls reason, Sharma and Hoe-

;ffer[49] developed .an emplrlcal formula for determlnlng k
"analytlcally Results obtalned w1th these expre551ons for
;.the gulded wavelength and the effective: dlelectrlc constant

agree wlthln 2/ WIth numer1ca1 values obtalned by the more'

_'accurate full-wave,analy51s.



—
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Slmple but reasonably accurate results for flnllne param-

"eters werelobtalned by Saad ‘and Schunemann[SO] who employed -

o xnltlal 51mp11fy1ng-assumpt;on§;

2*6ﬁly transverse components and made some approxlmatlons in-

elgenvalue calculatlons

Although the above methods are 51mp1e and useful for en-_'

glneerlng purposes they lack rlgor and_therefore they have

been replaced by analytlcal methods whzch do not ;nvolve

The flrst rlgorous approach to flnllne parameter determl-

_ natlon was carrled out by Hofmann[Sl} ‘He used the moment;
rmethod formulatlon wlth Galerkln s solutlon 1n the spectra1~
‘domaln to. calculate the flelds of an 1deallzed model with

-zero .metallzatlon thlckness u51ng sznu501da1 ba51s func-

: tlons leferent types of basms functlons,‘namely rectangu-

_lar and trlangular pulses were”usedmhy Chang, and Itoh[52]

» -

" The spectral domaln method was flrst descrlbed‘under thlsl'
. name- by Mlttra ‘and Itoh- who applled 1t to compute ‘the - dls-m‘
per51on characterlstlcs of mlcrostrlp llnes[53] _and slot'
lllne The method employs ‘a Fourler transform of the coupledo

”ilntegral equatlons 1n the space domaln Aereductlon of the

number of equatlons may be achleved by an approprlate choice

of expans:on functlons,”VA-partlcularly successful formulaf

tion of'the problem in terms-of-the equiValent transmission
-

-efllne concept in the spectral domaln is attrlbuted to Schmldt

s

| :and Itoh[54] They extended thls concept further to caltu-'

o
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- .f‘_ .

late the characterlstlc 1mpedance of hlgher order modes of a

',flnllne The appllcatlon of the ‘method - ‘to flnllnes has been-

“‘descrlbed by other authors[SS] {57] as well.

sﬁreotere was carE;ed‘out by'Ros and Hoefer[lgl‘who present~rr
ed the_resonant'frequenoiesdbf a‘finline resonator;for domi--
nant and higher mo&es Later flnllne ‘cutoff frequenc1es
were calculated by Sh1h and Hoefer[Zl] Even though the
TLM method requlres more computer memory than_the spectral
' domaln technique, it is much more flexlble 1n 1ts appllca-
tlon to compllcated geometrles and’ 1s much easier to formu—;'
:late,_becauserthe_spectral domain technique requrres'consld-;3"
erable"mathematicai. preparation-‘before ‘formmlatrng "ﬁpé
-halgorithm,hand i's limited to-the:geometries‘with.reotaéQular“

£

_ boundaries,

Due‘to the nature of a frnllne which contalns a very thln
'dlelectrlc slab.lh the mlddle of the houszng, the’ employment
. of the convent10na1 TLM method with a unlform mesh is. too:-
”expen31ve.' Thls.may be the main reason why,many englneers
' shled away from the method However varlable mesh TLM tech-V
r{nlques whlch were developed 1ndependently by Al Mukhtar[23]
land Saguet[22] -reduce these requ1rements to such an extent
that ~the mdLhod becomes competltlve w1th other technlques

Consequently, argenerallzed TLM computer program“based on‘

the graded mesh ILM concept has. been developed in this the-

._The'first appiication of the TLM method to .a finline'_;}



a7

'1'f sis and applled _to various flnline structures Sﬁbsequently,-"'

"most numerlcal results were compared with the data obtalned‘g

by the spectral domaln method or the Finite leference Tlmei

ﬂ_Domaln method whlch is descrlbed later in thlS the51s[60]

o

Good;_agreement between numerical results from dlfferent’

methods was -obtained.
2.3 DIFFICULTIES IN FINLINE FIELD ANALYSIS
AocuratepanalySis of“finlines.is.difﬁicult‘for‘two rea-

sons, namely:lthe. inhomogeneous dielectric filling of the

N . . ) . . N

cross-section, and the presence of sharp- edges.

Like microstrip, a finline is a printed circuit transmis-

sion line .in. which propagation occurs in an inhomogeneous

medium aseshown in Fig.2.2. 'The phase velocity of”a'tran-‘

sverse electromagnetlc wave in the dlelectrlc is- dlfferent
from that in air-or free space The flnllne structure then
cannot support true TE .or TM waves but can only support a .

hybrld mode. Thls can be seen rather ea511y from the follow-,

ing consideratxons.

Consider the cross section of a unilateral'finline shown

R

in Fig.2.2. If the flns are removed from the wavegulde 'it

' reduces .to a partlally filled dlelectrlc slab wavegulde that
.can generally support LSE or LSM types of modes[SB] One ex-

'.ceptlonal‘case is the TE__ mode. Suppose we attach two flns
- ] no, - .

to the upper and lower waveguide walls. ‘Thelr 1nsertlon

!



C 1.8.

S f o a) Dielééﬁﬁc_loaded \'voyeguid'e-t e Rl'dggdydveguide' )

BN

" b) Unilateral finline o D ‘Coplana‘r line

*

_'~<‘:) Bilateral finline . : o (é) ~g) Shielded 'rhit':rostrip. .

d) Antipddal ﬂnline‘l‘_ SR h). Suspended stripli'ne:

'Fig. 2.1 Cross—section of several E-plane.transmission lines

Ly
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'fcauses currents to flow in both the Y. and -4 dlrectlons on .
_the f1ns These, 1n turn, serve to couple the LSE and LSM )
modes =Ya) that the flnal mode conflguratlon 1n the f1n11ne is -
'hybrld in., nature ?"',:. o T A
As an addltlonal dlfflculty, the presence of sharp edges.
causes the fleld values to exhlblt 51ngular1t1es leadlng to ;.-m-ﬂf'“m
" convergence problems 1n the numerlcal computatlon of the
.flnllne characterlstlcs
4 ' . - -
-—— ’ ) \ : o
. . ;
s ) .
b r )"-



| Chapter m
REVIEW OF THE TLM METHOD

3.1 HISTORICAL BACKGROUND

-

The applicationeof equiyaLEnt networks;to the solution ofg

electromagnetic problems gained the 1nterest of many sc1en-
wtlsts and’ electrlcal englneers long before the computer age
.lmpedance networks were-already developed in the 1930's for

the simUlation1o§vpowefhdistribution problems in large elec-

_trical”‘networks Theirf fiyst; application, tof”a- true field

fproblem appears to have been made'by'Beuken Who:in 1937 de—

scrlbed an electrlcal model for tran51ent&heat flow prob--

B

‘lems. For Ehe network analogy, the p01nts of the dlscretlzed

-

or reactances or both. -

"It washkron who'deyeloped the most general impedance net-

”wofks_for‘a vafietylof field equations{l]-[3]f'He derived

compllcated equlvalent c1rcu1ts for the 51mulat10n of the
'general form of the Maxwell s equatlons for any system of

orthogonal curv1llnear coordlnates.. However,lonly clrcults

applicable to certain special cases wefe implemented.ﬁihese'

.cases involve problems[é] in two-dimensional systems- for

,which; half of the six components o¢f the electromagnetic

system are connected by lumped c1rcu1t elements, resistances.



field\vectors vanish It 1s worthwhlle to note Kron s obser—.‘

Vation: "It is only pos51ble that in two dlmen51ons one of

'the networks representang a 51mple TE or. TM mode happens to
assume the form of a two-dlmen51onal transmission 11ne"[2].

h Thislprinciple has been confirmed by Whinnery-and‘Rano[4]L'

. -t

=

Almost thirty years later, this reallzable two- dlmen51on- o

"al transm1551on llne c1rcu1t was utlllzed as a basic unit of
the S0 called "Transmission Line Matrlx ( TLM) method“ plO-

neered_by P.B.Johns[é]L

' The secéond basis of'the TLM method has been established -
by adoptlng ‘the wave propagatlng concept as postulated by

Huygens who con51dered a wavefront to con51st of a number of

secondary radlators wnlch'glve‘rlse to spherlcal waveletsz
Johns has shown that rectlllnear propagatlon occurs in a

two dimensional TLM network when the wave is. con51dered as

.
IS

an 1mpulslve dlsturbance[S].

However, tbls is not obvmous in the three dlmen51onal TLM

-case because a three dlmenS1onal TLM unlt cell con51sts of
: ) . ~

51x two-o1mens1onal hybrld nodes Fnd it 15 very dlfflcult
even to v1suallze the scatterlng process Thls dlfflculty
may be understood with the reasoning that the Huygens 5 wave -

is, basxcally a.‘scalar model, whlle electromagnetlc waves'

must be descrlbed by a vector wave equation. . In order to

1)

overcome this dlffculty, Johns has_heurlstlcally simulated a

plane wave propagation in a three-dimensional TLM network in



| 5-;such a way that the exrtatlon of Ey and H pulses cancels E

land;H- components automatlcally, reeultlng 1n rectlllneariﬂhﬂifPV'

| '-*peap;gation in the z-direction.’

.;\ .
a0

 He has thus establlshed the TLM concept in whlch a group7{

'df traveling pulses may 51mu1ate EM wave propagatlon in real@.'*

I‘space in dlscretlzed fashlon

."3.2 THE MODEL OF THE TLM METHOD k
3.2.1‘_ 'TLM Methodln Generﬂ ‘

The TLM technlque utlllzes an. equlvalent netWOrk of 1deal¥

two w1re transm1551on llnes connected in a, three dlmen51onalm

~

‘mesh in- such a way that shunt and - serles nodes are formed,

' where the llnes cross. Attached to the nodes are a number;ﬂ

of stubs whose electrlcal propertles are used to represent
Ihthe electrlcal characterlstlcs of the propagatlon space
. . ! i ‘ .F-" , - . - .

'Analysis of the transmission line‘matrix leads to a sys-
‘tem of line eqnstions'which}canlhe‘identified with Maxwellfs;
equationsﬁ hy' drawing equivaiences between voltaqes aué-’
-rentS‘ line constants, and sthb parameters in the TLM model
and fleld quantltles in the propaoetlod medlum The numerl-

cal procedure then entalls determlnlng the 1mpulse response

of thls equlvalent network and taking the Fourler transform_

of the output response functlon to obtaln the spectral do-

, maln solution. . : —



I used to represent the dlelectrlc and magnetlc propertles of =

The Vﬁlldlty of the TLM technlque has been demonstratedi;a
Qby 1ts appllcatlon to a w1de range of wave propagatlon andf“

L' '

;scatterlng problems[S] L25] To illustrate the type of prob-

'

ﬂfﬂlems that have been solved uS1ng the TLM technlque a few ?x;'

“famples are htated here | ,f;" -

. Johns and Beurle[6] applled the TLM technlque to analyze=.:
-:'the scatterlng caused by a wavegulde blfurcatlon iIn 171,
.:the cutof}-wﬁve numbers of several modes 1n a homogeneously.‘
Efllled wavegulde of - arbltrary cross sectlon have been ob- T
idtalned u51ng thls technlque Other~app11cat10ns 1nvolV1n§g i

wavegulde wall losses, magnetlc materlals and dlscontlnu-

1t1es have been reported 1n the llterature[IO]—[IS]

;o

'Inmthe*ThM“modei” three shunt”and three series stubs“are”

“-ithe propagatlon medlum fherefore 1t seems natural to extend._xﬁ
“the TLM cohcept to anlsotroplc medla where the values of d
fperm1tt1v1ty and permeablllty depend on the propagatlon dl;

.Ehrect;gnh: Thls has been carrled out by Marlkl[l?] who has'h : \}

. anal'.yzed'i 1nhomogeneous and -anlsotroplc substrates for- the- "Y

spec1al case where the perm1tt1v1ty tensor is dlagonallzed

'w1th respect to the chosen coordlnate syste —

- L e A : .

| As showndabove; the attractiVe}features'of the]EEﬁ-ﬁthbdgs_EV““'-?t

h‘reside.in~§ersatiiity oﬁ its applioation. Howeyerhdthe dis-ﬂd
cretization of;the:medium.and subsgquent modefginq.by‘the th-_

network lead to some errors in the numerical solution. These
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The characteristbcs of the perlodlc structure arlse from two-:ﬂ;'”

15- pass band - stop hand characterlstlcs, and

324 support of waves Wlth phase and group veloc1t1es' )

P wmuch;less-than‘the_velocaty of llght,:

S
:'(

toff for the Low frequency passband wh1ch llmlts the hlghest:‘uiz*
: frequency .at whlch the model can be used “to represent af;

‘,phy51cal propagatlon medlum

3.2.2 . The Twc%dimehsional-:TLM-.Mod,eI

, TN
1

Trahsmissioh linefmodeling of Maxwell s equatlcns has led'

h

tho a Transm1s51on L1ne Matrlx-(TLM) algcrlthm for the solu-

“tlon of the coupled equatlons.

i

v x H =¢ aB/at

BNCHETIRE

Sy x'ﬁ_;-u,aﬁyét

where E and H are vectors 1n three dlmen51onal space and_

tlme and 3 and u- are constants, The TLM method prov1des for .

the numer1cal solutlon of (3 1) 1n the tlme domaln In the

-
.

' twc dlmem31onal model to*whlch thls dlscu551on is- restrlct—H

ed, . a- paIr' of orthogonal loss free “two- wlre transm1551on-,'

lines 1ntersecthat the center of theselement;as”shown‘in

v e

~.

Thus the TLM model 1s characterlzed by a hlgh frequency cu-"i‘

Lo

-'?f errors are due to ‘the nature of the perlodlc TLM structure S SR



' --_.'ld)i'uun.‘.:t_ién bth'eeh_,tr;ansmis:sldn‘_ lines
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] b Equivalent network.

®

). Fig -3.rAuhi’t cell of fw‘q-,-diménéidn.qlq]'LM; 'het_wo;rk‘ o .




a"y/ax iR L R R SO T
aVy/32‘= -L aIz{EE‘k{ { T : .2)
‘a;x/ax!f aI /az ZC avy/at
‘“fThe two sets((E H H ) and-{ Hy E E )) of the two dlmen-V:k-
1_slonal Maxwell 8 equatlons can be easxly obta&ned from each
_ . » _ Co
.:scalar equatlon of (3 51) by settrng a/ay f=ﬁG Comparlng

"these sets wlth (3 2), equlvalence between network parame—

-

ters and fleld parameters can be seen[G], and the numer1cal

v

-;351mulat1on basedsa?n thls equlvalence can be- Justlfled
‘:1 Therefore 1f the voltige and current for any tlme and space
‘poznt are known; the solutlon of (3 1)-can be determlned
hThe matrlx response to the 1n1t1al excltatlon and the behav-‘_h

_1or of voltages and currents on the network are carsulated

-u51ng the procedure glVen by Johns Let the "edtors

Vm 7 Y—l,Y%-., .-.-"?T.-"V'*";VS‘ f'.]r.n,"k AR U
. L

.-vr B .

- m : B

'represent the magnltudes of the 1nc1dent andxreflected volt-\\

==

age pulses on termlnals 1 to 5 of nbde m at the k-th' 1tera—'

tion For a complete system of M nodes the 1nc1dent and
» ‘
reflected voltage 1wpulses may be represented by the parti-

tloned matrlces o
'?:il =iviive 193] e | iy
2. - : 'k

.....
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| Vrlk= [.',.'_\27'1,_‘ |3'v2‘ | v3 | --;.,:;_‘1' VM ]'r|-1'-._.

".;At each node the 1nc1dent pulses are scettered ihtéiref;ect— '
T_ed pulses whlch may be expressed ln:terms ‘of the ‘incident
B pulses through the scatterlng matrlxis;‘

f|¢

o i A o "'- L
V=S RV Y

‘It 15 convenlent to decompose s 1nto p'end_é-as i

S'= P X q + ¢

' f~whereep and q and r are partltloned matrlces w;th sub matrl--"'

ces Pu qﬁm'and rmm (m —1 to M) on the dlagonals and zerosf
ére.l‘Feriﬁhe m—th nodeﬂ .'

vmlk [ pm_m'-x qmm‘+.rmm] x.vmlk
' Whefe ) ;'[ pl P2 p3 p4 ps ] .
=2/(2 + Y) - .;1tos

= admittance of a stub f

Pram
Py
Yo
and - qmm.=-frq1 q, gj.q4'§g ] 

with g, =1 :i=1¢% 4 =~ « '

Y :1i=25
<1 0 O 0O Ol
'0-1.0 0.0
O

0 0.0-1 0

Lo o o0 o -1
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After an’ iteratlon time interval dt pulses reflected"

"-frOm dgé node become 1nc1dent pulses on nelghbourlng nodes,

.thus V ] may be related to vr |k through a connectlon ma- -

k+1
"_trix. c whlch descr1bes how two nodes are connected togeth-”
'er,:and includes bounda:y cond;tlons,:i;e{

vij, =cx vrr - (3 4) g
k+1 D k .'- . - ‘ ) . .

‘fFor the Carte51an connected mesh of Fig.3.1, C may be ex-

pressed also as a partltloned matr*t of M x M submatrlces of |

S X S elements. Most of the elementsznlthln C are zero The .

off dlagonal element ( ¢y is unlty 1f a’ connectlon in

i3 )l n

the mesh albows a pulse to travel from:termlnal J,Of node‘m -

rto termlnal i of node l The dlagonal submatrlces d.e (C i3 ’

lel (Cij')22 ——=--- are respon51ble for the reflect1ons on;

the boundaries and stubs. Note tg&t the flfth elements (C
)li (Cgg Yoy ——=-- .A'a;e-ell un;ty;

o

Once the connecting_mattix of,(3.'4) is obtained, the it~ .
. eration process. for the general TLM method may-be summarized . -

- by .

|k+1 f c x 5 x vt | o = cfx.[pﬂx q-+ r] x'Vllﬁ- ;(31.5)“

. Fromr(B.S), the final'value'of‘v can be celculateo by an it-
erative process.t'If‘the initial vector V is oiven'as"vo't
" the output.after N iteration will be:
i
]

v N.? ) I ¢ x {p qu + il x V

#alsst'].x vo T -f‘ “i: o - .(3f 6)
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If the output p01nt 1s the ‘m=th node, thenf'

' represents the:impulseufUnction_of time.

3.2.3° T'he'.'Thr:ee:ldimensi‘onal TLM'ModeI.

The three d1mens¢onal TLM network capable of repre enking
three dlmen51onal space, and satlsfyxng Maxwell s
“is shown in Flg 3 2. " The network

three shunt nodes and three Serles nodes 1n such a. manner.

'that there are three nodes (two shunt and one serles node or._25

‘Vv1ce versa) on each plane The elementary block from whlch'\

'\.

.‘the“entlre space is bullt,'ls‘a cube vo}nmesof space dl/2
1ong in each d1rect10n "The.reiationship betneen network
:parameters and fleld variables is well establlshed and is
‘well }llustrated~1n the_llteratnre[101=[16]. These lengthy

expressions are omitted here.

TopaccomOdate discontinuities such as a’slabuof dielec-’
tric_or magnetic material, open circuited and short circuit-" -
.ed-stuhs of variable characteristic admittances are added to .

the shunt and serias nodes..

Interconnectlng many ‘of these three-dimensional nodes

el
makes it p0551ble to descrlbe any complléateé\1nhomogeneous

medium. The-numerlcal routine is therefore baSed upon the
. . . . . (}r i ) . . \\. B . .
. - B

—

.‘_.' .\



: Fig 3. 2 A hybrld 3 D TLM network cons:stmg of three shunt

cnd three serles connected nodes

R



voltage 1mpulse scatterlng matrlx of the 1nd1v1dual two dl-\‘

-

menszonal shunt and series nodes.

Bothlthe ﬁhfee- and twe dlmenSLOnal netWOrks are‘eﬂdw‘e
'Qavehshfuctures. However, in . the three dlmen51onal case,
}ithe low frequency propagatlon veloc1ty ofnthe wave in. the
- network:in. any dlrectlon is c/2 where € is the veloc1ty of
.llght in’ free space whlle.that velec1ty145'c/{2'1n the two-

-dlmen51onal case, -
o . . N

- ;}2.4 .jFredUen;y Snectrum and Acpunaey of‘the Resuhs.
"LThe'butput'neenonse functﬁon-cnneists of a-tre;neof.imel':
pulses of Varylng magnltude in -the tlme domaln sepafated by
‘a tlme 1nterval At(—AQ/C) :Thus; the theoretlcal frequency
response obtalned hy taklnqethe:Fourler transfemn of the
ouﬁput_requnee, consiets ofiahserfes oﬁ'peaks:in.the fréﬁ .
quency domain eorreSponding fc‘the model‘fes;hanf freQuene

‘cies of the cavity for which a .solution exists. =~

: Slnce the output is in theéform of a dlscrete series, the
integration is replaced by- a 51mple summation. Thus J%;
Feurier transform of the output-is

S {£f) =1 Vn exp(-jZﬂﬁnAt) : _ o (3. 7)

Al
[

where N is the total number- of time-steps,jenq Vn is the

ouﬁput amplitude at'time t ='nht{.‘
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Fig. 3.3 Frequency spél;trum-qf T'E101r_nod'e of'a

. rectangular cavity-



The frequency‘spectrum.obtalned from the above summatlongr
‘wcon51sts of a. serles cf delta functlons in: the frequency do-
maln correspondlng to the elgenvalues of the g1ven structure‘“
"under con51deratlon However,‘the'truncatlon ‘of the outputh
‘1n the tlme domaln‘from o to a f1n1te number N causes the-.

:spreadlng out of the solutlon 1nto s;nx/x type curves. 'h T

Elg 3.3 shows a typlcal output curve . for the TElOi mode

:1n a rectangular caV1ty The W1dth of the maln lobe in thls

~curve is 1nversely proportlonal to the total number of tlme L

'steps used Eor greater resolutlon 1n the frequency domaln,
‘a suff1c1ent number of time steps must be used to seperate:*
-the solutlon p01nts clearly and reduce the ;;Qor cauSed by
\ 7ft1me truncatlon of the output | . S

3.3 = ERROR ANALYSIS.-OF THE .TLM METHOD:

‘ 3:32f':' Truhcaﬁon érror.

The need to trungate the. output.lmpuls'

-

_function'ieads to'
the ‘SO~ called truncatlon ‘error. Due the flnlte duratlon"
of the impulse response,'lts Fourierutransform3rs‘not‘a llne
“spectrum but rather a,‘superpositaon of sink)x~”tunctions:
“whlch may interfere w1th each other such that their max1mal'

are sllghtly shlfted The resultlng error.in/the elgenfre—

nquency, orrtruncatlon error, is. glven[7] bv o

--:_'__:»:2_."'~ .
T By T 3h /DN o 3-8




Jspectral peaks

locity error.

'-eWhere X '15 the elgenwavelength and Aa is a step 51ze of the"

t

TLM'network‘ N 13 the number of 1terat10ns and D is- the

‘dlstance in the frequency tiomaln between two nelghborlng

=

. This expre551on shows that the truncatlon error decreases

" with 1ncreasmng separatlon s and 1ncrea51ng number of itera- =
- tlon N.. It is thus de51rable to suppreSS all unwanted modes'
~close to the de51red mode by ch0051ng approprlate 1nput and
i output p01nts-1n the network ' Saguet ‘and PlC {20] have. pro-‘

‘_posed a techn;que to suppress 51delobes by employlng varlous

]w1ndow funct1on in the Fourler transform

A

.f.3.3;2'fuhveboﬁy75rror‘

‘-

‘Due to the perlodlc structure of the TLM network " the

o

~wave propagataon in the network experlences fllterlng ef-
. - fects. These effect usually ‘cause network 51mulatlon to de-

'fviate from actual space,wave_propagatlon, result;ng in ve-

;_If'the‘wavelength‘in the TLM network is large compared. -

'pagate with the same veloc1ty in all dlrectlon . However

then-the wavelength_decreases,the veloc1ty-depends'on the. -

dlrectlon of propagatlon[s] Johns[S];hae derived the Véf.

loc1ty reductlon characterlstlc for the -axial direction.'



-A ‘

“i.é. at cutoff frequenc1es of TE ' or-TEQn'modes,"'

can be correoted dlrectly using dlspersioﬁ"rela

" v/c = e/2sln' ,'('\('Ts'in_é/ﬁz)_ B9y
withB;;;aAﬂ./c e '

*ﬁThie.conceot has been proposed-ahd implemented-by Shih'End_

Hoefer [21] to reduce velocity error. =~ . - S 7

. 3.,3.3 Coarseness Error

The coarseness error occurs Qﬁen the 'ILM mesh is too
coarse to resolve hlthy nonunlform flelds found at corners'
and wedges Tnls error ls.partlcularly bothersome when anal: 
'ysing planar'seructuree'which.eontain'eqch'regionsr H'poesi%-
ble butlﬁmpraceical meesﬁre would be to choose a rery:fine

_mesh However thls leads to large memory.requlrements par-_
tlcularly for three dlmen51onal problems A better response

Sis to 1ntroduce a network of varlable mesh size to. prov1de

,higher;resolution in\the nbnunlform field reglon‘[zz]. this-

approach, However, requires more complicate programming and

'rniQue which employs several different simulétions with dif-

is described in the next section.

. a

Shih and Hoefer[21] have proposéd an extrapolation tech-

ferent meshs sizes and the extrapolatlon of results This

technlque also requlres consmderable computer resources and .

A

-
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involves englneering approxlmatlons j Addltlonally,'utiliz-:w"
' ing a very high denslty mesh may 1ncrease computer round—off‘”'” a

error. Therefore at 1s 1mportant to choose a mesh 51ze be-’.~

tween thf extremes.

3.3.4 Error From’ Mlsalagnment of Metallzatlon and Dnelectmc -
Interface ‘ ‘ .

Due to the partlcular way 1n which boundarles are 51mu-.
';lated 1n a three-dlmenslonal TLM network dlelectrlc 1nter-
‘faces appear half- -way between nodes, whlle electrlc end mag--?u
- .netic boundarles appear-across such nodes Thls-can be a‘f 5;_:'

problem when 51mulat1ng planar structures such as mlcrostrlp- B

f'or flnllne T “f_. __,?.H; '(’7133:-"1‘: -'. s -l;.ﬁf;

The reasonlng behind the mlsallgnment of thls may be ex- :

‘.plalned in- detall as. follows

-Referring to Fig'3-4“a conductive'boundary_inhthe x-s

E. However“if‘

plane is represented by short c1rcu1t1ng Ezn’ “n’

the dlelectrlc is: only below the level ABCD and 1ts relatlve
permltt1v1ty i's' loaded on the open C1rcu1t shunt stubs of'“

Athe nodes E E etc the effect of the d1electr1c.

X1’ 32' 1’

-W1ll be extended as, far as’. the level Ey&’ y2 ! yS‘ y6 This

" _means that a metalic strlp lald on a dielectrlc would have"
some dlelectrlc overflow over the 51des of .the - strlp The‘

-effect of d1electr1c overflow can only be reduced 1f a fine ..

' mesh is used to represent the d;electrlc.
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3.4 VVE_LQC'I“I'_.Y'_ER,ROR: coRRECTloN"IN"THE'. 3-D TLM M'ETH'-OD' i

T ’ : ”

Johns has shOWn that relatlvely hlgh errors 1n hlgher Or=- .

~fder cutoff frequenc1es mlght be attrlbuted to the dlfferent_

rangles of propagatlon [7] He heurlstlcally explalned the
51mllar1ty between TLM network wave propagatlon and geome—
trlc- optlc ray propaqatlon ThlS concept w1ll be extended

here to the three- dlmen51onal case. Once the propagatlon an-

gle is calculated '1t wlll be used to correct the velocity

error in the TElOl modeasolutlon.

’o

Let us considerlthe modal solutions in a'rectangular'ré-

fsonator resultlng from the 1nteractlon of plane TEM: waves.

-

-1ncllned to each other A p0551ble path of a puise wavefront_”'

contrlbutlng to the-EEl a1 mode 15 shown in- Flg 3 5 where ael

and b dlmen51ons are in:x and A dlrectlons, respectlvely

:For thls mode the angle of the ray and y d1rect10n is

!fé'i‘tan;l( h/a)fr

For one full closed path the’ pulse wavefront travels dls-'

'tance 1. glven-by

.'_l_=‘2 x. a/ cosflo)‘a: R, L (5;11)

"During this -time ‘the network wave must propagate the disef
“tance 1' =~2.x-(a + b)f If we relate thls angle to the dls-‘.

per51on characterlstlcs given in. (3 9), we can ea51ly obtalng

'the follw1ng corrected formula

-sin (rx Bq‘/z_) = 2 _x' ,1{ x'si,nw'/z) | R (3.'12')'

<

e

[ -7('3'.'10‘.)' .
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‘flar type resonator._

have. proposed ‘a very 51mple technlque, whlch

71ength of the cav1ty to be no more than tWO mesh

VNS R ‘
e T X
e :
- S e e .
‘”i where r 1 7_1"4 | L
After simplifying (3 '- ‘1..2 ), the, corr'scfési.-,lf'v'él.',t?e-'_.'éb?é?i;;@ea;l-,i'é-.-'-' e
L dl/klcor F r.x.Sin {2 X r X 51n(ﬂ;x dl/xluncor (3 13)
"For the general modes TE uta;andﬁblérg”répI?Cédjbyﬁanfanétilf
- bm, in equatlon (3 10) o -;wsl;tpﬁlwt,,:,f_

: We have applled the corrqctlon formula (3 13) !o the re-‘:w

. -sonant frequenc1es of 1nhomogeneous structures,f shown 1n
'Flg. 3. 6. The posslble domlnant mode is. the qua51 TEIOl

. type. The Ey fleld was excmted w1th a’ dlstrlbutlon corre-ftﬂu;

: spondlng to the well known analytlcal solutlon As expected
:&an 1mprovement of the results is’ noted Henceforth ‘we em».;»"ﬁwf“”“

e ploy thls correctlon formula for any solutlon of a rectangu-ﬁa

1

.

3.5 ,TL.M ANAL‘YSIS'WITH, STEPPED AlMPEDANCE,C'O'NA_C‘E,P_T e

To obtaln the dlsper51on chatacterlstlcs ofra-uaveguldlngfalx}eﬁjuLC
.structure u51ng:—thew-TLM a quarter' wavelength Sectlon.'ls{df‘-f?:f].
usually con51dered where dlfferent values of B and W areii_;
51mulated by using dlfferent cav1ty\lengths' The dlsadvane'i:fui
'tage of thls procedure 1s that for low frequency calcula~f:;;ﬁ.:

tions, very long cav1t1es must be used Johns and Sltch [59]fﬁﬂiyi

engths 1nl'

N \\‘:V :\\‘
T NER
\\\' \\\ .
! R

nables thedﬂp
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Flg 3 4 One ond a half element sectlon in SD TLM network
B | model |



.~ Fig. 3.5 A rectangular cavity and corresponding wave - - .
- . opropagation rays. .ot Lo e e




L |ts solutlons by corrected formular glven in (3 13)

J

i

7d1
7dl
3.5dl

I

& =375

“lexact value.

| TLM me

hod

orlqmcl (error7)

"1 corrected (error 7) :

o |

0.12289

- 0. 12180(0. 81)

0.12281(0.07)|

0. 10975‘-‘. |

0.10920(0.5)

10.10955(0.18)

‘ *.-_0.10102;."

-0.10040(0.6).

| 0.10093(0.08)

10.094971

0.09440(0.54)

10.09476(0.16){ -

| 0.09049

. 0.09000(0.54)

'0.09031(0.2)

| 0.08701

0.0870000.1)

0.08644(0.64)

| 0.07866 -

.'0.07940(0.93)

10.07819(0.5) |

0.07331

| 0.07440(1.45)"

0.07286(0.6)

| '0.06954

- 0.07060(1.49)

0.06878(1.09)

0 lolw|o|nlio |o|w|o

0.06690

. o.'t>6780(1'.32) |

0.‘06634’(0.83) |

A portlolly fllled rectangulqr resonotor cmd

Py
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~ line matrix.’

'pagatlon;

two= dlmenslonal ana1y81s and 2.5 mesh 1engths for three—dl-t_m”?'

menslonal'analy51s ' They reported that the savzng in com-

puter t1me and storage 1s as great as 100 times. 'The key

"p01nt which made.thls_achlevement-p0551ble is the 1ncorpora-'

. tion of the spatial variation of the fields-in the direction

—_—

-'ofiprdpegetion to'modify the propertiee of the transmission

Thelr technlque has been tested on mlcrostrlp cav1t1e5

-and they obtaln very good agreement when comparlng the re-

j"_sults w1th conventlonal TLM and other exlstlng technlques

The only dlsadvantage 1§ that the technlque is only appllca-

‘ble to structures whlch are unlform 1n the dlrectlon of pro-.;f“'

3.6 - SIMPLIFIED NODE CONCEPT

ConVentional three-dimehéioﬁal’TLM nétworks reguire three.

shunt and three serles nodes for the representatlon of orie.

.funlt cell as glven 1n Flg 3. 2 Should we want all the nodes

in one un1t cell to be at the same - Space poxnt we .can grad-

-.ually move all shunt nodes to series nodes-or vice versa.

Referrlng to Fig. 3. 4 and A.1, the connectlng llnes of AE

AEEHEHEHE

By1r By1Fz Byl EaaByy and E H shrlnk to

x1Pz1 Ex1 91 U T215yl

0 apd‘the_other section &f the nodes‘increases to‘dl.'There-:-

‘fore the side length of the un1t cell is not changed(see

F1g 3. 7)
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@) A unit cell of the converitional TLM nétwork -
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‘-b) A'UU“Cé”,offhé7sknpﬁﬁed'TLM'nethhR*:'

Fig. 3.7 A simplified unit cell proposed by Sgguet [24].
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Thls concept has been proposed by Saguet and P1c[241 and -
is equlvalent to. u51ng short transm1551on llne sectlons of
two rather_than.three lumped elemente;tLosses~and ‘dielectric
or magnetic loéding can beusimuleted withfstubslinxthe,sameqp

way as .discussed previously.

The dlsper51on characterlstlcs of the network have been'
derlved by a procedure 51m11ar to the original TLM. Detalled

calculatlons are glven in Appendlx‘A.-The final expre551on

is

.v‘p/o B/[ZSln {V1+Y 51n(9/2)v1+3cos (B/2)/((1‘tY )cose)}]
. T o (3.14)

T with 8 = wat/c

Although some 51mpl flcatlon has been made -in’ computet
fprogrammlng;.compared,to the orlglnal rf‘LM v;rtually no sav-
ings in computer memory .and numerical algorithm have been
gained.'Thi; algorithm:still requireleZ_real hemory epaoee‘

"and 6 for inhomogeneous stubs.

AA'COmputer proqpam baéed‘dh this.simplified,node concept
has .been written to test its.;apabilitfest but'the'resuits .
are;siightly lese‘accurate and teke more CPUltime than the
6rig;nai TLM. -The reason'for'the'additionai erro; may be -
due_gotuonl?'to'high velocity error shown in Eig.S.B ' but
.also to an unrealistic wave pfopagetion_comcept.as egplained_

in the following.'
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Akhtarzad and Johns has shown that the propagatlon of a'

"'transverse plane wave ‘can. be 1llustrated very reallstlcallyif.

3 pln the three dlmen51onal TLM network [16] 1f shunt nodes areffr{

'hsltuated in- the mlddle between serles nodes and v1ce versal
:However, 1n the 51mp11f1ed node concept the asymmetrlcal_
"nature of the nodes does not allow cancellatlon of “the . E 2
-and'H components from Ey, and H exc1tat10n, as is the case‘,u
1n the or1g1nal TLM ThlS leads to unreallstlc 51WUI3?}°H.

of transverse EM wave propaqatlon ‘ Thls phenomenon may con- B

'ftrlbute to a relatlvely larqer error 'in this 51mulatlon

The fleld quantltles calculated by the TLM method arei'
space-averaged values ,iief they are constant in each unlt
cell Therefore the hybr1d nature of the three dlmen51onal:‘
':TLM network may not be ‘as unreal1st1c as 1t would at flrstr_
-;appear“" In thls sense‘f 1t may be questlonable to regardF
1,the 51mp11f1ed network to ‘be more. reallstlc than the orlgl-:r

- nal TLM_, S D St

‘It has ‘been observed that generaly[ the'CPU time for.simé_;"
pllfled node program is" 10 7 longer than for the orlglnal:
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Caa -'V'AmAngf,Mesn_ ALooRI-THM '_Fon-; THE TLW METHOD

In order to ensure synchronlsm, the conventlonal TLM net-‘

"work uses a unlform mesh parameter throughout Thls can lead.f

‘

to, cons;derable numerlcal expendlture 1f the structure con-

.ftalns sharp corners or flns produc1ng hlghly nonunlform

flelds and thus demands a Zhlgh den51t? mesh ‘ Saguet ‘and'

Jf\'-
PlC[22] and-Al-Mukhtar and Sztch[23]-have independently proé

posed ways to 1mplement 1rregularly graded TLM meshs Whlch;
' ‘allow the network to adapt 1ts den51ty to the local nonunl-i

{rformlty of the flelds: Both methods are brlefly discussed-

‘and rev1ewed 1n the follow1ng

. -

Sy

:The unlt element of the varlable mesh ‘TLM by Saguet and'

“'1P1C[22] is shOWn in Flg 3 9 %}ﬂ,Thls modlfled TLM w1th varl- ;

fable-mesh.51ze requlres dl:ferent character;stlcrlmpedances

'cin~the;different_node'branches;;while the phasé velocity

A'ﬂ‘ must"he'the samezin .all cells'regardiess of the mesh size.

-

To keep the veloc1ty of travelllng 1mpulses the same - in. all"

1branches the, 1nduct1v1ty per un1t length of the longer mesh
‘llnes is 1ncreased by a factor N whlle ‘their capac1tance

‘per unlt lenth is reduced by l/N ThlS‘

‘thelr ‘characterlstlc 1mpedance by . factor N. ' Then the

'Tequlvalent network equatlon becomes
ﬁaVy/82'=‘-L1§NIz/§t
avy/ax =--Llalx/at (3.15)

-'aNIZ/az + arx/ax = -_zcl-avy/at

, in turn , increases

I |



| d12= N-.dll1 '
A
.. Cx=Cy/N

o N g'r_'ddin'g
| ratio

. . 'b) a unit cell _o'f th‘e_g_rc_ded.'mesh"ﬁétwork‘-‘by 'A[I.-Mukhtar'-
o Fig. -3.9.i."l".he unit cells of two rnvbdifiedf TLM networks -

RN



' In this network;”thelreflected and incidentfwayeefare ré{ .

lated by. . -

Vo2 REYV Y -V L ey

.n Sm omm e Tm

Qhere Ym 'is the. characteristic' admi/ttance\_of the__m—th‘

branch. Therefore ,-the TLM simulati iin‘a sh of-vari—

able size is very 51mllar to the‘orlg‘nal TLM concept 1n'

that it employs dlfferent_characterlstl

(3~16) To preserve synchronlsm, impulees travelling on

longer bran hes are kept in store for N 1teratlons before

belng relnje ted at the next node - For synchronlsm purposes{

the length of each 51de of . the longer llne must be an odd'

1nteger multlple N of the smallest cell length in. ‘the net-‘

work

Saguet and Pic have applled thls technlque to a unllater-“

al flnllne to calculate the resonant frequenc'e
-llne resonator[25] Although computatlon time\was reduced

conszderably, numer1cal resulte show that.the accuracy. is

5
S

© also 'worse than that .0of original TLM program.-_Eurthermoref'

. the addedjcomplexity'of'the algorithm makeefthis'technrque

~less attractive.

- A different approach,'called a graded'index TLM, has been -

mpedanceé_as‘ln l

of a.flnf .

P

)

proposed by Al-Mukhtar and Sitch[23]. In order to grade'the’;//

space irregularly, they incorporated the physical dimensions

x C L ' - ) ,l' -



'Tof the network element in the unlt cell network equatlons‘ﬁ:
- descrlbing the currents and voltages of the llnes -Then the

‘tal capacitances and 1nductances of the llnes become func~

“tions of the element dlmen51ons

Referrlng to the three dlmen51onal ‘ nitr-cell_'given tin

Flg“3 9 b),:the network parameters are g_ven as,

.c-._

G Eewwe L L; s yors \.
C.o=euw/v o - L Lo=Wuw/v. . . (3.17)
Ci-: E_QV/W“ -f“--;Lz =‘u uv/w

i where;C£ﬂis.the capac1tance at the shunt node to X dlrectlon

v
.

'1Ex)\and L (1s the 1nductance seen by current c1rculatlon 1n

the;yz-plahe i.e. perpendlcular to the x dlrectlon

~

The ba51c equatlons (3 17) glve the 51x fundamental pa-
_-drameters, at each mesh element 1n terms of lts phys1cal dl-i'
'men51ons and - propertles ln order to ensure tlme synchronr-
" zation . when -shunt - and series scatteringstiare: ﬁerformed
succe551vely in each 1terat1on ;EyEy assumed unlt length—_
called "llnk 1line" between any two nodes Any addltlonal f

1nductances and capac1tanc1es due to mesh gradlng glven in

(3 17) must be: 1oaded by shunt stubs at the shunt node or by

series stubs at the serles node

These addltlonal stub parameters c, and L can be calcu-.

:lated as : S ‘."‘_ Lo

o



%)

Yy =4 Loy W.VH._/ﬁ_;.-_i)'."_ 2y =‘;4~.(11 'vaH/u-'.—‘1)':'_2':,;,:‘;'_"‘.'- S

A

o Yy=4(er uwfﬁ/v .’.1l)..'.,".-;-“zy‘:l 4 (u aw F/v -1):‘ (3 _'1‘8..)“ |

el s

‘_where h 1s a correctlon factor and alfhimpedEnces are_hor; '
:.kmallzed tovu 7 o The 51gn1f1cance-‘of 11 can. be- seen from

-equatlon (3 18), where some t1mes the factor wv/u or wu/v

rbecomes less than 1 because of the_degree of gradlng,. n
'fAWh1Ch case- the correspondlng stub w1ll haVe an. unreallstl-h.
‘fically negatlve 1mpedance Therefore the value of: h is chosen

x:hlto offset the above 1nequa11ty so that all'the matrlx stubshh"

%fve p051tIVe or zero 1mpedance

The three dlmen51onal graded TLM computer algorlthm can

 be ea51ly obtalned by. modlflcatlon of the conventlonal TLM

‘Extra calculatlons are to obtaln the,admlttances and 1mpe—'
: dances of (3 18) Then three shunt and three‘serles stubs
.are connected to the approprlate node of the unlt cell | r:‘“r

:1nhomogeneous medla sr‘or Mo of (3 18) are- functlons of po-'

‘
v
51tlon.

The propertles of the_ hree-dimensional .network, i.e: the.’

"phase veIOC1ty characterlstlcs -are virtuelly identical.tov

' the orlglnal TLM mesh with 1mpedance and admlttance stubs,'

even when homogeneous structures are con51dered A dlffer-

tence arlses when Fourler transformatlon 1s carrled out due

to the gradlng factor h. The effect of h can be seen on ex-

amlnlng the spectrum, representlng the output




......

‘__Conceptually, this three dlmen51onal grade.

o S(dl/")=§, E'ne:“pJ(f“’lndl/ mk)

We can see from (3 19), hlgher values of h requlre more 1t—tif;[_

A

erations for the same frequency resolutlon than'the unlformeyf‘f,,““.,
l mesh technlque Thls iSﬁ a serlous dlsadvantage- of tthifiﬁﬂ

- j_technlque, and 1t somewhat llmlts the grading ratlo 1f aff'““-?w

reasonable number of 1teratlons 1s employed

3.8 DISCUS_"SI‘O_N-Z -
This chapter has/rev1ewed several 1mportant papers Wthh";.f“;'

have reported some 1mprovement over the orlglnal TLM: techeidjr'“

,-n1que _ The maln sources of errors have been dlscussed g and

three dlmen51onal error corect;on formulae by exten51on ofﬂ

‘the two dlmenslonal concept have been obtalned ‘A 51mple ex-3

nample showing the capablllty of these formulae is- also pre-fﬂ:

sented In order to reduce computer resources further,ﬁ:'

varlable mesh technlq"ues have been developed 1ndependently,

u’-" o
and- they have been rev1ewed and dlscussed brlefly..;T‘

/,

.So -far ‘the graded mesh TLM method by Al Mukhtar an

rSltch mlght be the most approprlate model for compllcate&V;":

*

;practlcal structures It utlllzes both admlttanCe and 1mpe—fr"

"dance stubs to represent the modlflcatlon of the un1t mesh,ﬂ'

length (llnk llne) Therefore a'longer mesh llne‘ls eQulvaef_ﬂ

., lent to higher values of permltthlty and permeablllty

mesh technlque v



¢

*1s very 51mple, and the addltlonal effbrt to 1mplement 1t 1s'f

mlnor.d A general program has been developed whlch 1ncorpo- L
. : y KR

3rates all 1mprovements whlch 1ncludes three dlmen51onal er-'5‘

ror corectlon features and is based on thelr algor1thm[23]
rfﬁh*z. It has been applled to varlous geometrlcal structures lpfzjg
}ﬁ%f?;fgdthoweyer, even: W1th thls gradlng technlque,rsome _planar.
_wavegulde structures for example flnllnes requlre exten-?

51ve computer resources ' The CPU tlme on VAX 750 VMS sys-“

on the complexlty of the geometry TFlS 1s due to’ the large

iqi memory:requlrements of the graded TLM The storage requlren -

s

L : ment per node has been 1ncreased to: 32 real memory varlablesﬁ;

from 22 for the -conventlonal TLM Furthermore the ,hlghEr'
l.?i ‘ grade ratio h nece551tates con51derable addltlonal)number of‘

=W”;' tlme steps for the'same frequency resolutlon These largev

l‘-. . e "v-“

memory demands and addltlonal 1teratlon requ1rements led the

'author to search for alternatlve technlques whlch requlre

~

less computer resources; W1thout sacr1f1c1ng the s1mp11c1ty

'-‘fand accuracy of the TLM method,_ As:a result, two dlfferent.

'\.

technlques have been developed and‘tested extensively They

W1ll be treated 1n the follow1ng chapters and form ‘the maJor

part of the thes;s

-

R tem, ranges from several mlnutes to several hours dependlng_“



0 _ _ Chaptar lv e
‘=f't’,h~ DEVELOPMENT OF SCALAR TLM TECHNIQUE o
4J',7tNrRODUC1ﬁo@; L m IR
. : -~ '"“.l“ ) . . -N‘, D 7 Lo ) . A‘! | .. ‘,.‘ ._.‘ \ : k.‘ -l-.. . /i -
In the tradltional TLM method of numerlcal analysls,lphg

propagatlon. of all ‘six . components of the electromagnet1c:<“\7:d

£1e1d is simulated by the propagatlon of correspondlng volt—‘i

age and curre‘t 1mpulses in a, compllcated hybrld transmls--7

sion llne mesh -‘hls lea s to con51derable memory and CPU -

-

time requlrement 'The. 51mulatlon of all s1x components is,f

.d _..--—

;redundent in many practlcal cases where modes of propagatlon

or resonance can be separated 1nto TE and TM modes (or LSE

o

- and LSM ).

N

AP To obtaln the elgenvalues and fleld conflguratlons of

such TE or.TM‘modes, only one fleld component or _alterna-‘

txvely, one Hertz1an potentlal needs to be svmulated -Since

such a component,pr potentlal Satlsfles the scalar Helmholta
' equatlon a new scalar TLM network is proposed in. thls chap-‘

ter for the ef£1c1ent solutlon of thls class of problems.

The scalar TLM model has‘been applied succeszully.by the
author to the analy51s of cyllndrlcal structures w1th homt\v\'
ch

.. ‘geneous dxelectrlc and slmple anhomogeneous structures su

\

o



{'aS'dielectrio alab‘ioadea’tectanéuiar‘wavegﬁide In the fol--l

‘. lowlng, the propertles of the scalar TLM network w1ll be-. de-

.fscrlbed _and the performance of the method w1ll be demon-

strated by sample solutlons

-4.2”‘_TLM1MODEL FOR 5cALAaqMooEJPROPAoA110N

Con51der a unlt cell of the new three-dlmen51onal network'

whlch con51sts of a two dlmen51ona1 ?@M network to Wh1Ch ad- '

‘ldltlonal transm1551on llnes are connected orthogonally atﬁ"

‘ peach Junctlon as shown in F1g 4 '1L,a). In practlce s%ph a
. £ ‘ :

c1rcu1t may be reallzed by 1nterconnect1ng S1iX=~ port coaxlal

'llne Junctlons ‘ Slnce the dlmen51ons of a unlt cell must be o

L -

small compared WIth the wavelength“lthe voltaqes at the six
‘ports are effectlvely equal to the voltage at the node. Un-
der thls assumptlon 'the bas;c transm1551on llne theory'

ylelds ‘the follow;ng equationSE

v T =“'3C.'.::3_V',/_Bt‘_ _ | | (4-15-,'3-).
vov=-L aff./‘at?: | | _ - (4'il.'b)
whete-f ='I#Q‘+ Iy¢,+’122_ahd{e
L= Ly - ,I:;:'z.
<;‘::--' | _‘ Iy = 1y = Iya.

z- z5 z6



«) Equivalent network of a unit cell

Cayg—o— —0 —ay
| e

'8 port lossless
e y * network
gz— O— . A : -—O«——Gs
bye—O0—o . =orbs

6= 1/2 1)
) Six— port netWork réprésenting e
| G three dlmensmnol node .

"Fig,"’4..1 A g’nif c'.ellv of'three—-"d'imeh_si'onjdl s‘caloffTLM'ne-t_vJork" '



"These coupled equatlons may be decoupled yleldlng the fol-'
'lowlng second order d1fferent1al equatlons 1n V and I:

- [Vz-(VxVx')'l-_ 3LC az/at‘?]'-f:' 0 I '.(4.2‘:‘b):"
" Note that although equatlon (4 2. b) may not look llke a’wave
-equatlon, the second term 1nvolv1ng the double curl of I 1s_

zero as a consequence of (4 1. b)

Thls suggests ‘that the three dlmen51onal network glven 1nt
f'Elg 4 1: a) c?n be utlllzed to smmulate the propagatlon of al”
.voltage wave in three dlmen51onal space By u51ng the well"

' :known_ scatterlng _parameter - formulatlon, _one,‘can‘ express‘;

(4.2.a) in the foIlowinglwayf

: Each node can be con51dered as a lossless 51x—port (see
Fig. 4 1 b) whlch can. be used as a basic element of a three—

dlmen51onal TLM network and is. characterlzed by the scatter-

'c. &

ing matrlx S. The wave quantltles propagatlng in . thlS net-.

“work: satlsfy the follow1ng scalar wave equatlon

(7. awe az/aftzl 189 | =0a=12 ..., (4. 3)
'Qhere.aqand bq'are the incident and reflected wavés at the "

'q-th port;

Cegl




f?;p.o‘_'p..ih':. h;{hr ‘fpﬁi}_-fSQ*tfi

.q,if Since in a\linear medlum each component of an electromag-
-inetic field 1ndependently satlsfles the scalar wave equa-’
':tlon Kexpresslon (4 3) can 31mulate any of the 51x compo-x
"]nents‘of-the three-dlmen51onal‘f1eld If we de51gnate one

{ field component by the scalar quantlty Y 1t obeys the gener-

al wave equatlon

(v - Pk, vy, 2oty =00 0 (4. 4)
where'v is. the phase-veiooity of fain-this-mediﬁm Lgp-us_
'now dlscretlze ‘the space and tlme by d1v1d1ng 1t 1nto unlt'

;cells Then equatlon (4 4) becomes S

.{§2;; azk(vzatzj)?(l,,mj7a;fk);;lp; el sy

”wherell, m, n, kiare~integers. Co .
If" the phase veloc1ty v equals c/f_: the wave equatlons
O qovernlng I and V or aq bq are 1dent1cal T It is convenlent

to define ¥ as follows;-

?lj(l,m,a,ky_=(1/§).z‘bq(;,m,n,k) C e (4. 6)

This‘averaging:process ;s‘jnstified because the?TLM'networke

is iinEarf‘ Furthermore, a double.index i, J 15 requlred to'
hldentlfy the field quantlty 51mulated by ¥ Table 4. 1 de-_'
' sor;bes a p0351b1e code_of 1dent1f1catlon. One condltlon'

for the applioationhof this donbfe—index scheme is that the

boundaries A._perpendioula.r__ to, pthe :He_rtzian vector must be |

’/



'Tob_le 41 S[gmflconce of the |nd|ces L Of \V-

-_'in‘dex_ 1. descrlptlon Of\‘f,J

. :""Electric field
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3 : Z_Component '
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1 5pianee.: Therefore, 1n order to obtaln the propagatlon char- !

"acterlstlcs of an arbitrary cross-sectlonal wavegulde, it

: may be proper @or 1ndex 1 .to choose z component

The propagatlon in the dlscrete space w1ll be descrlbed-'

Eu51ng the follow1ng formallsm The wave b (q ‘ 2,.—F--

“6) scattered at the Junctlon (l m, n) after the k th 1tera-_'

uwtion w111 become an 1nc1dent wave a at the nelghbourlng:?

ﬂ‘junction at t1me (k+1)T Thls process 1s 51mllar to the.

“conventlonal TLM"'lnteractlon [7] and can be noted as fol-

. lowg ‘
] (1+1 m, n) = b;(L) m n)
4(1 rnfl,, B) =by(l, m,-n) T
3301 mod,n) = byl mo Rl e L(E0T)
el monsly =hg(loming T
ag(l, m n-1)'=bg(l, m,om) L L o s
5 o .. at (k+1)T-"'_' . at KT ’ B

Each one of these 1nc1dent waves 1s then scattered glv-'

ing rise to a new set of reflected waves which can be obni

talned from the scatterlng parameters of the node Hence

_ AB sy = S e X T2 150 0 (408,
where |'A ;s and | B |;4 are column vectors: . * §
(A= a8, a8, a8 805 0

1 82 23.24 35 3gl7 - o

s



ST
1B 1= [y by by by by bel”
‘angd " .
(-2 1 151 1-1) )
] 1-2 1 1 1 1
Lo -8 ;Ishux;t =1/3 | 1"'1....2._1.7 11|
o ; ‘ 1 1 1-2"1 1
. 10111 -2 1 £
L1 111 1 -2

1_Slnce each node is a recrprocal and lossless Junctlon,.the“'

.

,scatterlng matrlx }'S |le symmetrlcal and unltary There-
\

?.J fore equatlons (4. 7) and (4 8) w1ll completely character~

ize- wave propagatlon in a- three dlmen51onal structure

As in the tradltlonal TLM network the phase veloc1ty 1n,

the model is lower than that_ﬁn a 51ngle transm1531on l1ne,

- and ‘it depends on’ &he dlrectlon as well as on the frequency-,f-f'

xof the_propagatlng wave. Thls 15 due to the perlodlcal andi.
”disbféte’nature of thelmodel Therefore in order to deter-i

‘L_mlne the llmlt of 1ts valldlty,'we analyze 1ts propagatlon
-characterletico

Oge can 1dent1fy' three fundamental dlrectlons off'waue

propagatlon as shown ‘in Elg 4.2, They are along the malnd:f“

aX1s' the dlagonal of a unlt square plane and the dlagonarrﬁ N

‘of a unit cube The detalled characterlstlc eauatlon of



. \.J

4

- Fig.‘4ll_'2' Three fundamental 'gl'irec_.:t'iohs*olf'\.{rdve .

p_rdpogcﬁgn_iin _’th'e‘ ,scdld_r_ TLM ,ngatwork‘.
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propagatfbn has been den?ved in Appendlx B from the con51d-
} . "T bt \

eratlon of equlvalent \networks of the transmlssion matr:.x S

along the.three.maln directlons. The flnal resulfs are:

,sin/@dﬁ@wdl/2é) in direction A - TR

sin (Bdly2 2) =¥372 sin(edl/2c) in direction B - (4. 9)
and - B/V3 = w/c ~ in direction C
.The oorres?Onding'phase velocities are

/c —8/ Sln (3'51n8

:"QBZC- e/{f— Slnf (!3/? 51n8)} f ;.' o _';‘AhkéiiO)[ff-

l/f_

VC/CJ
' where 8=y, ;:11/'-2;:-'-
1Forﬂiow:freqpenoies, thefmesh:parameter”dl/x'becomes very. -
-snall andralifthree'veiocifies“tend tdﬁafd”c?fiﬂWhich ‘con- '
filrms that the approxmmatlon made to derlve equatlon (4. '1):;

'1s valld as long .as dl/k.s<fl:,The Brlllouln dlagram of

-equatlon (4. 9) and phase veloc1ty characterlstlcs descrlbed .

‘by (4 10) ‘are” shown in Flgs 4. 3 and 4. 4 nespectlvely One:_

-can see that the dlsperslon curve’ shows alternatlvely capa-'

'c1t1ve and 1nduct1ve loadlng at a perlod of 2 of the normal--

'dnlzed frequency ThlE is the effect of the perlodic loadlng.

'of the long1tud1na1 transm1551on line.

-
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. Pass band -

fStbQ_baﬁd

‘Capacitive loading. |

H. 0 ED 'U--'-_.“I R
il L ;L

;hdﬁetive*lbadihq o

. MW

f

~ gaxial direction (&)
o scalar TLM
,‘dlagonol dlrectlon (C)

dlcgoncl dlrection (B)

- mm—— Vet S -

"o conventional TLM E ‘,GXIG.I-'-dlrECtlon_ .

| Flg 4 3 The Brlllouln drcgrcm for cxnol wave propcgotlon

m the scqlar TLM network
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| dxioll direcﬁl(A)'

s’cqlcr‘"_Tl_'M < diagonadl 'direc_tio'n' (B |  —--—~—.-'-'—-—-"—.

diogohdl difec_tion' ('C.)f . -

. conventional TLM : axial_di

"lFi'g'.' 4.4. 'Dispérsid.n dtigram of the bhd's_é_'vélocity iﬁ'

"-tlhe scalar TLM network
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The dlscrete nature of “the TLM netWOrk requlres that

boundarles are also dlscretlzed 1n such a. way that they are

- situated half way between two nodes and are perpendlcular to”

‘the mesh llnes .f'- '.].-'f-" SRR ,-;i :"L’ ‘{,f'f

];_d Slnce the wave quantlty Y can represent elther transverse

‘"x:”ed w1th a coeff1c1ent of +1 or--l by a- totally reflectlng

4

ror magnetlc wall) and the 1nterpretatlon of T (see;?able_

4. 1)

n-f;Atfbonndaryfnddes;“thekfcllpwing refleCtionicoefﬁicient_

‘matrix:|p| can be defined:

Ly mym)

,1IJ,

Again, the“ 1ndices i3 1dent1fy the nature of the wave

function'f The Ipli?j matrlx 1s a dlagonal matrlx

-T'rl O dh 0?10 Q,t:
0rz 0 0 0.0

1,]

lel, = |0 0r3-0 0.0 .. T (412j0 -

0 o o'r4"0 ‘o’

O ‘0.0 0 rS 0

L 0 0 o 0 0 r6 ) iLj

;boundary, dependlng ‘on | the nature of the boundary (electrlc ;u

s ROl e

l'Or longltudlnal fleld components, 1t w1ll always be reflect_--ff'




The dlagonal elements rl ri{t;.. r6 are reflectlon coeffl-_
ld c1ents 1mposed. 1n the branches 1 'to 6 respectively (see‘

Flg 4 1) For those branches whzch are not termlnated by af.

boundary, the reflectlon coeff1c1ent is zero quure ~4 '5

41 v ¥

shows three typlcal examples of a boundary nodes where one,

two and three branches termlnated by a boundary, together'h'

. "-k‘ -

W1th thelr refleotlon coeff1c1ent matrlces In theuextreme'

ﬂ',oaseg the numher of non zero' dlagonal elements would be'

LA - d
. T B v_ - v -

*five- Slx non—zero elements would be characterlstlc of a-

- completely encloseﬁ node vﬁ‘if“

L

Ce T

As mentloned before the 51gn of the non-zero reflectlon,?‘

coeff1c1ents depends on the 1nd1ces i, J, ie. the nature ofi,

A

the wave Junctlon f and the nature of’. the respectlvetbound-'

. "
I - . , '

o ary Even though the determlnatlon of the reflectlon COEffl-

s .'?" v

cments appears complltated -rtras;actuallyvstraaghtforward

.—-1-‘ 4

in a practlcal problem

L b

.- [

EPE L ¢

bonsfderffa_‘simple- rectangular cav;ty hasﬁ’shoun tin
Flg 4 6. a) whlch 1s entlrely enclosed y electrlc walls " For
any boundary node, 1t 2is easy to determlne wh1ch branches
are not termlnated by a boundary The oorrespond1ng,d1ago--
h nal elements are thus equal to zero The.renalning_non—zero,
elements.are then'obtalned from Table-&fzr..If'any of the
.'electr1c boundarles 1s replaced by a magnetlc wall the 51gn

of the correspondlng reflectlon coeff1c1ents is 1nverted
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Table 4.2 Boundary reflection c;ﬁefficignts in a simple

~ 'rectangular resonator for scalar TLM analysis
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' 4.4 . DUAL SCALAR TLM NETWORK
The duality of eIaétric'énd mégnetic fields enables us‘to'

also simulate wave quantities @y currents in'a_series—tYpe‘

TLM network. A series nqdé of.such'a network -is shown . in

Fig.4.7. It is obvious that such a node can be arranged in

' several ways since it is ‘not symmetrical in three-dimen-
v ' : LT . ' y

L

sinns, as opposed to the shunt node. Consequently, the:

~ scattering matrix of a series node will contain off-diagopal'

elements haying'alternatively positive -and négative signs.

The scattering matrix is thus dependent of the node struc-

ture and its_orientation withurespect ‘to the mgsh axis. This

fact intfodqces additional complexities which make -the se-

ries node leSs*attractiveIfox_practical applications. It is
therefore mentioned here for completeness only, and a de-
tailed analysis of series networks is not of practical  in-

terest at this point.

4.5 PROGRAMMING AND TEST SIMULATION

A scalar TLM solution begins with the selection of the

field component to be simulated. If the resonant structure

is cylindrical adet: a given direction, then the logical

choice would be the electrié ar magnetic field - in this di-

e

¥ection, depending on the modes of interest. Then the

boundary conditions are determined. and tﬁf elements of the
|p| matrix for the bounﬁary7nodej/ére obtained. The three-

{ \}
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& ' dimensional_scalar TLM program is simply.an extension of the'
P - : - D 7

- conuentional two:dihehsibnal\TLM"prodram and 1s obtalned by
2add1ng one more pa1r of transmzsszon llnes per node 'The:
. boundary condltlons are greatly 51mpllf1ed in comparlson
:w1th the conventlonal 3D- TLM method [10] .and the number‘of:h

N,

- operations per node are greatly reduced (flve addltlons and‘:'

.‘one multlpllcatlon vs. elghteen addltlons and. six multlpll-
catlons).- J
In order to combare‘thenreSUlts-and the‘numerical effiF
ciency of the two‘BD-TLM nethods we have c mputed the el-”

-genvalues of a rectangular resonator (Flg 4.6. a) preV1onsly

treated by’ Akhtarzadfl3] Table 4.3 compares the results ob-."

-talned w1th both methods -ThlS comparlson shows that for
'1dent1cal_mesh_51ze and_number of 1teratlons .the accuracy
of-the results is. very'similar However the tlme of execu-
tion was seven tlmes shorter for the scalar program. on: an .
Amdal 470/v78 and the requlred memory was about one fourthl

of that for the conventional progran.

In the 'second: kxample/, the 'slab loaded"resonator
'(Figlé.é.b) was analyzed by simulatlng the propagation of a
lmagnetic type Hertzian potential'normal to the slab air ini'
jterfaCes. Table 4.4 compares the results.with analytical re-
sults obtained by solving the transverse resonance condltiin)

for the first two LSE modes. ' "‘“\&\\;/;’ ' ldh'
% & ) ‘ . . “ ‘ : ) !

L
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@' 4.6 Rectangular cavities evaluated with _‘thé scalar
TLM method. | -
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analytic
value .

scalar TLM
(error %)

| original TLM |

( error %) .

| TEv01| -0.07511

"'0 07480 (o 40)

.0.07480 (0.40)

Ty 40|

0.09317|

0. 09299 ©.18) |

0.09249 (0,72)

T™201

0. 10379 (o 35)5*

TEq14| 0.11219]

0.10417{

011199 (018)

10.10337 (0.76)

-

b .

| ™g1g| 011785

' CPU= time on - |

1 minute

011759 (0.22) |

7 mingtes |

_ AMDAHL 470/v78

(o

L

‘Table 4.3 Comparison of. the first five normilized
resonant frequeéncies of a homogene'ously filled

rectangular cavity with values obtained by the

| -'scolar and the or:gmol TLM methods

- The geometry is glven in Flg 4 6 c)




. m‘c_jde ‘

: S'/G 1 qnolytlc
, - value

‘ -S“?-qur:TLM‘

’ . ‘ '
.

5 _-ex;i*:c;k- ()

: 1 /-6: :

0.0522

. 0.0518

/3

1 0.0445

0.0440

|12

|LSE,;

LSE1p1

1 1/8]

0.0988" .

- 0.0985

201

1/3

Table 4.4

- 0.0776

10,0759

219

Normollzed resonant frequenc1es of thebxflrst

two LSE modes in a dle]ectrlc slcb Iooded ccwty"‘

.evaluated W|th the scalor TLM method.

~ The geo_metry is glven in Flg-._4.6.b)

N
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a) One possible series node of series unit cells.

Cosee L E } e

' b). Series—connected scalar network utilizing

unit cell as'in a)

N

f:or;riéét_ed $¢glor TLM- network

/

Fig. 4.7 Series—
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h1 this chapter,‘ a'simplified'three-dimensional scalar- -

;TLM network has been presented and analyzed It‘can'simulate:f
" any quatlty that satlsfles the scalar homogeneous wave equa—
’tion and is subject to totally reflectlng boquarles ' This
_quantlty may be. any component of an electrlc_or madnetlc
ifield when the EM fields are separable 1nto TE or TM flelds
If a geometry is complex, two dlfferent potentlals _are

'coupled,'and can not ‘Pe- handled by the scalar TLM Thls is

the limitatlon of thls method.

The scalar nature of the sxmulated quantlty simplifies -

' the network structure of the ‘TLM model reduces the requlred

memory 51ze by foun tlmes and the CPU tlme seven . times as

compared w1th the conventlonal formulatlon

A further advantage resides in the fact_that the'propaga-'

tion velocity is less dispersive in the scalar network than

' in the convehtional three-dimensional mesh. Finally, all

methods proposed to . regduce time -and ‘memory requirements o”%“‘\i/'

the conventional TLM methed such ashvariable mesh size and
window optimization cah be applied to the scalar method as

- . ’
well, thus maintaining its inherent_advantage.

In the future it is ‘hoped that this concept could be ex-

'tended to 1nclude coupled potentlal 51tuatlons,'then this

method will be a completely general method like the conven—

tional TUM with . far less complexity.

4.6 ~DISCUSSION AND FURTHER WORK
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Chapter V
UNIFORM FD TD. TECHNIQUE

5.1  INTRODUCTION - . o

In previous chapters,'several'improvemente to'the origi-
'hal‘TLM method were discussed4 and their additional require—A
ments for numerical simulations were briefly ekemihed. How-t'

ever, in spiter of several. advantages gained over the

_ original TLM by ‘these improvements the appllcatlon cf these

"1mproved TLM algorlthms to the pmhctlcal 51tuatlon stlll 1n-“¥q

srolves con51derable computer,resources.

.
~\vr§ven though the graded mesh algorlthm reduces memor?.:
. space requlrements,llt demands far more 1teratlons than the

_ orlglnal TLM method’ for equal frequency resolutlon{ZS] This
is espec1ally obvzous in the case of three dlmen51onal simu-
lations where the graded ratlo N requires an’ addltlonal N -1:7
iterations. These requirements of large computer resources

may cr1t1cally limit the practlcal appllcablllty of the TLM ‘
technlque ) ' : , o e;>'
In view of these requirements, Saguet and Pic [24] have
' proposed a simplified node which reduces the number of vari-
“ables to be processed by one third._Howeyer, this mdﬁif§¢a-

r.

w78 -



' ;tion makes each node unsymmetrlcal and results in 1ncreased“
‘ veloc1ty error also thls nethod stlll requlres.ls real mem—”'
'ory_ spaces_pe_r-- node. ’I‘he maJor reason for the large CPU~
memor? demand ofmthisatechnlque resldes'ln the‘bas;c three-
-dinensionai TLM concept. In order to represent each electro-
‘maonetic field'component, each'threefdimensional'unit ceii'
requires 26 real memory spaces; iZ forlpuise storage'an 14
for additional network parameters. Therefore,,each operatYon
on a node involves a lage number of variables, requirdng
considerable computer CPU space and tlme ?urthermore;'ex;
- perience has shown that\the number of 1teratlons 1ncreases-
'With the'complexity.of the strUcture under study. Eor exam-_j
A_ple, the analy51s of . a flnllne requlres easzly over 1000 1t-_
erations. These ma351ve requlrements have motlvated the‘au—
.;thor “té- find an’ alternatlve :numerlcal -technlque- Whlch.

.possesses the advantages of the TLM approach but needs less

computer resources As a results, the author proposes a new

"ralqorlthm based on both the Elnlte leference Tlme Domalndu"

(FD 'I‘D) method and the TLM method B o kY

The Finite ,-D.if'ferencé' Ti.me. Domain (.‘Eoffo.) ' method ‘was®
first Eormulated by Yee[27], and'has been extenSively ap~-
plled to scatterlng and coupllng problems w1t§fopen bound-f
'arles[zs]f[SS], i.e. to the solutlon of determlnlstlc prob-i"

" lems. The author noted the similarity between this method
'-and the TLM method which has been w1del§\used in the numeri-
cal solutlon of electromagnetlc elgenvalue problems in the

© time domaln. ' - S oy

. « oy
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The three-dlmen51onal dlelectrlc scatterlng problem ‘was L

trej}ed by . Taflove and Brodw1n[29] Other workers 1nvest1-ifl"

. ga ed electromagnetlc pulse 1nteractlon wlth metalllc bodxes"!f~”

revolutlon, and with detalled models of a1rcraft[33] Re-
‘ently Taflove and Umashankar have made a comparlson studyt_
. on thlS method and the method of moments _They showed a_:
‘hlgh level of agreement on the near and far fleld results

‘for_three—dlmensional preblems.

Al the_applicatisns so far treated ‘have beeé directed
towaras-fhe time domain analfsis of the;scafteringfstrﬁc£ure

: by imposing a plane incident wave which is pulse-shaped or a
slﬁusoidal'waveform of'knoWnlffequeacyl;'In this.thesis, thef
auther hag developed alnovel[procedufe'whiqh inereasesffhe

indmerical efficiency of the time domain appreach -Witheet
sacrifising'its aanﬁtages[sl]. The methodldiffers'f;om.the

classical FD-TD method in the assignment of initial fiéld
values and the application of the Fourier transform ‘to lhe\;

“time domain solution.
. - T .

Concern;né*numerical accuracy, Taflove-and BrodWia-has'
utilized a mesh size of 20x20x10 with 10 % ‘error'.for the
solution of time domain scattering problems[29]l Laﬁer, for>
the c?llndricai metal- cavity® scattering probklem, they
';achieved 1db ascuracy relative to known zaletical,data

.However, iﬂ our - application of this method to the solution

of problems in the frequency domain, much improved.accuracy
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'number of nodes employed

htechnlque and the procedure of computer 51mulat10n w1ll be

&_: R . N _- o . . S O N "'-.)-. - 7 S SR . . "__ ) _'- "._,,,,,._...: ,‘,w,. " -
i. e. w1thin 2 A . has been obtalned even w1th a muéh smaller

L]
T

In the follow1ng sectlons, the maln concept of the FD TD fa?ﬁkf

descrlbed and some numerlcal results W1ll also be presented

in the last sectlon

52 THE THREE DIMENSIONAL D TD MODEL

5.2.1 General form of Maxwell s equatlons T

materlal medla 1s governed by Maxwell s equatlons of macro- . N
T ] 2 o
scopic electrodynamlcs _ . .}T ™
Vx E (r,t) = -aB(n /e e T
vxH(r,t) =3 + al'il_( i:‘}.;t'),/--ﬁ_'l_;..:.--:f'Q-_ Tl PO
L ST R -
~ vV+B (r,t) =0
. _‘.:l ‘ —. ) . H:,..‘V'. ﬂ‘
VD (rt) =p ;
Imp11c1t in the Maxwell 'S equatlons is the. contlnulty equa-ﬁf
tion for charge dens1ty and current den51ty, - ‘ B
/ T
_e;- . ’ . . )
v « J + a3p/at =0 (5: 2) .
" This follows from combining'(t;; ‘time derivative of the
fourth equation (5. 1) with ae diVergence' of the second
equation. The field vectors mu'st also satisfy the appropri- . )
ate'boundary“conditlons. ) : . ; .. ' /? .

A

. . . .
. - X
v ’ .
v .
~ . ¥ .
* / ' . .
: [ N . &
. . 1



' is usuall

'déoynting's vector is-

MaxWell s- equatlons do not a e :.nto account the proper-

Y

electromagnetlc phenomena.,A descrlptlon of the tned:l.a s

*o

'ties ._of med:.a wh:.ch must be 1ncluded a.n the| solutlon of,"' o

prov:Lded by the constltutlve relatlons wh:.ch descrlbe func- -

v —
-5

tlonal dependance amcng fieldﬁyectors The most general fdrm

~ 1 - [ 4 .- - - v .
of the constltutlve relat ons can be wrltten as IR

' l_.~
Y
. , .
t (5..73}
- vacw T oy .
LA | * A
. e ' .
] . - . R
) Ve . o
v Lo
e L.~ '
a . . Lo .,1.‘
R S
Y - M.
- ’
- ' !‘.
sy ] £ oy s,
T,
R e ! i
LN i
-~

-__wherefs -w", Z and u are all 3x3 matrlces - 'I'helr elements are

e,

.thzs form, each f:.eLd

ﬁ
. ..‘ -~ o7

e : ,.
lTl

K - .

Lorentz coVarl \\:\ When w and Z are not equal to zero the'

SN )
‘medlg\&e called "Tellegen - or: blan_lsotroia;c medl-a._

| Under'- ' 'harmonic e'xc‘:ita'tion -ﬁhé "cc'Jns'titLitive matrix. C

: S
S

rEéions :where J_;. '0,’ the tlme average of the dlvergence of

B

< Y8 > = 1/2 Re[jw(b

n
<
£
u
€
o]
*
o
i
(o]
-l
m
+:
i
*
E‘
1
=,
|

2, vand- .the .."c':onstitutive- :relatio‘ns-‘ are’

complex’- and frequency dependent I‘n-. sonroe-free"




i‘q
+ Ex (w+zt) H - B (wi+z) E] (5. 4)
where the superscript1'denotes a transpose complex cohju-

gate, and the * symbol denotes the domplex conjugate. -

For lossless media; we obtain from (5. 4) the lossless

condition:

£ = ¢ .
.- .
W=n T ) (5. 5)
1 + .
w =2 -

When there is no coupling between 'electric and magnetic
fields, i.e. w = 2z = 0, the general constitutive relation
df'(S. 3) can be coﬁveniently féduced to two 3x3 submatrices
for £ and u called permittivit? and bermeability tensors. In

practice, most important anisotropic media are described as

follows
exx exy O L
e = | exy* eyy O .
o~ . . Lo 0 ezz .
<
(5. 6)
" and uxXx ‘uxy 0
' ) 2 = |uxy* uyy ©
NTA B 0 0 uzz ’

.
<

The media characterized by (5. &) are also called bidirec-

tional or électrically gyrotropic aq? magnetically gyrotrop--

ic respectively.

LR N



For the lossless case

-be transformed into a dlagonal form

o

where'the-dlagohal—elements ef;s
of the correspondinglmattiCes;
tute the-ﬁrincipal axis or opticalhaxis
ments ekf

ordlnate system wlth respect to that of wave, propagatlon

In general

tinct

general constltutlve relatlon (5

and B spourH.

1n whlch case the medlum is called b1ax1al

il

-

exx 0 O
Q:eyy o
0 ”lO“‘ezz'

the

matrlces a

w=".0 ﬁYY
-0 0

~

P
-

1Thereforef'

ahdjufcah}aiweys;‘

-and their directions ‘consti-
. : ' . ’ 1

‘84&;juf'

-

and y are the:elgehvéluesn

the.eleef

, eXy* may represent mlsallgnment of the medlum co-:

~

With the aid ofnthese_reletions,

the values of all dlagonal elements are dls—"
Then the
3) ‘can be wrltten'Dg?sde{E{'

source~free .

Maxwell's_equetions.éenrbe'written:in the-:ectangular'system~

as

and

o Jaw -

‘aEz/ay -QEy/.az

3E_/3z - 3E_ /3%

aEy/ax —'aEx/ay
“agz(ay_- aHy/az:
.aHx/az -‘aHz/ax
- aszay'

Il

‘—uéuxx aHx/at‘

:uéuyy aHy/at‘

_-uoezg aHz/?t

3 at
£ exx} E At

€ eyy aEy/at.w 3

soezz 3E . /atf

(5.

‘ ‘:—‘ﬂ'—"— 7

. 8)-
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We note that satlsfylng the curl equatlons automatically en-

‘sures that the dlvergence equatlons of (5. 1) are=alao sat- T

i

1sf1ed - Equatlon (5 8) w1ll be employed ;n.the followlng

sectlon for- modelllng tlme dependent electromagnetlc propa-‘l IR

e

gatlon e j"_;'_A”d; L

- [ [

The boundary condltlons satlsfled by the fleld vectors of
1nterest for this modelllng,'can ‘be categorlzed into two
forms dependlng on the prOpertles of the med:l.a- on e:Lther

51de of the boundary or- on the symmetrlc ieatures-of the

- P d -

given structure These.are .:'”":'

.
. L . . ol T t

1. For a boundary between two lossless dlelectrlc medla
the tangentlal components of the electrlc ‘and’ magnetlc_
"ffleld 1nten51ty vectors must be contlnuous across the IR

?boundary,

5>
%
i
o
]
i
o
=
[Ce]

2;_For a boundary between a perfect conductor and a- d1e2 S e e

"lectrlc medlum the tangentlal components of the

e -

‘electrlc fleld must vanlsh at the boundary

- — : T

A surface hav1ng thlS boundary condltlon is sald to be

. an' electrlcal wall" FOr an electrlcal wall e e

L

Utherefore, s ol
“ﬁ?xzﬁ”.%‘OQ.; g ol S (5.10)““

' 7On,an'electric<wall, the tanéentialﬁmagnetic field"is . .
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discontinuous. i
A magnhetic wall can be defined as alsurface on;“:
'whlch the tangentlal magnetic fleld vanishes. '
nx H, =0 o (5.11)

On.e.meghetic wall the”tangentia}kelectric-}ieId is

discontinuousd. Note that a‘ma&hetic wall‘may‘be a

plade of symmetry that might be used when the geometry
" of the btructureWekh;bigé syﬁmetfical propertiee about.

' certain piahes on: the other hand an eiectricalwwall

is a real phyS;cal wall of the structure in a form' of

r -~ . -

‘a, conductlng boundary C 2 - ’ ,j
5.2.2 The Finite Difference - Time Domain model | : p: i

Iﬁ-ahrectangqlar coqrdinate system, Maxwell's equatuons

PR

givenrin_(Sﬁ B)ﬂcanlbe wiitten‘asffifst'ordeg hyperbollc;

-

equations. = .- o Lo L.

o

leldE/dt, = |AL|'dH/dx + A |'di/dy + |Ayi'aH/dz o T

|u|dH/dt ==FA_|'dE/dx --JAQI‘dé/dy.r‘lAél‘dE/dzf'"(5-12J
whefei“f"'ﬁe% ( E‘ E?‘é')tr.H-; ('Hi‘H"H it
b - ‘ , xt yl z .# e ‘ - xr_ yr.“‘z.‘

X T 5

(0.0 o) . 0.0 1] * - fo:1 o}
' IAx['= 0.0 “i - aylk'=l o 0. o] (Azl'E[1-0-0
| 6 10l L Jbi ol " lo oo

e

After multlpbylng both 81des df (5 12) by “lel and [ul %

: reapectlvely we get

o

~
L

oL _: -



e
Vo "_ ‘ s . o u -t‘ :.kl‘l 8? .r

- dE/dt.- A, ldﬂ/dx + lA ldHde + |A |af/dz * o :

T ST T ¢ PR £

:dﬁ7dt.='wcgkd§/dx"4']cyidﬁkdy +|c, |dE/dz n e
where: . . e T Tt m e e e

L ] _-'. _',-,._ ._),‘;

[0 100, 7 00T ':W.r o 0 l/exx i ;"'f o] ‘--i"/is:}t‘x‘':“O""‘= L
|Ax{= Qh‘5QQ -l/eyy I%y[; eﬁﬁ-;o _  + 0 |Azl“l/eyy5;‘qh‘j"qg vt
L0 1/ezz Z.Q ,:!-h:f—l/eZZQ v O ) ‘ -ﬁo‘f
(0" . 0" .Zd 1 o f;‘p =l/ux -:Of R
|Cx|= 0-.h 0 1/uyy_ 9;{‘ﬁb? v o 6hitg L
Lo —l/uz" ‘0‘: @Zﬁ%;;&;i'pf jbﬁlz..:f.
R » f" - ;i:i;-ézf r:,- ;‘T;;. --:tf'?J .

dlfference fprm Yeet[27L‘1ntroduced afset of fin;te dlffer-*':'“"

menclatureﬂ'aﬁnyphctidn:og?speCe ‘ s it
I'._. ‘.:' . ;_. s . \"‘ »
T - " v R
whereﬁbx-#‘ﬁy;ﬁfhzf= 'y 1s the space 1ncrement and At is the f;f?ﬁ)ﬂ;
tlme 1ncrement By p051t10n1ng the fleld components of E )
and H on the mesh 1n the way that 1s shown 1n Flg 5 1 -and' .k

evaluatlng E and H at’ alternate half trme stéps; we: obtalnr;-

.7.._; r-'"“..‘ —~ . . ]
the components of MaXWell s equatlons T T R

et T L -
LA - . oo - . _— N
v . . . oA . ) - -

< 5 1/2(1 3+1/2,%41/2) R D

T:HE 1/2(1 J+1/2 k+1/2)

+ s/uxx(l J+1/2 k+1/2)[E (i, J+1/2 k+10 ff: - ; j iﬁ,f“{'j o
- ER (1 J+1/2 k) 7 E (1 3, k+1/2y - E (1 3+1 k+1/2)]
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S : _<‘ - C (5.14.a)
- H§+1/2(1+1/2 5 k+1/2) = H? 1/"2(_“1/2 i, k+1/2)
+ B/uyy(i+1/2 J k+1/2){E (i+1 J k+1/2)
- E, (i i, k+1/2) + gD ali+1/2, P k) - ED (1+1/2 i, k+1)1
' a T T (5 14.b)
\ n-1/2(;+1/2 3+1/2,%) & HYT 1/2(1+1/2 3+1/2 K)
o s/uzz(1+1/2 3+172, k) [E} (1+1/2 j+1,k) )
e ER Reiv1/2,3, ) + E] (1 3*1/2,%) - (341, j+1/2, k)]'\\
A . 'f-_;_-“ | | (5.14%c)
_ (1+1/2 5, k) = ED 14172 J,k) + S/e:'ﬁx(l“l/2 Lk) ' ‘.\\‘.
i 2.1/2<1+1/2 3+i/2 x) - B 21102, 50102, x)
H3+1/2( +1/2,3, k—l/%) ;*1/2(1+1/2 i, k+1<2)]
SRR "fjﬁ'f- .i'."f'f'xq f\, . > L . 14 ar: \
(1 3+1/2 k) = ED (1 J+1/2 k)i o+ s/evy(i; 3+1/2 k) L fﬁi@;ﬁgi’f 
Hn+l/2(1 J41/2, k+1/2) - 1725, j4L/2, k-1/2) lﬁ‘igf .
f +'H“ 1/2(1 172, F41/2,%) 5 Hn+l/2(1+1/2 j+1/2,k)) U0
:ﬁf ”*““;iffréj;iifj:_j;‘Q?Q;{V;;',;;;i' "*4‘¥ (5 14 e)
g h 1(1 i, k+1/2)f¥ ED (1,3 k+1/2) + s/ezz(l i, k+1/2)
-:"...,.IHI;H/ 2(‘+1'/2' 3,k+1/2) :.33”/ 2% 2,3 k01 /2)
_ Hn+1/2(1 3f1}2 k+1/2) - =AY 1/2(1 3+1/2 k+1/2)]
g R T e

e

where the Q;ablllty factor s = ¢ At/A and = is the Veloc1ty
of llght In these expre551ons E and H -are normallzed such

fthat ‘the characterlstlc 1mpedance of space is unlty . With

- ey )

the system.of (5 14), the new value of a field vector compo-

-0

nent at any lattlce p01nt depends only on. its prev1ous value

P

o

L
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and on the other field vectors at adjacent polnts Therefore,'
' '-‘u‘ "».

at any given time step,.the computatlon of e fleld Vectorf

may. proceed one p01nt et a’ time Computer storage must be'

i

provided‘%or lz’duantitles at. eachuun1t~celr of the lattlce o

if a completely general anlsotrobic medium 1s 31mulated bygf

thls algorlthm

5.2.3  The boundary condition

~

-

So far,ia space-timermesh has‘been-lntroduced; and Max;.
well's equations have been replaced b}'a system bf finite
difference egquations. leflcultles arlse when the domaln in-

. whlch the ﬁ;eld must be computed is unbounded Slnce no - com-"‘

‘;puter can store an unllmlted amount of data,_a spec1al tech~'

n1que must be used: to llmlt the domaln where the numerlcal_

~

computatlon is made, by 1ntroduc1pg so- called absorblng or
) '\.,_-

X

"truncating boundary condltlons
These conditions' have\ been descrlbed by Taylor"et'
al[28] who use a simple extrapolatlon method and by Taflove
and Brodw1n[29] who simulate the outg01ng waves and use an
averaging process in an attempt to account for all. p0551ble
angles. of propagatlon of the -outgolng .waves. . Kunz-.andr

[P

Lee[31] use the radiation condltlon at large dlstance from

the center of the scatterer to obtain an absorblng boundary

condlt;on. Mur[32] employs ‘a second order rad1at10n condrf

“ tion to improve the accuracy of the results. Although these



fschemes have been used in scattering problems in the past,

‘no 1dea1 reflectlon-free boundary conditlon has been pro-

posed S0 far

-

However, 1n the formulatlon of elgenvalue problems, only
"hard boundarles ;— usually represented by conductlng walls
- occur At these boundarles, the tangentlal electrlo and.
the normal magnetic fleld components are maintalned at zero
For example, on a perfectly gonductlng-wall in the plane i=

1 (see Fig.5.1) we must have ‘ -

o

ke
b

o

1

Ep(1.3+1/2,%)

Eg(i,j,k+l/2) 0: - ] for all n

HN1,3+1/2,%+1/2) =

The third. condltlon 15 1mp11c1t in the previous two, but its

implementation reduces numerlcal errors.

Another method of imposing "hard boundary" condltlons may
be obtalned by linear extrapolatlon techniques as follows,
Suppcse a conducting' plane is situated in (Ll,j.k) of
Fig.Srl. Then, each component’of the fields on this plane
can be expressed by neighbor comoohents. For.example, tbe
£ifth equation of (5. 8) in that plane-is: o

3E,(1,3,k) /3t = aH (1,3,k)/92 ~ 8H,(1,3,k)/ax - (5.15)

The left hand terms of. (5.15) may be expréssed-through Tay-
lor series as:

_ | - 2.2 o2 2

H,(2)=H, (1) +0x3H,/ax| ) + bx 3R,/ (20x°) + o(ax®)



($e]
= (5.186)

_ \ 2.2.0 i 2. 20
H,(3)=H, (1) +28x3H,/0x|, + 44x“a%H_/(20x )+-0(ax y oo

After multiplying the first‘equation 0£(5.16) by four and

subtracting the second equation from the first, we get

H/3xl) = (4H,(2) - Hy(3) - §Hz(1)1/(2ax) | (5.17)

The first term of the left side of (5.17).can'be replaced by

a central differencq expression at (1,j,k), which is:

K

H,/5zl) = (B(L 300 - B (L30eD)1/(28e) (5.18)

By substitutinqi(5“17) ahdx(5.18)‘into {5.15), we obtain fi-

nally, .

Ey(lrjtk:n+l) —Ey(l,J,k,n) ". 5{4Hz(2tjrk_rn)_Hz(BJJ-{k:n):.-

BH_(1, 3¢, n)+H, (1,3, k+1,n)-H (1,5, k-1,0)]

All other,compqnénts can be obtained by a éimilar'procedureﬁ

‘Although this léﬁtgr technique can be”ébplied equally to
: co o . : '
boundary value problems, this procedure requires more algor-

ithm steps in programming and some numerical error occurss
due to extrapolationrin the calculation of the field values

at the boundaries. 'Therefore the previous method will be

employed in calculation.



5.2.4 Initial value conditidn

—

In most scattering problems, an impulsive or sinusoidal -

i’

plane wave is injecfed at the bigining of the computation.
Yee[27] directly uti{iééﬂ a sinusoid;i plane wave t&pe, ang
Taflo?e and Brodwin[zgj used thé modified form of sipuapidal
waveform,as'an_exémple of a s;ft p;anelﬁévg source condi-

tion. - —=

However, _inl eigenvalue problems; t@e direction 6f the
propagatioﬁ vectbr is usu;ily not kﬂﬁwnkand depends on the
space cosrdinatesv and:‘on the eigenvalue whicﬁ “is "to be
found. in“thengcases, the logical chqicelié\an isotropic
pulse which"jpfopagates in ‘radial direcﬁioq. The spatial

pulse envelope shoulddbé~smooth enough with respect to the

mesh size not to accumulate numerical error. due to overshoot.

and rinéing as it propagates through the space lattice. -

A better'way to start the computgtion_is to first esti-
) ~
mate the field distribution of the desired” mode in the

Fl

structure and fthgqi}ghooSe the initial value accordingly.

The‘experiencgd researcher usually has a'éood idéa of the

approximate modal field distributions in a structure and is

therefore able to make an educated guess of the steady-state
field pattérp for a particular eigenmode. This procedure is

equivaleﬁt to the excitation of -a 'TLM mesh with aweigg§ed

impulse distribution, and is somewhat similar to the way in

which one-bhdoses-appropriatevbaéis functions_ in the spec-

tral domain approach. | ' -



.IQIL

5.2.5 Outline of the numerical procedure

The applicatign of this FP-TD method will be discussed
using a rectangular resonatorias an example. We replace a.-
continuous'quium'with'h three-dimensional uniform mesh.'Tol
solve the system of equations (5.14) in this mesh, initial
values must be assigned first as described in‘ﬁhe'laét sec-
tion. Fo? a rectangular type resonator, a simﬁle sinusoidai-

function is an appropriate choice for the dominant mode eiw

genvalue.

As n increases, the discrete time funictions for E ahd H
fields evolve towards the étéady‘state which is ch;racﬁéris-
tic of the desired mode in the geometry. In‘tﬁis'w;y, the
evolﬁtion_of all six field &omponentsris obfained gimultane_
ously at any discrefe time points hAf. The fina; Qteady
state time splutidn may be calculated by taking the time av-
erage of.£he'time domain folgtion-at each mesh point.?Thus,

the steady state soiutionlis given by

L - n, . . _ : . ;
Flig i) =1 IF (i i k)l/ N (5.20)

where N is the number of iterations.

This simple procedure to obtain the final field distribution
is another advantage over -the TLM method which requires a

second simulation for finding thé fields of a given mode.

In ejigenvalue problems, the steady-state solution is a
L}
time-harmonic function from which the eigenvalues can be ex-

tracted by discrete Fourier traﬁéfﬁrm, as in the TLM method.



'S(£) =L'z,.E‘n(.1". ik )exp( Jznsnf) 0 (5.21)

'\‘ KR . .
4 .,,_ P 1
el gL T ‘\‘ = - LI

In order to test thls alqorlthm for valldlty, we have ap?

* . .-

‘plied it to a simple rectangular cavity w1th 51des 12x6x8

We have assumed a domlnant TElOl mode in the initial . value

a551gnmenv' The tlme domamn solutlon is glven 1n _Fig.
5.2.a). *Dlscontlnuous fleld flgures are due to the numerrcal

error caused by the flnlte dlfference form of (5 14). Fig.

R

5.:2.b). compares the frequency responses “.obtained ‘with the

s~ - LD

" FD~-TD and TLM methods under ;dentlcal COndltlons. The re-

~ (SN

sponses are*not dlstlngulshable . SOO 1teratlons have been

fan
N -

used and the peak of the solutlon 1s located ‘at dl/l =

-

0.0750 4in_ both-methods The exact analytlcal solutlon is

0.07511. Even though a small number of meshes is used in

P, - -

this algorlthm when compared w1th the scatterlng problems in,

[28]-[30],_1t 1s note that the accuracy in the solutlon éff

-
~ o

the elgenvalue pro Lems 1s better than that of the scatter-

ing problems by q é¢ order -of magnltude From equatlon

(5.21) we note _
. . . ‘\)‘ . ‘o

1nfluenced by a constant & as well as N Thls stablllty fac-w_

.u- _—

tor s w1ll be dlscussed 1h the followlng'sectlon

L] . .o
. Coer “
. -

T
PR L
-

[

the spectrum of the solutlon is strongly
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5.3  STABILITY.FACTOR

y—
-

" A rlgorous.stablllty cond1tlon for -the FD-TD method _has-

been derlved_by Taflove and Boldwan[29] in free space medxa

-

The stablllty study *has been carrled out’ by the author in

homogeneous dlelectnlc medla wlth a dlfferent appxoach u51ngT

the wvon Neuman cond1t1on|71} . ‘A detalled de11Vat10n is glv-r

en in Appendix c. The fxnal form of~tne condlt;on isy

- - o o=
;

The condition (5.22) reduces to.

-
-

s & '-1/(3"- N c o saasy
in free-space Therefore 0 5 is. used 1n our algorlthm for
's. ThlS stabillty condltlon has been proved necessary aﬁ@

sufficient’ con 1t10n for thls algorathm to be abso}utely o

‘stable [62]: ﬁ ti' v '—‘f'

Th1§ condltlon (5 sz can be derlved by the followlngz
. simple method Although thls may not be rlgorous as the_;

others this’ qualltatlve way 1s very reallstlc and 1nstruc-j

. )
. {
tive.

In the unlt cell shown 1n Elg 5 1, any‘pertufbation of

| 5: cdt/dx .s_{{;u'r_/‘.- 3 R o -':'.'('5:?-"25‘ '

A

E s and H's propagate w1th the group 'veloc1ty ¢ in free"

- space. In the algorlthm after a tlme dt the perturbatlon"

reaches the adJacent mesh It requlres dt, Zdt and 3dt from

" the mesh (ii]. k). to. .the .t‘nesh (i,3+1,%), (\i,,3+1,-k+1) and



EXSY

IR |

(i+1 J+1 k+1) respectlvely Thus the veloc1ty of propagatlon

1n the algorlthm 15 not smaller than ;?J

To assure the pfbbé&‘ functibﬂingl of'.thé 'algorlthm thé.;”ﬂ.

.

. .
[

’ ‘)

Hta-mdxxdt -f ) lohgltudlnal dlrectlon

'*f_-dx/Zdt . diagonal dlrectlon (p;ane)

"..‘; . 'J_ B . R T

1

snd‘_--;_YG<=4ﬁ'dx/§dt Y dlagonal dlrectlon (cublc)

smallest among the veloc1ties V1 Vzahd Vv, mustabe greater

\-—x—'l————‘ \ 3 am s

Y Rk . . PN ,‘-..'.. . S

than the free space veloc1ty c. Thergfore,_. ;--;: f‘y

which is _idé»nt_i}g:s;- to (S 2,'3).',..‘ D B

5.4

They are due to 'fth‘e 'fo;Lowé\};E; 's'dufé_e's;'

v s LT e -
There are some :errors 1ﬁvolved§1n

" ﬁ dX/Jdt 2 . '-'_-f-~—"-‘--'-_,-?' s S1/y3. !

v P . . . EY ' AR
s N T . ~ v

NUMERICAL ERROR ANALYSIS ST ' .

- o (-

\

!

e \ o
: A ‘ e
e

D

the. dlfferentlal Maxweli s. equatlons

'

~

.ﬁ‘

'The flnlte dlfference fovm‘\mployed to expressl

The fihite time truncation .oé\the discrete Fourier

transform of ths equation (5.21):
- - - _. i A . . ‘ ‘ - r

, _ e T
The numerical round-off ‘error.

G\

Ihe:assumptioﬁ of“dﬁstsady,staté in the time and .

frequency domain. )
-~ )
L.

4,

.
neg Tl
<'~'- Y .
;o
:

thlS proposed method‘“”
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To analyze the flrst cduse of error, let us conéider”the
follow1ng We have replaced the dlfferentlal equatlon (5 Ii-

8) by the flnlte dlfference form (5 14) The error resultlnq 'f

T '

from thlS dlscretlzatlon 15 cal‘ed local resolutlon error.

Let us 1ntroduce the dlfference between the-exact soluﬁlons‘.a

] - L.

of the dlfferent%al and dlfferenc&_equatlons at the grld S

=~ e ' ~ 2 Lo v . - T
—~aL T . ‘ L N wh
poeint (p. q; r, 'n) as: ST R T ‘
R ' T S, N I Lo -t L e .~ - B} L . ;
et s s ) . 2 “ . S - T e
' ’ ‘\ - + R R -
.

Z(p g r‘n) u(p q r; n) U(p q.'r] n) LT e

v - .
. ' ~ - AT ¢ . - EERE B Lo T e
. - . 1 l K} . e . .

K3 P Y Y . . - . ‘1 . . . - Sen

where u and U represent the'exact and approxlmate»solutlonsrn-ﬂwaf

- co ] - oo
_for any componenttof E and H SlnCe we have utlllzed cen-'

tral dlfference formulae in both‘tlme‘and_spaqe 1n (5‘14), EIE

- ) o
q e ‘v—-

- e e W:A,"uhghz;"._m; O R
. Wwe can wrlte. S R T A T e e T L e St
ST S VU SR R o Tl - -
(S . T - e T . ST
T e s s e : .

au(p“q r, n)/at AU(p q r,,n)/At+At23 U/(24at31‘”)+'l-.4..:§_-' B

. R . 0 i . R R R A, ".“_\-7 L o
ana .T;_" ‘. T ,-° \I-' -_"__":-‘ ‘-\" .l'; .J_i: ‘-‘..' ',_,: R \_'.".—:‘—‘_ln—-d-—d-ﬂ—-.(s 24)

au(p q r, n)/ax=AU(p q T n)‘/Ax~FAx 3 U/(24a;< . j-'; RS

Cnen Y P
S B = . - )
S

N o e s o .. .
"\ ST . M : S, . P - v ' - -
~ " - EEPCIL e e L [ S LT e e
- R ECE Rt

Therefore,.each scalar Maxweli equatlonncan be represented 7?5‘

\ Lo el AL EER RN O o

in the follow1ng general form-}f Tt e el '”5“.ﬂ,

. 2(p, q,r n} au/at ~3u/ax ﬁ au/ay-+ (Ax o Ay )/24 + At /24+ e
u(p q,r n) U(p q ), —:cc, S By
s LT h —.“ . ' : ’ R L 3 ~'\~ ) - -7
: w0t ,_"_ Pt f__{ - > L ; SRR
Since dt- and dx are bounded. by-the stahbl1ty condltlon AT
|(5.22), the resultlng erron.w1ll decrease ae dx decreases. \?VvJ.ﬂ[v
y LU * - l'. _'| ’ ; L L :"‘ ' -~ ‘. § b . S V
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TypiCaliy; dx 1s a small fractlon ‘of the uavelength of the -

Y - .

. dominant’ mode. In this«case,,the error caused by the approx-

1mation may be mlnor With thls concept Ln mlnd, it 15‘clear

- .
-

that for hlgher order mode calculations“ the step size- dx

- Pl

e ' : ) -
must be . reduced accordlngly 1f the. same solutlon accuracy 1s

. . o+ . o . L . e
h ¥ . . . 0 - . . s .o

to be malntalned. T wﬁ-a_,{
-“,_ ) __; S R
5.4.2 . Time truncation error ' "3 .. . 7. " .o
) - S ._,-.-._- R f ) \—-“1‘.\--_..‘; -

The time truncation errof ‘is due'~to the 'finite' complta-
) o ."“ B PR - o " § R ‘l T o - T v " N
_tion'time in’the‘evaluation.offthe:steady-state. -It"can be

- [ R E

reduced by ancreasing the number of uteratronsr;as 1n‘ther--J
TLM procedure.A *In order t’o show .‘t‘he“converﬂgence; of the
steady stateosolutron of'tth method ;the varlatlon of the )
resonant frequency o a finllne cav1ty'l;‘bhown 1n Flg 5.3‘" ffﬂéf“i
w1th the results obtalned\by the TLM method After 500 it?:'f:'b

ra ' - . N

eratlons both methods converge to the de51red values bu;j".

Ay

thls method shows sllghtly faSter convergence over the TLM

.7

e

— e - : . . A ' .

It may be conven1ent~mb declde how many 1terat10ns are

P - 4"‘ oo - L

needed for ‘a. glven structure. As a general rule more com-,f"

s - ~ -

»

plex structures requlre mone 1teratlons \One way to. deter-
. K - \_‘. N - N. s - .
mine. the proper number of lteratlons 1s to termlnate the.

calculatlon automatlcally based on the'probab1llty of the"'

occurence: of the Same. output,result~ But 1t may be too

\

u‘-— -

- ‘" - . o K3 “
3 N — - .\ ; o -
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- - . . ) ‘: ‘ . | . , ‘-' N '- .
LA =t RpRQRTL, LT oo
where c- . shape‘factor
_ . .
R - T number of mesh cells in Xx. dlrectlon
.4, {fnumben,of_mesh cells 1ngy dlrectlonf
Tt ’ :.A'-' 3 T i b " V

r : number‘of mesh ‘cells jin z directicn.
Nt ST e T

X

. Lo

e LI
L

= 1)3 ':'émpty;régohaﬁéi

.

Al

' 1nserts w1th narrow . strlps and/or

"Islots on th1n substrates

) g -
“

Anothermyariable quantlty 1n thlS algorlthm is the stab1llty

factor 'S whlch must be chosen as: larqe as p0551ble but must

be smaller thsh th value glven by the'stablllty condltlon
- In the TLM method i

A

modes are t00 close_ the des1red mode 1n frequency spec-

o v

- - \. - W S
trum, influence. of si

(N

lobes may cause a shift. in the loca—

~tion of the-main beak

butlon corresponds to the de51red solutlon the smallernls"

the effect of thls_error-51nce other modes are~not strongly*“’

excited.. - . - - I Y

5.4.3 - Other errors.

’ -
] L
— - . h

The computer roundoff error generally increases as the

..

e . - "....-. -

mesh size decreases or the number of 1terat10ns 1ncreases

-

-

It also depends—on the spec1f1c computer system employed

a

The better the 1n1t1a1 fleld dlstrl-f

172 s resonators.containinq‘planar‘circuit :

the peaks correspondlng to the hlgher o
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Therefore itfis'difflcult'to'estimate roundoff<error without'

knowlng the spec1f1c operatlng system 1n use We have tested

-

our system 1ndirectly for the estlmatlon of the' roundoff

e

-

»
- - -

error. On a loss free rectangular cavrty, we'excited'one

R . .

single node with-a unlt fleld value and calculated the sum‘ -
of dlspersed pulse amplltudes by addlng the fleld values at
every t1me step After 600 iteratlons thls summatlon gave a
value d1fferent from unlty by only 0 1 A Thls conflrms;

that our roundoff .error. is negllglble comparedww1th other

P

Cat e - -

errors. SR U e
' Y

,,_,_.--' I . . . - . ) .
~ . . s . - . -

Another error occurs at the 1nterface of two‘dlfferent/ ~

-~ N " Iyl

dlelectrlc medla g-If thls technlque 15 applled to a 1nhomo—; ; .

geneous structure “wer may encounter boundary amblgulty error'
, . . .
due to the step change of d:electrld constant As\shown ln "

-~ - H

Fig. 5.4, step-W1se boundary ls approxlmated hy \smooth-- T

change 1n the’ dlelectrlc constants Thls error can be m1n1~ N
. \ v .
mized by reduclng step size “or. 1rregularly spaced mesh tech-

nlque which is dlscussed in. the next chapter e - T

r

5.5  PROGRAM DISCRIPTION - . = .o % ey 007

A general three dlmen51onal program has been wrltten tc, L

PO Y ~ - v

1mplement ‘the "FD= D analy51s Thé ba51c structure of‘lthls

v s [

program, as llStéd at the end of thls the51s,,1s srmllar to;
. : ¢
the three-dlmen51onal TBM program. The program based oh the-

- - - , e . -
. s - -

proposed method baslcally requlres 5. real memory spaces per, N
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'34D‘node. However;.a maximuam- of 12 memory spaces 13 needed

if’ a complete electrlc and magnetlc anlsotropic medlum ia

C i o

51mu1ated, 1,e. all exx 'eyy),ezz ,uxx,auyY:.and uzz are

) '

A

.media, of whlch most practlcal system are made-»requ1re 8

o -

memory spaces 'one of whlch contalns the 1n1t1aJ fleld val-‘

ue. This- requrrement 1s almost one thlrd of thosé of thej

1
AR e i

orlglnal TLM whlch requlres at least 22 memory spaces -l :

R T T T TR A

One addltlonal store per node and per fleld component 1s

requlred for the computatlon of fleld dlstrrbutlon .lf dep':

I ‘-

51red Thls program has been wrltten dnc about 130 llnes oﬁ

1 N
w 0

Fortran 1ncluding one subroutlne Thls' subroutlne calcu--‘f3

. PR S
‘v._ . --." -

lates the Fourler.transform of the tlme domarn solutlon ob-"'

-talned in the maln program The FLow chart of - the program

oy Iy - L
1 o \ ) ,-\ " .- [

is given in F;g. 5.5uﬁ" ';;;m'fv:-, A r ;i:t:'J ;~ 3 ,
i . L ‘__ Y -t o IR _ P \ v ._,‘"
. .:_-"‘_" '."'.. S n R \ ”, .
5.6  NUMERICAL EX_-]AMPLES L T
- . o ! B ' . "-.“. . '; - il .t- '.‘I -_‘.7 ‘. W >_ LIRS E .
N ' v ! - . o - 7

¥

We have applred thls technlque to most exampies described'

in the TLM llterature and obtalned practltally 1dentrcal re-

¢

sultsg The method requlres less than one half of the CPU

S ; .
tlme spent by the equlvalent TLM program under 1dent1cal
condltlons 1nclud1ng the 1n1t1al exc1tat10n dlstributlon
e o- b - v . ' ,
Some examples are glven kn thlS sectlon SR PR
. - s CoA T '.- N 1 . . - -
4 . : -, Pt AU \ ' . '
4 - bl 1 - A

- i - ' ) “ - ' .

N ] -_ - 3 -~ -

) SN .
-\ - -~ ! -

i

'functions df space.i In practlceh,isotropic 1nhomogeneous <

N

. .
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‘”A":‘.".:. N .S‘TART.

READ IN PUT PARAM ETERS

. _‘ o NUMBER 01-' ITERAﬂONS (ND) -
ol o outruT POINT (0 40, KO) | g
o BOUNDARY GODES (IB) SRS R

. 0 FREQUENCY START STEP (m DS)'-' R -

o CONVERSION FACTOR (DL)

o sTBILTY’ FACTOR - '
 INITIALIZATION OF MATRIX ©
' o SET ALL THE- MATRIX WITHIN -
" - THE RANGE NX,NY, AND NZ TO Q
!
- ser mnw_ VALUES ACCORDING TO THE |
STEADY STATE SOLUTION

Fig: 54 ‘The.flow chart of the FD-TD program



“ITERATION- PROCESS

o e N

YEE'S ALGORITHM -

o HAND £,

BOUNDARY CODES
ASSIGNMENT (1) -

FIELDS ASSIGNMENT

| Fig_.5‘./5 continued
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5.6.1 Inhomogeneotrs résonator

Figr 5.6,. shows structures for which solutions havesbeeh;
computed with this method. Dominant resopaﬁt_frequenciee of  " o
those structuree:are given.and compared with TﬁM:eolutione
in- Table 5.1. The 1nhomogeneous rectangular cav1ty ,of:'i‘
i Flg 5.6.b and ¢ illustrates the capablllty of this algorlthm -f;
to solve hybrld field problems The number of nodes chosen s
in each problem is the same as that gmployed 1n the TLM so—;‘
lution. Note that the CPU time requlrement Js‘much‘sma;ler/
than that for TLM. Fig. 5.7 shows the time 'doma;n sol._ution e
of (the same structure in fiq. 5.6.a. . - - lk‘ .F:'}i'"i ;;‘x

i . . . N B P—

5.6.2 Finline structure -

s - o -

. K al

- I

We have computed the resonant frequency of"a.fihline-rer

- -

sonator shown in Fig.' 5.8 _treated previously by'éaguet[ZS]._il 1;"f?{’

The mesh size is chosen in such a way that~only ohe-node is - o
located in the dielectric region. Even 'though accurate re- - e
sults are@hot available in the iiteratUre,-we can ‘confirm: P

. 4

the accuracy of theseée data‘u51ng other methods. As discuSsed-
earlier, we also noted that .the employment of varlable meshq e

techniques in the TLM‘method usually reduces accuracy of- the - - Haw'ﬁ'

result. : Y

-

- d i . - -
s 1 .- '

In order- to compare the convergence of both time= domaln' »t

r

methods, solutlons obtalned after every flfth 1teratlon are -‘1' '

[ [N

drawn in Flg”,S; . The results show V1rtualy 1dent1cal con~ -

AL -



Fig. 6 3-D i:r:i'homogene'ous resonators analyzed

| © _in this study o -
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ve'r""g‘e'rice.'. E‘lg 5 g showsbthe da.spers;d,n characterlstlcs df
a flnllne wlth the same E’foss;seetlor} .e-s.L‘.sthat ueed by Sa—-
guet, computed ‘w:Lth aur meth'ehd-\:‘ The resu‘lts obtalned by .
both methods show no d.w;fference. t:ofnpa,rlsén ‘h‘-as been~ made :('._.v
el e .~ T
w1th the results obta:med wlth the‘spect\ral “domaln méthod SRR S
The stabllity factor used J.n t:—hl's case was 0 3—" N
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and frequency domaln solutlonsfin a Slmilar way Es the TLM

T Ve

..... Y ar

R method A 51mpLe and\e5f1c1ent routrne to solve electromagu-r-' T
| ‘:-‘ neth elgenvabue problems for'three-dlmenéloﬂal qeometrles e :'
o L - r - i B Lot A - -

SN -_has been establlshed usrnq_the former‘methdd {.*—.'J_ 3ﬁ-‘*f*7

SV _;::“H_H:.ﬂ -.:_,:' _'_Ju: _ -g%-‘v : .q,, . ‘-:'4.j;_- o “; ;1_;:'13..;A;¢:;;55' 'iﬁ‘- CT
IR . However thlS new techd!que st;ilmrequlreé comprehensmve.:;%f&&
e . p N ‘ AL ST
. computer resources Tn sdme practlcei appllcatrons where 8 B iy
| large number'of.meehes 1s requared Especeel, the appllca-"f.
, : M . . ot
L :tlon of thls method to=a.f1nllne or genera types of E plane .&-“
i c1rcu‘t may requlrel onoeoeSSerlly hlgh drscretizatlon fiq{‘ i
. ) ! R e e - . ‘ .
-‘Wq‘areas of relatlveiy constantﬁflelds due to thelr hlghly lo~c; o
N afocallzed 1nhomogeneous\nature._The frner the mesh “the‘éore:¥x' 1
compprer:reeoureee'are Fequiredﬁgw;fwaﬂit-e*;i‘i.:?jfif
" Thls ‘can. be'best Jllustrated wrth some numerlcal exam-h : f
- ples: the comoletely gereral FDPTD model capable of repre- -
- sentlng all the anlsotroplc medlum propertles would requlret;i ‘
BN ) realfnumber;storeoe.giaces_per,ﬁode}}ffkér_alpartiCuler2 'I”_'
: : .;’-;fh%;t.;ilsi%‘ “'f; ;ii ;l:';t':‘_5' :;:”
\ L - o .
. . ; .

* LN
-
v
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A

' ment 1s about 24K wonds 1n moetMCOmputer systemsp_lf the=

\ -
- |.‘. —

51ze 1ncreases.to 13x7x16 the storaqe requlngment jumps to

“alt

35K words and to 46K words 1f the dlmensfons are extended

o 14x8x17 The5e conszderable ancreases 1n stbrage demands
‘ L, .

‘1 L

for the lncrease by one unxt node,,may serlousiy llmlt the'

i

range of appllcatlon. ';~i':4j“.;" '~'7ﬁz*¥J'”y flf': k;"‘j

> e

; .“".“vr“"-“*-‘-..'--' T

geometry, 1t may be proper tor employ dlfferent mesh slzes in’

s

dlfferent reglons,such that the_areas of hlghly honunmfnrm B

e . e . - o . R

flelds contaln al large number of nodes.-Because the program-‘?l

mlng of FD TD method of numerlcal«analy51s 1s very 51mllar;'

to that of the TLM method Lt seems loglcal to apply-tbe 1r—j

-,.r. N R

and aSsess the results from the p01nt of v1ew of addltlonal

- . 1 _.-._ _“_1-!,______ LT .

complexlty vefsus the anrease 1n eff1c1ency obtalned The

T e 2 -

outlzne of the exten51on prOCeddre i's given 1n the preeent

P , . R L o ""‘_.' . ‘_--p . V. . ‘.‘ ."_'
chapter. ) .- e —-__ - . '. L T - o ‘ .

'ThefbaSiCHbsegram‘structureieffthefifreguiar-mesh Fﬁ;fD:

unlt cublc cell 1 e-__¢‘;dyféa&z ‘a ba51c mesh element can

nOW‘have arbltra y dlmen51ons(dx dy dzk ) A sdhematlc d1-ﬂ?

L] 3

'lement 1s glven 1n F1g 6 1 The relat1ve

-

v e e e }

Slnce most planar structures have a hlghly 1nhomogeneous~”'
. -‘--.',\ N

. .
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P

the follow1ng form R

L EE v P A ~ "
s - PN B - - : -
. f et - Cl -
“« oo - L S - ' “ '
4 - . ~ ) TrnGL L . ) . R e L
L A e R - . . % e
P D B Y
. e - e T L LTt . o
L. [ Vo e . o PRETIR R
. e ST . S R ,

[N Vo e

ence mesh 1engthfal“'are 1ncorporated'1nto the dlfferencefi?‘

equation (5 14) Th1s reference mesh 1ength dl is required\k,“%

-l

to Cdmpute the exact frequency 1n the Fourler transiorm pro-'&
}, . L. -_"“ T f\l 4 - - . ; “.

cedure j.,‘.k,; ;1};.‘hq . o 5 _f‘
S B AN

The set of equatlons thus contalna_a\scallng £actor wh;ch

changes locally and can be programmed lﬁ“a 51m11ar WhY asfifl

-,

.materlal parameters (1 e. permeablllty and perm1tt1v1ty)

— - AT

Therefore the effect of lrregular mesh on 1sotr0plc medla"'

P - oy, e .

becomes equlvalent tp the wave propagatlon.on the anlsotrop-'wj

1 ' !

ic medla ThlS c0ncept 1s elaborated bn 1n the next sectlon ﬁ.fi

. Lpeme N 0 T e -

. - T e
p— Yo . C . . o

FACE SR W i [EREE TN - . o e e T S

6.2 IRREGULAh MESH FD TD MOUEL T e e

.

5 - - -

v . e RN -

6 2 1 Modelllng, -'Ef o :". : '.'3 ‘ ~, ._ i | ; --._ . . "‘ R

. A . o . . . .t
- ..I‘ . RV . ! . . . -~
“ o X e -

ae™
» -

1s 51m11ar to that 1n sectlon (5 2. 2), only an outllne 15'%.

1

glven here Irregular space step 51ze can be 1mplemented by

- 1 P

alterlng' the dlfference. equatlons- (5 14) In these equa-

'tlons dx dy and qz can all be dlfferent Then the H -aﬁa_'

4 -

Ex components of the set of dlfﬂerence equatlons wrll be of
N ‘r--\,_.f‘v_‘ O L

i ) ) L - J -'-"" . Lo

oo ) e S en e ke R = PSR R

« B -

Lol

N i . O _ Y

n 1/2

(1 J+1/2 k+1)2) (3 3+1/2~k+1/2)

n 1/2
,,x
+1/uxx(1 3+1/2 k+1/2)Z [cdt/dzk{E (1 3+1/2 k+1)

'-E (1 J+1/2 k)}+cdt/dy {E (1 5 k+1/2r E (1 3+1 k+1/2)}] '
i e v ;; _,fj,-k:lz (5 1 a)l“

-

(1+1/z 3. k) = g (1+1/z-3 ko +.7 /exx(1+1/2 3 k)u ﬂ';

[cdt/dy {Hn 1/2(1+1/2 3+1/2 k) H“ 22 +1/2 3-1/2 k)} .
IR T .' - ’ ‘—.."-"-"..'.-'-. o ',‘ RO

et e

-!...._' .



- /-:r . . — ’.‘ . . ) ‘ h
R — - - [ . - K
= ] - . | I e
N PR ! ! I St
! r
A ‘1‘19 ’

.

+cdt/dzk{Hn 1/2( +1/2 3 k-I/2) H“ 1/2(1+1/2 i) k+1/2)7]

'fﬂﬁ“}-ﬂf;; L .,“jy¢,»} L » (6.l.b).

wheré*fzfieqh;/g -and dx x ayy 5 dzk ALl othér“COmbonentsA'

can be expressed 1n a form 51m11ar to (6 1y, Hll'integer

N N

arguments are 1dent1cal to those of the flnlte dlfference

— N

.~equat10n 1n (5 14), and are therefore supressed fcr the. sake

- Then by substltutlng dx dy‘ and dz

of s1mp11c1ty in (6 }): “-

Suppose dx 'dyJ and: dzk are smaller than the uhit mesh

dx dy, and dz whlch are - equql to the urit reference length

such that ﬂ'g_f - : - '.'. - ] N ‘L‘_‘ 1‘ h- ' ﬂi:

s "',-dx'_..__—'_ p x dx . X

oa e ’ . . ¢

A o -. . . ) " L
" -":.' .' R IR -: N N . .
- drk=§ rlxﬁdz, and . _ SR o I
. L . o -

o O\é'pfmﬁ;'r < 1. L, dxX = dy = dz v
. /'7‘ e . ) :. ) Lo ) - - . v ,

k
obtaln '-, b ' ""., _" - "“ . - Sty

v - B R S P . > . -

L

n+1/2
x

sxx [{F (i, 3+1/2 k+l) -JE (1 J+1/2 k)}/p

g~ 1/2

(1 g+1/2 k+1/2) (1 3+1/2 k+l/2) +

L+ (B4, 3, ke1/2) - Ez.(a,;+1,k+1/2)}/q1 -

Hn+1/2
Y.

SYY [{E (1+1 3 k+1/2) - P ey J k+1/2)}/P

(i+1/2, i k+l/2) = Hn 1/2(1+1/z i, k+l/2) +f3

+ {E (1+1/z jrk}-- ED (1+1/2 3 k+l)}/r} e

- _ . A -y .. . . l‘. . \:

£ (6.2) into (6;15,-we

dy: = qxdy- . .. . T L(8. 2):

(6 3 af‘*“




” ~ N\ r o - L ] ~ -
. LY Lo “.' o " 1 [ -
T o TN . B . LTI
Voo ! oo . S ¥
N I v n 120 o
- . A A RN \ =
T ; (6.3 b).
"Hn 1/2(1+1/2 j+1/2 k) = Hn 1/2(1+1/:a\,3+1/2 K)o+ ;3,; :‘;qﬂ~ N
':szz 'HER(i+1/2,541,%) = ED(i+1/2,3, k)}/q o e
e ny(;,in/;,kze-.EYL;+1,J+;/;,k>h4:J T VR IR

— I . A "—i‘

s Csose) .o

(L+1/2 3 k) ¥ E (1+1/2 M) + SXX : 'Hg“tnﬁ.t‘; 1<f_sih_fiﬂ

2 1/2(1+1/2 3+1/2 k). 2+1/2(1+1/2 3=1/2,5K0/8 R

+ w2, J k- 1/2) ATt +1/2.4. k+1~/2Wrl ?“f'1~53:'f
,\T’A‘.‘\_I ey

-._'..\' . . . Lot
~ - . H

(1 J+1/2 k) E (1 J+1/2 k) + syy 'weh: T“\ZT'

“*1/2(1 3+1/z k-1/2)}/r

n 1/2

[{H

'.[{Hn+1/2(1 54172, k+1/2)
17} {Hn 1/2(1 1/2 J+1/z k)
oo L | . “{; (5 3. e)
n+1(1 J k+1/2) = E (1 J k+1/2) + szz:ff{ffj 4 *'f
;[{Hn 1/2 ; -1/2.
S {Hn 1/2(1,3 ~1/2, k+1/2)

(i +1/2 3. k+1/2)
S (4 J+l/2 k+l/2)}/QI o

-cdt/(uXkZSdk)ﬁ"-Sxk Z cdt/(exxdx) h :Vf

Az

where: . . sax'.

sy = cat/(uyyRay) , ¢ SYY % Zgedt/(eyydy) ‘i?~fii;-;='~

szt |cdt/(uzEZ dz) . szz = cdt/(ezzdz)

~

The flnal equatlons (6 3) are the ba51c form whlch rep-':j?"
resents the 1rregular mesh algorlthm :at each mesh element
in terms of Lts phys1cal dlmen51ons and phys1cal propertles
If p, q,- and r are all unlty, (6 3) reduces to the Unlform"“ i
mesh algorithm set of (5.14). g . ':-f - . ‘ .
' ' g T f _') ' /Tﬁ5?> o . o
.'. ) = . . . ) - y ) ) L. "
1 V';' -.l | 4 B

(1+1/2 J+l/2 k)}/p] ;};{fulfiu

(1 1/2 ] k+1/2)}/P F?';hf'iﬁi?:f'ﬂ
n+1/2 S N

N e

s sy
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-6.2.2 ProgFamﬁﬁhgipqecedune:and‘ﬂow.éhanti

- - . S ' . . . '
L Lo .- . . '
Lo

The dlfference between the:unlform mesh FD TD and the lrs_

- '

regular mesh FD TD 1res only in the. additlonal storage re-7

. >l I "

qulrement for the geometrlcal mesh " szze~informatlon p, q,

(..-

| N

and r In order to perform the Fourler transformatlon corhg*
. \

rectly, we need a reference mesh s;ze. All cher dlfferent.l-

. . Q ' X . ‘. Lo
PEEY - v N ,

K
f '-.,

,value Then,rlrregularly graded portlons of the geometry,.

'whlch could at the same t1me be 51tuated in reglons~of hegh—

“ I . -
L Py

er. dlelectrlc constant must have space parameters P, q,,and'

'l . . ':'.‘ ' t . ! b . « “ \_

. X smaller*than unlty AR T : Loy
AP G R DI e

: i. 1 . . -

Before 1teratmon of the algorlthm starts 'thefgeometrynof“«é‘

~

the grld meshes for the structure under study should be de-';

.._;\ . . ,\..‘.
.termlned properly The relatlve 51ze of the mesh elements

-

. ’
\\

w1th respect to x,wy, and z dlrectlons ‘are- stored in threel

ki

one- d1mensional arrays XD(NX+1), YD(NY+1) and. ZD(NZ+1)

' NX:‘NY and NZ are the total nUmber of meshes 1n the three

orthogcnal dlrectlcns These arrays.are then substltuted

- J ~ . i

1nto equatlon (6 3) All remalnlng procedures fol'

slze meshes can be normallzed to thls speclflc reference“_"
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‘good for a wide ange of fre encles and gradlng ratlo
x %

6.3 NUMERICAL EXAMPLE A
6.3.1 Long tmpty roctar;gul_ar q_avi'ty'f

This example is uaed to demonstrate an application of the

1-\

.techniQue.._Fié. 6. 3 shows the type of cavity under consxd—f

eration'and the number of mesh elements needed when 1t 1s

e ,_- - R
¢ L e

subdzvxoed into cublc mesh elements Thel comparlson of

these cases glves an 1dea ebout the reducn on achleVed 1n

Jp— s
~r. e

the total number of nodes and hence the computer storage ed& -

processing time. Results for the domlnant mode TE

6.3.2  Dielectric slab loaded -¢§yity..--,: JE T ST S

The dlelectrlc slab loaded~cavrty 15 a sectlon of a very

PR - . .

useful type of gu1d1ng structure known for 1ts lOWer cutoff

-__._- |. Lo

frequency and characterlstlc 1mpedance conpared wltn ‘an. or-

o T Travoa el

dinary wavegu;de e

"Furthurmore, a dlelectrlc loaded cav;ty, unl1ke a- r;dged

- +

waveguida cavity, does not reduCe the a1r gap, and conse--”

qitently has a hlgher power handling capac1ty because of the -‘

dxelectric mater:al located 1n the regzon where breakdown 15’-

most likelys 1In addlt;on to the above advantages the slab

loaded guide is used as a phase-shlftlng structure such as a 't

L

phase shifter or-a delay llRE.n ﬁ : [?;f t:i;.J_,ﬂr“, ST

) .- e .. L. . . s et e
' ] - . B .

g1 are
shown in Table 6. 1 Agreement Hlth the analytlcar :e;ults is -

o9
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‘:_.Normahzed resonant freClufzﬁcuas of TE101mode' o

':-"'obtomed by employmg dlfferent grodmg
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flguratlons ;31';fu-’f:”;ﬂ—’,‘Q”Tfﬂl-jJﬂFﬁf,j‘iilfﬁigﬁ '
Ly A unlform.mesh.w1th cubzc elements throughout the .
-caV1ty Thls mesh 15 conszdered the reference mesh in
w RN TR e A "
the followlng conflguratlons wlth varlable mesh s;ze‘,“ -
- . P PO -, o :' . -»~‘ . im e _: _. b .',..,‘r' Lo -_“._'\' : RN e ‘-.

2) A mesh w1th two dlfferent element 51zes . one. be;ng

equal to the reference 51ze and the other belng

four tlmes as fane.-In two consecutlve
'.‘ the flner mesh part was placed ; "?l_j..{f"' U
"'a} ih the-dielectric ‘region:: '
et e . i RN N
. ’b)iin’ the -air-filled region.-* .. .-’ ool s o

Flg 6 4 shows these dlfferent arrangements .TheVresuLts.—lfi-w-“g

are. compared 1n Table 6 2 It appears clearlJ that the ir-

' .
v »

regular mesh technlque 1s advantageous only when the flner 3 -
———mesh 15 1n the reglon of hlgher fleld 1nten§1ty ST PN
The stablllty factor s must be reduced in proportlon to:'. ‘ '
the grade ratlo; However, reductlon of the stablllty factor.
does not necessarlly reduce the accuracy of the computatlon i

as long as the output spectrum does -not. contaln other odes

51delobes of whlch could 1nterfere w1th thé/,av1ti"sogufion ST

= . P : . PR I, T e L \\
under studY, b T S0 '
] . . R i ) - ) . . . % +
Sy C -
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6.3.3: f.-"’-‘A",'_ri'n{e“ Domain- Sofutioh ofa ‘Uniiafcéﬁal‘fi-n;ihe"' S

. Ti N
. . . .
. . . . 4
) PR -

The fleld dlstrlbutlon of a. flnllne structure glven :m.~ g

s -

Fig 5., 9 13 calculated by takang the tlme average of the coe

time- domaln solutlon at each mesh polnt Because of the 1n-“l

herent 1naccuracy of tlme domaln solutlons of the FD TD

technlque compared to those 1n the frequency domaln men—

tloned 1n chapter V, 1t 1s essentlal to use the graded mesh

te

technlque to ensure the hlghest posszble accuracy

. fa .
' ‘

The y-component of the electrlc fleld at the cross-sec~
tlonal plane 1s shoun i’ F1g 6 5 The numerlcal data ob~

“

talned by thlS scheme also demqnstrates the versatlllty of

[y

thlS method .TQ-, ~v.?4;j,'

6.4 ; A COMPARJSON OF THE GRADED MESH TLM AND‘FD TU’
METHODS" C e

Although the TLM and the FD TD - methods dlffer conceptual-_:
ly, they lead to very 51M1lar algorlthms. ' A qualltatlve ‘
comparlson of the requlrements for computer.memory and al—
gorlthm steps for the purpose'of computlng elgenvalues of
resonant structures has been made in Table 6 3. A geheral -
1nhomogeneous wave propagatlng medunn 1s assumedhdr{‘this;.
comparlsonf_- . |

From this comparison, the 1rregulap mesh ~FD= TD-algorlthm
is deflnltely superlor 1n obtalnlng elgenvalues to the other

as far as computer resource requ;rements are concerned Furm
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thermore isééo}éfitéfética'bégihs, the TLM method requ1res;
that six varlables of” stub 1mpedance and admlttance must-be 'ii't?.ftff
calculated whlch ¢é£g‘ not .1ncluded 1n thls comparlson

Therefore, thls comparason may explaln the\con51derable dif- ﬁ:‘”
ference in CPU tlme spent 1n both algorlthms X

6.5 _-D'l_scuss;-oN' o
In thls chapter the graded mesh technlque was deVelopedt.
and 1ts advantages are lllustrated by appllcatlons to lnho—-:
mogeneous resonators The unlform mesh algorlthm has beeni{
extended such that dlfferent mesh 51zes could be applled‘jl_':;m -f
separately to dlfferent reglons under study Therefore;fun;,zx
necessarlly flne mesh deployment 1n an, alr—fllled sbace.'ﬂ‘,'j : .
where fleld varlatlons are relatlvely small 'can be av01ded ?.
The advantage of thls varlable mesh technlque is ev1dent be-f”l
cause most mlcrowave planar c1rcu1ts eslbrt reglons of hlgh-j
ly 1nhomogeneous fleld dlstrlbutlon Espec1aily 1n a flnllney
structure max1mum fleld strength and fleld derlvatzve exlst.jr'
in tHe gap alomg the dlelectrlc 1nterface - Therefore--lt is ;
loglcal to employ a small mesh size 1n those areas ‘whirerﬁ:'
the - reference mesh in the a1r fllled space 1s severai times
larger,than‘the ﬁlne.mesh..j-" | |

N -

It .is‘_also noted that hlgher grading: ratios',reQuire"‘
smaller values of the stablllty factor S. ‘This'means'that'a

hlgher number of 1terat10ns is needed to obta}n“an identical



freéuency;sbectrumi However, the reductlon ratlo of‘ s .is

'.not necessarily proportlonal to the gradlng ratlo For exam-'

ple,‘in our s;muiation la gradlng ratlo of four requlres_h;;

only half of the orrglnal stablllty factor s. Wlth an lden-‘-

‘-\' B

tlcal number of 1teratlons thls doubles the w1dth of the

frequency spectrumo To obtaln an 1dent1cal frequency spec-"\

e -
.

—

trum, the number of 1teratlons must thUS be doubled

.:’

A spec1f1c example may 1llustrate the advantage of thls‘ ;w-»“

technlque over the unlforn mesh technlque As shown 1n sec-.f T

tlon (5'4 2),_the CPU tlme is llnearly proportlonal to the
number of mesh cells in one damen51on ' Suppose we employ
the gradlng technlque 1n one dlmen51on only, whlch 1s usual
in a planar structure analy51s, and have ten mesh cells 1n‘
that dlrectlon If one of these ten cells is subd1v1ded 1nto
four, (gradlng ratio 1 ; 0. 25) the CPU tlme is 1ncreased by )

30‘7 - Slnce the mesh size has been reduced in ‘one part of

the structure “the stablllty factor s must be reduced' in ;,'

thls,case;by-SO R ThlS 1ncreas€s the  CPU- tlme by a. factor

of 2 6 if - the same resolutlon 1n the spectral domaln is- de-'

51red.



Chapter Vll

NUMERICAL ANALYSIS ‘OF VARIOUS MILLIMETER WAVE
L PLANAR cmcurrs S |
7.1, .\"'N'T"BOD!JC?T'C"N'..‘.“"f-:-:"~‘ S e .

In. thl/;chapter the general three*dimentlonal FD TD pro—i&“
gram is used to analyze a w1de varlety of three d1mens1onal
mlll;meter ane cav1ty’ structures The\'results presented--“
here 1nclude the cutoff frequenc1es of. the groove wavegulder
(two dlmen51onal problem), the resonant frequenc1es of empty
and partlally fllled cav1t1es In partlcular,:cav1t1es.con-“

talnlng flnllnes have been studled and the resonant fre-

- ———

'quenc1es of cav1t1es of varlous length are u ed to plot fre-‘

quency versus dlspers1ve phase constant curves
T

The f;nllne solutlons 1nclude unllateral and bllateral-
flnllnes w1th a, step change 1n gap vw1dth In all cases,
whenever posslble the results .obtained- by thls method have-

'been compared w1th those obtalned w1th other methods ' Inf

addltlon to the frequency solutlon, steady state fleld dls-‘

trlbutlons have been obtalned 1n selected cross-sectlons of .

the structures Thls has been .donge by calculatlng average-‘
e

fleld values at each polnt 1n the mesh Thls feature reprewf

N

-

sents_an-.advantage of thls method over the TLM Becausel

' [

-]_3'5..:- A -},‘._



. : ) E T ;
- . . i . R 4k ,. EO Y - N

the TLM requires two slmulation runs ,fi;é, one- for the re--?

sonant frequency and one for the fleld calculatlon,!double
amount of CPU t1me is requlred In thls case, this algorlthm

may be 31x tlmes faster than that of TLM

7.2 “RécTANcuLAR“‘cAvwv

The method .'.LS fJ.rst applled to the) s:melest form of a
three dlmen51onal problems wlth and w1thout dlelectrlc slab
(see Fig. 7 1) Table 7 1 shows the resonant frequenczes of

the TElOl mode in such a, caV1ty obtalned w1th TLM and FD TD

They are also compared w1th results obtalned Wlth the tran-';

sverse resonant method 1n the case of a dlelectrlc loaded

cavity. As shown in: thlS 51mple example the results of both__

[

methods are v1rtually 1dent1cal. The frequency step used ls

0.5. \ L ———— -

7.3  CUTOFF FREQUENCY OF A GROOVE GUIDE

Groove gulde is one of a’ group of waveguldlng structures7-
proposed some 20 or more years ago for use at mllllmeterf

wavelengths Those waveguides were not 1nvest1gated beyondf:"

some initial basic studies because they were not yet needed

and no adequate sources for mllllmeter waves were avallable
Today, such sources are readlly avallable and the many ad
vantages of mllllmeter waves are belng 1ncrea51nqu exp101t-

ed.
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The cross-sectlon of A grbove qulde 1s shown 1n Fig

1.2-a), and -an 1nd1catlon of the domlnant mode electr;c

~

ma1n attractnvenéss of the groove gulde re51des 1n 1ts low_

fleld in 1ts-cross-sect10n 1s glven 1n Flg 7 2 b) 'heﬂ

losses“ Thls 1s so becauSe the electrlc fleld 1s parallel

to the metal walls and the‘ attenuatlon assoc1ated w1th

K -

"those walls decreases as the frequency s 1ncreased con--'n
-f' versély, the attenuatlon 1ncreases w1th 1ncreaslnq frequency

ﬁ when-the electrlc fleld is’ perpend;cular to the walls

:V?' The flrst theoretlcal study of the proPagatlon constant

-

Jnd tutoff frequency of the domlnant mode was carrled out by

Nakahara and Kurauch}[GB] 'resultlng 1n flrst order result

- 4.

by taklng onLy the domlnant transverse mode 1n each reglon}i

-

presence of all hlgher order transverse modes Recently,

- - -‘.n

Ollner ard Lamparlellpleé} have proposed an 1mprOVed equ1va-t;'

lent network approach whlch 1ncludes hlgher order mode ef-_.“'

P

fects and presents results whlch are closer to measured
N B} .. B . . E "' - . ] ) - . "
data.’ e T LA

N

Bl

The FD TD technlque was, applled to thls structure ‘to ob-

Ztaln normallzed cutoff frequenc1es and very close agreement

ﬁHWlth prev1ous result[64] was obtained as shown in Elg -7.3.

$r of’the cross sectlon The prccedure hOWever‘ neglects-the-‘

Dev1atlons are oniy notlceable for very small and very large;‘

. '

l'fﬂratlo of a /a The dlscrepan01es can be explalned as foI—

"

" lows. - In the case ~of Jarge a /a ratloﬂ.the number of mesh
s . o . : e e
. ¢ . 7' . /’;’_y N [t .(‘
- K - . D . )
- ” . « - e ' - '—_.4 « , et . :
. - ) oo s & . r '. o , ,
- ’ ~* Rt , - " ‘l'v - - ¢

-

aont
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Fig. 7. 2 A groove gwde and its fleld dlst ibution

a) A groove wavegulde
b) Electric field lines in the cross—section.

c) Approximate plot of the vertlc»d_l__t;omponent’Ey
as a function of vertical position y.
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elements 1n the narrow sectlon becomes too small resulting

in increa51ng spatial resolutlon ‘error-. - In the opposite .

case, the hlgher order modes decay only very slowly in the

lateral part of—the structure Slnce An. the FD~TD model the

groove gulde 15 short—circulted on’ both 31des, the.effect:of
' * i -t
these walls alter the result qulte notlceably In’odr.case,

oy .. - - i

both extreme cases are of no pract;cal 1nterest

7.4 . DIELECTRIC LOADED WAVEGUIDE

E-plane‘circnrts'are almost-exclnsiveiy snstended in the

center~of a wavegulde enclosure because only modes w1th even

1

~Eymmetry about the center wWill be affected in thls case.

1

Furthermore maximum, 1nteractlon w1th the domxnant‘TElo mode

is achleVed whlch 1n turn max;mlzes the 31ngle ‘mode band-

)
i

width of the c1rcu1t; S b

- . f . - -

The electrlc characterlstlcs of’ a wavegulde contalnlng

-plane slabs of dlelectrlc have been 1nvest1gated by many

authors[65]-[67] ' Althongh the . domgnant mode in such a

structure is clearly.the.distorted TE g mode, it is not at

all obﬁious,uas Gardiol{é7] has pointed.out- that the first

higher otder” mode will ‘be the dlstorted TE mode In fact

20
for very thin- substrates the LSE and LSM modes are found to

..

limit the 51ngle mode bandw1dth

'

Prellmlnary to analy51s of the flnllne the. dlspers:.on
.- . !
characterlstlcs of the dlelectrlcs are o@talned in this sec-

L
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tion'l The dlspersion characterlstics of such & wavegulde

are obtained w1th the use of a. half Wavelength three-dlmen-}J‘

sional cav1ty The curves also are compared w1th the results-w-'

of the spectral'domarnlanaly51s; Flg 7.4 ShOWS thls exam-f

ple.

‘

75 DIS'PE‘RSVION‘CHA-RACTERI‘S'I:_ICS“ th‘lN'LrN'E_s'

-

Saguet[ZS] has applled a varlable mesh TLM method to the

- \.'

. three-d1mensmonal flnllne resonator : In thls example, we
have applled both graded mesh FD TD and graded TLM methods

-to fmnd resonant frequenc1es of the varlous flnllne resona-’

[N

~

tors.. In most cases, it. was found that the results bf the--ﬁ

graded mesh TLM and graded mesh FD TD - are V1rtually 1dent1-

cal. Therefore only FD-TD results w1ll be used 1n the fol- _}*a

low1ng characterlstlc curves.

K

LN

lee 1n the TLM technlque, the resonant frequency corre-.f-”

spondlng to varlous lengths L of the cav1ty was computed to o

r

plot the frequency versus. phase constant curVes shown 1n
"Fig. 7. 5 and Flg 7-6, All the results are compared W1th
those obtalned by speCtral domaln analy51s ( Those Flgures

show dlsperslon curves of unllateral and bllateral flnllnes

with dlfferent gap w1dth Sl “"?" ' l S
. . . . .. ‘;

The curves of Flg 7 5 and Flg 7 6 demonstrate the hlgh

accuracy of the results obtalned by thls method even though

only two nodes were. placed.1nsmde the dlelectrlc slab As,‘

N

-

I
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p01nted out already, the CPU tlme of ﬂhe FD- TD was about one

thlrd of. that of the graded mesh -TLM.

7.6 FlNL—lNE_ DISCONTINUITIES

As dlscussed 1n chapter II finline filters'c ntain in-,

ductlve strlps “A dlscontlnulty element closely r 1ated to

these is’ the flnllne short c1rcu1t Konlshl and ‘M “_umura

have presented a rlgorous fleld expans;on approach for thls;_

3

problem when no, dlelectrlc substrate 1s present[68] ‘Hoefer

and Plc[72] have carrle out ‘a series of resonator measure-'

]

ments’ to determlne the elements of an approprlate equlvalent.

clrcult for the short clrcult end effect when a . dlelectrlc“

substrate 15 present

i ?

A more rlgorous.approach Was taken by Knorr[69] who ha‘T

ot

computed the e1genfrequenc1es of flnllne resonators usingj.

the spectral domaln method and has deduced equlvalent 01: j
cuit descrlptlons for the short c1rcu1t from thése calcula— N
_tlons‘ Koster and Jansen[?O] have solved the‘more general
problem .of an 1nduct1ve Strlp of finité: w1dth of whlch thei
short c1rcu1t 1s a, llmltlng case They also used a spectral\
domain method approach and arrlved at equlvalent 01rcu1t de—i_

‘scriptions for the dlsc0nt1nu1ty“

In the flrst example (Flg 7. 7), the dlsperslon curve of a

flnllne dlscontlnulty has been obtalned by u51ng the sameu,

»

procedure applled to -unlform flnllne..~The,second'exama
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ple in Fig 7. 8 showa the versatzllty of the FD-TD in calcu—"

1at1ng the resonant frequency of a flnllne structure meas—f’~7

ured by Hoefer and Plc[72] to. obtaln equ1valent c1rcu1t pa-t

rameters. Erom these data, it can be seen that numerical re—*";'

et .

sults cdnfmrm ‘the accuracy of the emplrlcal de51gn curves

obtained by the measurment technlque

7.7 ‘ANALYSIS OF ANISOTROPIC MEDIA

To show' the versatility of this hethod the characterls-f,f

tics of a micrestrip resonator on an. anlsotroplc substrate

are computed in the last example shown 1n F1g 7. 9 Several o

different resonant frequencies ‘obtained - by changlng“ the

length ¢ are tabulated 'in Table 7.2. It is,well*knOWn[13}Jf

that the TLM simulation of three—dimenaional inhomogeneoue'"'r‘:

planar structures involves dielectric interface ambiguitj;

t‘The best way to-reeolve~this error is'to employ-tuo dielec-
tric 'substratel thicknesses "differing by'_one'ﬁl. ;n"curr-:
case, 3 ra,nc‘i 4 nodes were placed successively _iaeide ‘t‘he
eubstrate.' The.finai.reeult is obtained by taking the ater-l

age of the solutions obtained for the two cases where,c is.‘

equal to 1041. This is shown i'n'sig.7.-10'. The solution ob-
tained with the ED-TD method is?aIEO drawn ih the same-fig—
ure. As expected the latter solutlon is located exactly be-
tween: the two values obtalned w1th the 'I'LM method

clearly 1llustrates the accuracy and convenience

4

FD-TD.method in such 31tuat10ns..F1g.7.;l shows the-dis_er;u'



Fig. 7.9 A mierostrip resonator on: anisotropic: substrate -
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sion ;‘haractér’is‘t_ics of ‘{:hé mAicrqstrip' which  has tl_'-xe'.véame:'
cross-section as that in Fig."?._g_. ‘Adain, both 'T:LM'-ax}id Fb#‘fD -
methods give verf{' 'simii:ar results excép't;.af ‘.hjighe.r .fr‘-fééue'r;'-'

cies.

5]
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Chapter VIl
CQNCL_USION

.
\

1
I3

The capablllty of tWO tlme domaln numerlcal technlques -
the TLM and FD-TD methods -2, has been enhanced wlthout sac-
r1f1c1ng thelr advantages,:;.e. generallty and 51mp11c1ty
as compared Wlth other methods Elrstly, by employlng the

Hert21an potentzal concept 1nstead of voltage and current

network varlables used 1n the or1g1nal TLM method thE‘EEET-

-\

lar TLM method was developedl and its, appllcatlon to s1mple'

mlcrowave structures was demonstrated Numer1cal results

A

show that only about one thlrd of the CPU memory and tlme

requlred by the orlglnal TLM procedure was spent to obtaln f.

1dentlcal results However 1t has been found that the sca-

v

lar nature of thlS method does not allow 1ts appllcatlon to -

hybrld fleld problems

..

In crder to develop a- method whlch id general enough to'
treat the case of hybrld mode wave propagatlon, the Flnlte

leference Tlme Domaln algorlthm whlch has ‘been used prev1-
kY

ously for the tlme domaln analysls of scatterlng problems

was extended 1n order to handle- anlsotroplc ane propagatlon

and elg&nvalue problems . Addltlonal features developed in

thls thesls 1nclude 1n1t1a1 fleld value a551gnment and Four-

ier transﬁorm.. Numerical results show‘that'the accuracy of’

i

Ly



. TR ___13?
this alQOrlthm is comparable to or better than that g the

TLM whlle the requlred CPU memory and t1me -are’ one’ thlrd ofl‘

the TLM. Especxally, this method 1s not affected by amblgu-ﬁ

l

ity errors’ caused by the dlelectnlc 1nterface in- three d1-‘7

L4

men51onal structures An addltlonal advantage of thls meth--z
od is ‘its capablllty to' obtaln the fleld distrlbuthn

corresponding to an elgen solutlon 1n one 51ngle ‘simulation,.

\

whereas’ the TLM requ1res two runs one for the computatlon

;;o

of the elgenvalue, and one for the fleld dlstrlbutlon

Even though the ba51c concept of thls method 1s qulteg.

dlfferent from that of the TLM the computer algorlthms of

an

both methods are very 51m11ar . The program usmng this. new

1

technlque was 1nsp1red. by the"three dlmen51onal TLM codef

which has proved its eff1c1ency and-. versatlllty -Like the'

TLM, all ther 1nformat10n relatlng to a three dlmen51onal;j-'

cav1ty,‘ such conductlng boundarles strlp patterns,"

permeability and perm1tt1v1ty at dlfferent poants _are; 51m--

ply fed into the computer as an 1nput data flle The output_r'_

is prlnted in a separate output flle whlch can be reproduced_

in graphlcal form»

¢
S

The developed unlform mesh FD-TD algorlthm has been ex-

tended further to 1rregular mesh size in order to mi \imize,

the eff1c1ency of Space dlscretlzatlon Thls 1rreqplar
FD-TD. concept 1s-also elmllar,to,the 1rregular mesh Tme
method,  but the computerlalqofithm is much 51mplerzthan3thatﬁ

. ' . . ; .t
-~ . - 1 . '
‘ .o
. .
: o J
o . - Ly
s : * e W
. N .
f L .
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partlally-fllled-cav1t1es, and the dlsper51on characterls—

of the TLM because the 1rregular mesh TLM requlres addltlon-.

al calculatlon of stub mmpedances and admlttances ] Slnceruiﬂ‘

the number of 1teratlons 1n the irregular mesh TLM 1ncreases ﬂ{;ﬁﬂ7

SRR .
in proportlon to the gradlng ratzo, the’ advantage of our al-‘~

gorithm becomes more pronounced as the complexlty of the

field problem rncreases.p-

In chapter VII, a'wide range:of7millimeter-wave cavitiesﬁt

"has been analyzed u51ng the 1rregular mesh rD-TD program

" The -results presented 1nclude_the resonant frequenc1es of

[

’tlcs for unllateral and bllateral flnllnes Also, some re-

sults for the equlvalent parameters of the flnllne dlscontl-

_nultles - ‘and - the_‘ characterlstlcs 'of ? mlcrostrlp on

an1sotrop1c substrate ‘are glven In,all cases where comparl-

sons could be made, there has been excellent agreement

‘ Flnally, there are other waveguldlng.structures that may
be analyze by thls.technlque-1n.thexfuture For example,;‘
appllcatlons to 1rregu1ar cyllndrlcal structures for whlch.
analytlcal solutions are not'available;'may be - 1nvest1gated‘

-

with a slight modlflcatlon of the program

In conclusion thelwork presented in thls thesis 1s a b
step towards more efficierit numerlcal computatlons of generv”
al electromagnetlc problems 4n the~time'domain- It repre;
sents not only an enhancement and’ an extens1on of prev1ously

known methods, but also paves-the way_to the_solutlon of

]



P .
.._

nonline'ar"‘inh'omogeneous,', anlsotroplc problems W1th posmble' '

time- dependent materlal parameters i ‘e:..-l the most general'{

'electromaqnetlc problems that can be encountered Possible'

Y .

future appl:.cat:Lon J.nclude the s:.mulat:l.on of complete mono-.

lltth c1rcu1ts for mlcrowave and mllllme‘ter ane frequen-'

I?-.‘

cies rn the tlme domaln. It may also form the ba51s for an -,

enhanced computer-alded de51gn techn:Lque by allow:Lng th.e'

generatlon\ of multl dlmens;.onal lookup tables for fast 1n-

— .. v EN
terpolat: on. : o : R 9 -
- \
.
. .
L S . ;
N ' . ’ . Y
. - . o PR H
- ' .
! ’ o T
1 ) -
- i & o : .
- : B - E '
. - ' L -
~ - - Lt ’
. . ) .
‘o 5 -
. o~ .
.
.l . .
. .
v N ’ .
-
. - ¢ - - o -
. -
: ST = N ~
) A . .
.
. . ; Lo
* S
- . - _ i
-~ 'J
-~ - Yt t
. o , .
-— - 1
.
.
§ ‘ z
. .
.
.
v . -



K : -'\l . s,
' “\ ~ .! N '-_— \ . 16,0
‘r '.'-'._' . Appendlx A .

w

SIMPLIFIED NODE CHARACTERIST!CS_ - .

thr . 'gh modlflcatlon of the convent:.onal 'I'LM network.
shown in E'ig A. 1 and FJ.g A 2 7 '
If 9" = w,d.l/c-_a‘ndf :
3 T cose/z J s:LnS/Z
T sn e es sl
Then’ the voltage and current propagatlon, taklng the permlt- :

; t:.VJ.ty stub J.nto account 1s descrlbed

1) Lo BRES & S

If the waves on the per:l.od:Lc structure have a propagatlon
constant‘rn_ =.:'an + b then
)L [emmal o (%,

'-iﬂiAf;zj

I 00 lexp(zgdl)) [ I5)

irl .
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B s
Y
//)

b)

Fig. A1

| ‘ o'.: ser[es ho'de ‘
Lo shun’t node
Evo1ut!on of the orlglnol TLM network Ieadmg to :

the Slmpllfled TLM network
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SRR AT |+1

. ‘_c:)- .E-q_'ui\./'d_l_'ént network of the orlglncl TLM i

, -‘-d[/Z“"

G Vi

R “u+1

) Equlvalent network of the Slmpllf!ed node LM -

A2 Equwclent network of two' dlfferent LM metho'd T
for the woves nropagctlong in the z- dlrectlon L



Solutlon of equatlons (A (A 2) glves the followlnq el—

‘ . - . - s . ~
gen Value equatlon : 1 : P

\\ .l 5 '
o . . ‘\\' . B .

cos(rpdl)= ( Ay + A2 )/2 N . <, .
' = cosB® - 3/2 sinftand - 2V, s’inz(e/z).;\,-- = (A8

which for the low,freqﬁency'passband reduces to

~

sinBdl/2 =V1+% sin’ 8/2V1+3cos2(6/2)/{(1+%, )cos0] .

(A. &) has been used to. obtaln the dlsper51on characterls—

tics of the 51mnllf1ed node TLM network alven 1n (3 14},

'

. ‘. \—-:\‘-‘

.
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Cy B - PRQPERTIES OF ‘rHE SCALAR TLM NETWORK
s _k . . ‘

Like the TLM matrix the scalar TLM network of Flg 4 lralh_jﬁ

is a. sldw wave structure whose slow wave propertles may ber i

-

-understood by cons:.der:l.ng the propagatlon of plane anEs o

alonq 1t All three dlfferent propagatlon dlrectlons and

correspondlng networks are shown 1n Flg 4, 2. The flrst caseVn

to be con51dered 1s the propagatlon of a’ plane wave along

¢ . PR L

the maln axis. representlng dlrectlon A All the transfer ma-ﬁ"‘h.f

"trlx parameters are based on the travelllng wave representa-fJ

tion 1nstead of voltage and current representatlon

-

1) Case A

If e~ wdl/c and

J

7*.74T¥ o [exp(ne/z) B N
R O T S Y1722 )

(. 1)

thehathe'incidentfandareflectedfwave‘afe-described.by;,;

ay -] - {2¢jtan(es2) jtan(672)Y

b,‘.it' | lfll_Jtan(Q/Z) 2 jtan(g/z)‘.;h,

exp(_']E)){1+23tan(9/2)J 2Jtane/2 RN RO 5

—_ - . R ‘ s .= . .
B~ / . . "

o N \

gy eéjtaﬁfe/z)'j.f;eﬁb(kﬁéa{;?23tanéexzj}'“_ﬂ_‘aqﬂ N
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1ng elgenvalue equatlon T

If the waves on the perlodlc structure have a’ propégat;on.

constant r =a +'b then .x- . khd". N f ¢

BN "[“-"’fﬁw@me: TR ey
oo el o \1.;-tf¥}¢§9Q;f\dij S ‘bhﬂ'if. R

“

. Lot R e .
n s A [ v as ' LRI -

. .o R & 5 L . .
.7 .. .‘—'»l" R Pt

- . . -

'
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“‘.16\

_--,_ﬁgf-i------(s 2)

4 -J'

: NI

The solutlon of equatlon LB 2) and CB 3) glves the follow-

. , S -‘ ‘ - cose'- 451112(?/2) f .:;;-.‘ <

‘ii)}case's S R SO

'?ﬁh the elgenvalue equatlon 1s.fﬂff:'kg ,h—

: -'i:_ sm( Bdlsz) : \(3/2 sm(e/z)

M
" AL TR N ) N

‘... - \'s . -
- Loy

J cos(rndl)

LY

Il,

..
- P
~ 4-

whlch foélthe low frequenc? pass-band reduces to g

AR

sin ’sdl/z) “!'_sm(e/z) -

. . [ __‘\-

' - ot
B . )

“\ - b . J o . . "

e - ‘ ¥£§Z o
a- ”2”‘,‘ 2+jtan(9/2)/2 Jtan(B/Z)/Z |‘_:'bf~

- . B

r=To(1/2| 7 T B L O

- - oe

LR Jtnw/zvzz:tnre/zvz kA

:: [exp(Je)(1+l/23tan6/2) 1/23tan9/2 f”:"’h
» 1/2jtan6/2. . exp( Je)(1-1/23tane/2)

cos(Tﬁdl) = cose -;51n (B/Z) ‘{;f5_h

.

iii) Case C

ceeé. 2tan(6(2)sxne o f' RO

“
.
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-
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_As_can Be ‘ggen in Fig.4.2, all three lines ‘are matched at

’:' the juxi_cf:_'._oxji. Thefefpre__eig'ens‘olut':i‘ehr- is: - - T o
- Bdl =e SO g.s;i,S.) -

Note that B's of equatlon (B 5) and (B 6) represent propa-

‘ gation constants along the transm1551on llnes not 1n the dl- ‘
re %n of the propagf.tlon wavefrdnt Therefore the\real '
prop atlon donstants of (B 5) and (B 6) must\be modlfled

as: f--;‘:fif"' ' f‘ I : ‘l*f*"f‘icf'

le"ﬁhif’;*;;;;> 3,/r_|case B. _?}é
ﬁ";AQJJ-;¥> 3 /V_'lcase ¢’

of dispersign:relations bdgome:

& - . . ' 'l:__.y"l.
L o SRR ¥
ssin(EQl/Z) = 3 sin’ 8/2) | case ‘A L
’ éintﬂdl/2f2) =J3/2 51n(9/2) l-céselB ff'i;"l - (B. 8}
taF = e % | casecC
 Equation (B:.8) is depicted in"~Fig.4.4 and used to obtdin
corresﬁdndihq7phase-veiocitj characteristics of (4.10).
\ N . ' ;A- . °
o"g:\‘.-' - .." -‘..' “ .
i ’ ot t - //\L_



Appendux C
DERlVATlON OF THE STABILlTY CONDITION

PR

..: .-_ ‘o_ -

-

The stability‘conditicn-employéd in Ehis theeis“tan.be‘

derlved by applying the von Neumann method{?l] to the ex-‘

pllc1t flnlte dlfference form of (5 14) Thls form'is.obé-ﬁ
talned by subst1tut1ng the equatlons invelving - Hx(n+1/2),
Hy(n+1/2), and Hz(n+1/2) of (5 14) into the.other set of

‘Maxwell's equatlons '

“

. IV . ,
After some mathematlcaL 51mp11f1cat10n, the right hand

- -

N
side- of the two Sets of Maxwell S - equatlon contalns only n,

ﬂ “._

' ; ' n-1/2 terms in tlme and Varlous 1 j. k terms in space. This
substitution could have been started after properly shlftlng
1/2 in tlme and space, resulthg in all n in time and i, j,

k in space for the left sidehferms.‘ But the final results

.

are the same as for ﬁhe'present'deriyetion but with more

mathematical “involvement. The arranged vectorial form is:
- ) »

[ -

H(n+1/2) (H(n-1,/2)

4}( ‘ { E(n+l)

—_ t — t e
e here E = (E , Y ’Ez), H= (H K H 'Hz)' Note'th‘at the com-

ponents of E and H are located with half integer shifts rel-

(C. 1)

-

E{(n)-

. ative to each other as shown in Fig.5.1. 1 repféeents'single

sy

. . e -




SR LT +168
index i-1, i+1, j=1, j+1, k-1, and k+l. k represents double
index. (1+1 §=1), (i+1l, k=1), (j+1, i-1),. (§+1, k-1), (k+1,

i-1), and (k+1 3-1).. -

1.
“and 52 ahd -1{ (C 1) can be expressed more 51mply as:

A and Ak are 6x6 matrices contalnlng elements 5 cdt/dx.

Al

U(l J k n+1) j{: ALU(l j,k,n)y o 'ﬁc. 2)

where'ﬁ]i;j,k,h+1) is a vector_containing'alllelements of E

and H. Let us def%ne an error vector Z(i,j,k,n) which is a
. S ) 3 . )

difference between the true solution T(i,j,k,n) and approxi-

mate solution U(i,j,k,n) of (C. 1). ' Then,

Z(4,3,%,n) =W(i,3,%n) - T(i,j,k/n)- ~(c..3)
The von Neuman  method requireithaf error vector  be  decom~

posed by'a'series of harmonic functions as

2(i,j.k,n)=3 > P A(i,j,k,n)exp(ibidx)exp(jTidy)exp(jokdz)
.. | 7Tk | o '

where in general |[8], |¥| - and |[§] "are arbltrary and
Ali, ], k n) denotes the error magnltude at the n-th time in-

terval. | [

It can be shown that the error function {(C. 4) or each

element of ¢C. 4) satisfies the original finite difference
egquation (C° 2): For convenience, suppose that thg time
level being consxdered corresponds to t = ni?’ To flnd the

error propagation as t increases, A solutloﬁ of the flnlte

e



L T R ¥
differehbe'h equatidh “is, '”feuhd: whiéh réquei . to

exp(Jﬁldx)exp(ijdy)exp(Jﬁkdz) when t ndﬁn ﬁy eubetitutiﬁg
one element of (C 4), say ) o
Z(l J k.,n) = U exp(undt)exp(jsldx)exp(JX]dy)exp(Jﬁkdz),

into (C l) and rearranglng 1t we obtaln

. erxp(edt)‘f.[:G 1 UO' :
with: ' - o
(1 .b - 0 b P -p )
o Bt oo -p 0 T p
0 e 1. p -p 0
o : a g - -lr2pq-' :.pq' - ':hq-'
1-q N 4 - .pg . 1-2pg - pé ) )
Cle o .e o . pa - pq 112pq)-
where,‘p = 23exp(38)51n(8)s {2 oMi } )
q =-23exp(-36)51n(91520/8r
8 = Bdx/2 | !

and s = cAt/A -

'E denotes theerrorvectiflaf'ndt and ﬁ'ekp(aQE) is’

“the propagated error vector after one tlme step. The matriﬁ_

il

[G] is known as .the ampllflcatlon matrlx and we have assumei\_}/},

that dx = dy = dz = A for simplicity of derlvatlonT

The  von Neuman.condition requires that if [|G}| < 1, then .

the original error component exp(jfdx)exp(j¥dyyexp(jédz)

will not grow. The norm of ||G|| may be obtained from the
maximum eigernwalue of [G]. After some algebraic manipula-
tiohs, the eigenvelues‘of'fc] afp.computed to be:

]



\f

~

» . - 1

'ﬁ”.-, ‘. ' ..’-‘. o - . - ‘£' . _- v .-- ’ -"--' “ [ .' . 1?0 )
L, . r+\({-3pq +24((3pq ~2)7 -4)7]/3 | ‘

Clearly if (3pg -  2)2 & 4, then [ = 1 for all the eigen-

values of /(G], and hefice ‘the difference scheme is numerical-

ly stable.-@l Thus (3pq- 2)25 4 is a condition :for' stability.

e Substituting pg, finally we have '’ . R ;___/\;-/'“77.: -

szsip?a/(srp;) s.1/3 ‘or' s £ftu_/3 T }‘“ff
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