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This thesis is mainly concerned v¡ith the analysis,
\

u.sing l-he equivalent source method, of inhornogenious

transnission l-ines to obtain their properties" The quasi-

static TEI'{ mode is assumed and numerical- results are

obtained for tlie characte::istic inpedance, the rel-ative

effective dlelectric constant, relative veloclty, attenuation

and inductive ¿rnd capa,citii,'e coupling coefficients for. a

number of microstrip configurations. These include stanCard

microstrin, suspended substrate rnicrostrip, coupled- mj-cro-

strip and suspended substrate coupleci microstri-p 1ines.

Ìtficrostrip lines rvith r.ectangula:: inner and outer

conductor are considered but the method is equally appli-
cabl.e t.o tra-nsrnission lines of arbitrar], cross-section

and arry number of conductors pr'r:rri-c1ed, the T,EM raode aprroxi-
nation holds goodo
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The analytic nethod used ín this ttresis i-s based

on the equivalence principre l"rhich is presented_ in d.etail
in appendix .4," Accorcling to this principle two source

systems produ-cing ihe same field r¡ithiir a specifÍed. region
of space are cal-led equivalent" Tbe field.s of in'cerest in
a given region of space need not be cletermj-ned fror¡ the

actual sollrce distribution since the equivalent sources

serve equally as r+ell to do iiris"
The anal-ysis presented. applies to all inhoraogen*

eous transmi.ssion lines of arbitrary cross*sectj-on having

any nunber of condr¿e.tor:s i¡hich can support a TEIÍ rooile. Ta

this thesis the methoci is applieci to microstrip lines
enclosed- i-narectangu-lar box and includ.es suspend.ed. sub-

sùrate and coup-l-ed rnicrostrip iype lines"
Since 1951 r¡arious approaches have been u-secl -bo

analyse microst::ip lines" The confornal mapl:ing techníque

[B] l,/e.si one of t]re earl.ì est me'bh.ocis usecl f or rnicros brip
analysj-s" I/'aria.tionai techniques t5] irave been found- to
yield- satísfactory resul-ts lviti¡. ::elatively sinple forrnulae

but i.'¡j-th the limitation that they do not yield a clirect
solution to ,the charge d-isiribution nor clo ihey suggest

Chapter 1

1.1 TNTRODUCTIOi{



2

systenatic procedures for irnproving ttre e^pproxina-be solu*
tionr An extension of the varia-bional ¡rrethod, usi_ng the

P,ayleigh-Ritz proced.ure [t 7],requires ínversj-on of large
order natrices with elements t-hat have to be generat,=d by

numr¡rj-ca} in'begration and,noreover, the a,dequacy of the

cha::ge distribution c¡n the condu-ctors may not be apparent,

The method. of iroages [16] resu-lts in equations

lvhich usu.ally becone difficult to handle" Rela:<ation

techniqu-es [15] are found to give less accura'be results,
especiall;y for the calculation of at-benuation" The finite
d.i-fference rnethocl tl8] usually suffers fron the same d.is*

advaniage*

The rnethod- of moments [ 2 i , the technique used- in
this thesisi, solves the tv¡o dímensional l,aplace equation

in 
- 
terms of equivalent sources on the boun.dary of the

region of interest" Appendrx B gives a complete descrip*

tj.on of the nethod" Either a step approxi-mation or piece*

v¡ise U-near approxination can be used for the source r+ith

point n:atching to test the boundary conditions which may

be Dirj-chlet, lJeumann, imped-ence or a corqbj-nation of any

of thege,

Th.e princi-pal approxi-mations used j-n the method

[1 I roll.ow:

(a) The contour is approximated by N straight
lj-ne segments"



(b) The equi-valent source is appr:o:rinated. as

ei'bher a step function or a pieceiøi-se liirear _f_'unciíon"

(") Bound.ary eond-itions are satisfieo. at dj_screte
poinf-s on the bound.ary"

itïo further ma'bhenatical approxrinations are rnad_e

and tÌrose that have been mad.e can be ca:mied- out to a

higÌrer ord-er by increa.sing the number of straight Line seg--

ments approxir-inating the boundary"

The accuracy of the solution d.epend-s in general orr

the shape o-f the bound.ary, on the bound.ary cond.it-ions and.

fo:r any particular probrern it depend.s on lrl, the number of
contour segr*ents" since the solution involves a matrix
inversionu h'e vrere res'bricted.toan N of the orcler of 1oo

because of conputing execution time and. nemory storage con*
sideratiorls' rn all problems attempted. no í11-cond.i-bioned.

matrices were ever encou-ntered."

The equivalent- source solution can be extend.ed.

easily to r:egions v¡hich contain tvro or more honogeneous

dielectri-cs as in tire case of microstrip or suspenced, sub*
strate microstrip" Tn -bhis situation i{e need. ad.clitiona.I

surface sources on boundary contours d-j_vid.ing the d.ielec-
tric regions l.¡it-h an integraì- over each region"

The rnethod ha.d- been successfully employed- t-o find.
poteni;iar d:Lsiribu-tions l'1 I in any given region of space"

lhe probl.em of calcu.lating resis'cence bet'i.reen i;wo cond.uct-

ing sur.faces on or v¿ithin a homogeneous med.ium o:. the two



body capacitance ['1 ] can. easily be ev¿rlua-bed by this pro-

ced.u-re, ,

The general me'chod for mi-crostrip line analysis is
given next in the chapter" Chapter 2 dee.Is wj.th the single

layer dielec-brj.c suppor-L-ed mj-crostri"p line and. this anary*

sis is e:çtended in Chapt er t to the suspend.ecl substrate

nicrootrip line" coupled l-j.nes over a. single d.ielectrj-c

layer are consid-ered in- Chap'ber rF and 'chis is follovued. by

a consid.eration of cou.p] ed lines of -bhe suspend.ed. sribs'braie

typeo 
,

l{umeri.ca} results (computed- on a.n IBI'1 77O computer)

are presented f or character:i-stie :Lmped,ance, re l-a-bive veloc-
ity, relative eff ective d-ielectric consta-ni, attenuatj_on

and. for ind-ucti-ve ancl capacítive cou-pling5 coefficients for
single and coupi.ed. inicros'cr-i-p" llhese results are compared

r¡j-r,'h pr:bl.ished. results [0: , {,ZJ , [f fi Y4.1 using

other techrii-o-,ule s o

1"2 TFIE GEI'{ERJ,.L, },ffiTTÍOÐ

4

The probler:r involves finding the solution to
laplace equation ir: a region of space subjected to general

boundary conditions at the bounding contours" IIere: wê

are concer?ned only l.ri.th the tr¿o dimensional probl-em" The

gene::a} method used i1l involves transforming the bouncl-

ary value probler¡ j-nto an integral equ.ati.on iEhich i.s then

solved by the method of moraen'bs [eJ "



consid-er a t-r¡o d-imensional region R as shown in
Fig" 1'1 'bhat is bound-ed. by contour c and. in v¡hich the
potential ø ever¡^ihere satisfied. the two d.imensional-

Laplacian equaii on

*-+
èxL

z
+ àS ?

lYt
o.

Ttê

(1"1)

5

The boundary condition at contour c is specified.
'h-,
vJ

"((c) Ø*p, (c) è4.p..frå=l(c) (1-2)
t> -ãä,*l-t

år ,"- J"."" J"rl:rrï"r;
Dirichlet, Neumann

Fig" 1"1

tions are special cases of

iliii-o:rs and. cl.et,e.rni-''-e'üÌre

are gi-ven functions of C and

ou-tr,.¡ard and ínward normal_s to C,

and impedaace boundary cond_i-

the above general boundary cor-
val-ues of o( I {i, ' ßr_ 

*r1.i_ 1' ¿r.t a



partricular poin'û on C"

An a::bitrary Laplacian po'bential d.istributi.on in R

c.an be produced by sources on t-he bound.a.r:y" rf d.ipole a.nci

flux sources are assumecl on c then as a consequence of the
equi.va-lence principle [31 tbere are an infiniiue nqnlber of
sou-rce distributions r,r'hích can prod.uce the s,?rrie Ø in R"

C the

ç4 (f )

letting $-- (c) d-er.rote a- flux source d.istribution on

potentiaL Ø at, any point f ca.n be expressecl as

= f, o- (ci
I J- -T'l

t.ühere ]c is a cronstant chosen strch that
tk v I f-S I *ux

$-nlwrth J and T on c.

[he reason for choosing ]c a.ccording ,uo (,1"4) is
evi-d-ent if l'¡e choose c to be a circre of unít racli-us" Tf
þ = '1 and s'- i.s constant in (1"=s) .unen Ø * a at t'he cenire
oÍ the circL.e rega.rdless of the magnitucre of tr- " The prob*,

lem bec.omes ma.thenaticalJ.y ind.eterninate and. requ.ires

infinj-te v- to prod-uce finii; e ø," [his cannot occur j-f rve

use k accord.ing to (1"4-)" physically we can think of thj-s
restriction as rec¿uíríng that positive cr- procluce positi.ve

Ø at eï-ery poi.nt on C"

Specialisi-ng (1"7) to C and. applying the bou.nclary

condition of (1"2) vie get

1-t1- Ã. trrr _Å c. (1,1)

["+

('i "l+-;

^ è.Þ n ?-û I =1. (c).of' ã1, { \',- ã;,- 15"_. (1"5)



Equation (1,5) is an integral equatioir for d_eter-

mining s- on c and once q- is found. Ø ín R is given by

i (1"V)"
I
i

\ To solve (1"5) -bhe general- method. of moments lZ1
is used t¡itir pulse fu.nctions for e:'.pansion and. poín.t match:

ing to test the boundary condii;ions" This gives a step

approxirnation -bo the equ"irralent sortrces q* (C) 
"

The analysis r'r¡hi-ch follows is essentially the sarûe

a,s that described inf'l.J"

ï:î t¡e define t{ poin'bs oir. C approxima.ting the bouud.-

ary by Ii st-rai.ght li-ne segneirts ACi and a pulse functions

?i(Ç) = '1 on ziCi, ì (1.6)
)

= O elsei';here" )

Then q- i-s 6i.ven by

i.Ts'- s: Ë- <r-¡ Pi(c) (1"7)
/*¿
i =l

ffOm V¡high t¡e CaIt ?-,ôr.lni{-a (4 
") aS

.Ãt P\ - l[- (1"8)Y\ r ) = ia" q-t uf .t t \
i = f 

-\\J/

r'¡here yi(S) is Greenrs func-bion given b;z

.fYr(J) ã I fn*-À* d.c, ("9)n4Çí 
I .l *g'l

For a point j on the bounda.ry lve have
1!/ ? t " 

- 'NT ¿ o \
Ø( ) ;) * Ø; s ç" e*-¡ Lp; ( f ¡) ('i"'f O)

ÌJü/_^¡ùl

i=j

7



The boundary equ-ation (1"a) f or a specifi-c contour
point j becornes

x;Ø. + É,-. 3*-* .nß^ . lØ-
d-J ,'J E*+[,j Ë"ï â:{i. (1"11)

wi-bh Id such equations generatecl, J * 1, 2t eooeoo

N, defining ll segment nid.*point-s"

Jn terms o.f eqnivalent sorlrces and_ Greenis func.bi-on
(1"11) can be rewrj-tten as

.(,(åçt.v..\¿-- à 'ñ 'r-rß.àCÈ\i.rr;l=,4'\ (1"12)
d ' i=r ¿' ' t'i#,(trf Tt) [x-] 

a',r- . r--r ¡i I -- J

jth eleraent r"¡ith the ii;h elenrent at tb.e source point.
l/ríte (1"12) in -btre f orn

tl.

i ( *, L+:, -r ß., è-T'' 
-r- ß-, ?:]j.' t*-. = 'l i (1"17t)

4-, J ,J. ll -¿-l , 11 ãî.,._J* r. rJ

c=l

and defin:e

I jr = *j *j, * f,j Hì o t.j l*, (1,tLv|

ret- t¿l represent the squ-are matrix of elements ljp
then equation {1"1t),in matrix forinrcajL noiv be ivri_tten
as

v¡here y¡:- ã: îi( J¡) is Gree¡rrs function a-b the

Õ

. wlrere [çr-] is the colu_mn mat:ri>l o¡ ü*ì and" fyl is
the col-umn matrix of 2,i,

t el IoJ = LrJ (1"15)



-: [s-J= t¿i -1[r] . (1'16)

i'fatrix L¿l is usually r,vell cond.itioned. and_ c,en be

invr¡rtecï by any convenient- algorithm"

rf [Pl d-enotes the rov¡ matrix of pulse function
PÍ, then the functional erpression f or equi_val-ent sollrces
is

(1.17)
o.- = [Pl Ls"l

to'l I r 1 -'1 r-.,.t (r 'ra)L¡l L1-J Lî'J.
{u, 

í'.

Finally, letting [¿¡rJ d.enote roiv matrix og Ti then /
the potential at any point I in R i_s given

(1"19)ø 
= lÏ'lîir --1 ro-r (1"2o)

L-'.¡ LLJ L*J.

The equivalent sources are then given by

Y



The nethod desc¡:ibed in Chapte:c ,1 is ncr.¡ used. to
analyse the sinplest of microstrip configu.ra'bj,ons as shorun

in Fig" (2"1)" rt consists of a single strip resting or. a

2"1 APPLICATTON OF THE },{ETITOD TO I.ÍTCNOSTRTP

Chapter 2

Fig, (2"1)

single dielectric layer of relative perraittivi.ty €r,, on a
conducting ground plane"

ïncreasing 'bhe number of dietectric layers and.

enclosing the raicrostrip in a box are extensions of the

above mob-eI" i,ficrostrip encl-osed. in a box is shorvn in
ri'ig, (2"2) 

"

idhen a transnission line contains a u.ni.forn 1oss-

less mediurn for wa.'¡e propagation, the TEi'i mod-e of trans-
nissicn can be compl-e'fely described by the elec-bros-batic

f iel-d- L4 ] " Even v¡hen a non-unif orm med-iun is usecj., the

electros'batic field is an approximatj-on to the d.orninant

r-\r/-_H

10



i1

l\ É, wL

Fig, (¿"e)



mode of the field in the line" Thj_s anproximation hol-d.s

good provided the cross--sectíonal d.imensions o_1 the line
are much sua-Ller than the navelength used."

The present analysis for the microstr:ip parameters

is based- on the theory o:fl d_istributecl paranet er tra.ns¡ti s*
sion lines t5] " lt depends on a capacitance calculation
frora fielcl val.ues obtaina.ble from the potential d.istribu*
ti on" some results are also presented. usrng the varia*
tional approach [6] , vihich necessitates the calculation
of the magnetostatic fiel-d, a problem similar to tb.at of
de-bermini-ng the electrostatíc field, but this tiüre the mag*

netic bounclary condi-bions ¡nust be satisfied" The varia*
tional method is presented in appendix C.

2"2 TIIEORETTCAI PROCEDITRE

The qr:-asistatic potential d.istribuiion Ø for every

hornogeneous sub-region of the rnicrostrip structure shovm in
Fig" (2"2) must satisfy the two dinensional T,aplace equation

12

",t, \. , v ?(t' x) = O.

Equation (2"1) is solved. numerically satis.fying
the bound.ary conclitíons ior the potential clistribritíon
along et,ery coatour of interest"

As the microstrip structure shol.¡n is symne-brical

about -bire y-axis, t.¡e eonsider only the right iralf portion
for analysis purposes" Tf the boundary contours are nt-lm*

bered as indicated- in Fig.. (Z"Z), the bound.e.ry cond.itions

(2"1)



to be satisfi-ed are:

Ø = Y1 on con-bour (1) and. (Z), (Z"Z)

Ø = Y2 on. contour (3) and (4), (2"1)

lÈÆ = O on con'bour (r) ancl (6), (2.+)
V 

'\A

ol,r*'l¿"J*J " on contot:-r (7), (2"r)

tr'Ìre:re V'l and. V2, respeciively, are the potentials given

to the shield and the strip i n1 and. n, are the normal-s on

appropria-be sides of tlr.e contour separating dielectr:i_c

regions1, e v1 is 'che rel-ative permitili-¡ity of the d.ielec-

tric supporti-ng the strip and €rZ =(-,ro= 1 for the air
-^-.i ^*l.'(jóJ-tJrlo

Fro¡a the el-ectrostatic potential distribu-tion so

calculated, the electric field values are then evaluated

and fro¡r r'¡hich v¡e are abl-e 'ro deternine the surface charge

d.istribu.tion and hence the capacit-ance of the line on a

per unit length basis"

As poi-nted out earlíer the nagnetostatic field is
needed. to be able to apply the varíational approach t6l o

The problem of obtaining the nagnetostatic field is simi*
lar to that fo:: the electrostatic field but tbe boundary

conditio:rs to be satisfied :Ln this situation are ¡

tJ

?4r o
l'lt

Lté = y1

¿lJ = yZ

ìlF à4J= 0æ--."+'4!,w
¿ n,l à;r,^

i a-:

on 
.contour 

('1) , (2) , (5) ancl (4) (2"6)
\

orl contour (6),

on con'r;our (5)

on contorr-r (7)

()r\

(2. B)

(2"9)



tr'rhere Y1 t Y2, ny n2 have t-heir usrrar meairi-ng and. /lr r:epre-

sents the magnetostatic scaler por-ential"

The'magnetostatic problern is homogeneous as sugi
gested by boundary cond.ition (Z"g)" Tiris is d.ue to the
fac'b that even thor.r.gh the ma-teriaL suppr.::'i-ing ihe strip
has a relative dierectric constant €-ra d.iffering frorn that
of free space, it h.as reLative permeability rt_ the same

'L4
Ias that of free space so -bhat j\ = ILZ

rn ¡nicrostríp the electrÍc field. extend.s into ilre
- aír region outside the d-ielectrj.c substrate and. therefore
has to be considered. as a capacitor r+ith a mixed. d_ielec-"

tric" Tn situations of -r,'hj-s tJrpe the concept of an effec-
tive dielectric constant is useful and is talcen to be the
vreighted mean of the dielectric coastants of the tr¡o niaier"-

ialst rf the two dieLectríc nateria]-s in the capacitor
are replaced by a raaterial r+itir a dieL.ectric constanr,'

equal to the effective dielectric constant, the value of
the capacitance remains unchanged."

Another d-efiiri'bion t-liat is useful, especially f or

capacitors tb.at are partially filled r,¡it-h a dielectric ancl

the renaining portiori aír,is that of an effective fjIIing
fractj-on defined by llheeler tB] , which is

2"5 EI'FECTIVE DIILECTRIC COt,tST.4.¡ju

14

Q"\+= (1-q) + q€r (2"'1o)



v¡here € * is the rela'bive d.i-el-ec-b::ic cons'bant of
the d.iel-ectric ma-berial- and- q is the effective filling
fraction nhich depend-s on the fraction of the tota.l vol-ume

filled lvith dielectric material" \

2"4 CÄTCUI'A.TIO}T OF I'ÍICROSTRÏP PARA}IÐTERS

The capacitance approach as descrit)ed by yamish.t-a

t:l is used to calculate the micros'brip parametels" The

mi-c'rost::ip capacrtance is requirecl f or tno sítua'bions,
firsi, l.rhen the l.ine is honogeneous, tha.t is r,¡it-h no ctielec*
tric present and., secondly, for: the actual tine with it-.l
cl-ielect::ic present.

lo evalua1;e ihese ealraci'bance vahies v;e fe,rj

€r.. = Çr^ iz '1 for: the houogeneous line and. 'bhen6r, = €_n-,¡ -O L.1 r;1
for the :LnÏ:onogeneous l-j-ne j.n bound.a.ry con,Li-bion equation
(2,r) 

"

ïf Co j,s the capaciiance per unit- leng,i;h of line
:flor the u.nloaded case and c tìr.a'c f or. the l-oad.ed. case. then

its characteristic irnpecieace, Zr is given by

1

,'l

"iTðäïo
where Vo is the velocJ-ty of propaga-bion

space ê

If V represents the ve1ocÍty of
ín microstrip then

V E Vo fîö"'-J-ö

Z= (z"tt)

or -Lr-gnï t-n rree

wave propagation

(2,12)



The relar,'ive veloci"ty is

vn

l'Iit-h a

v,¡ave1en.g'bh,

i.¡avelengthu X, in terms
\ ^--l --^* 1--
Äo ) Ë)I v ttll 9J

X =À,/*ffi*.,tc

The relative e-ffective diel.eetric

6"utf 

-

(2.t7)

of the free space

c*å7

4
-T'.'*5-'\r'.R

Jn mi crostrip, signal at'i;enua-tion resul.-bs mainly

froin tr,'¡o source$ å

(i) Cond-uctor losses in 'i;he shield ancl strip*
/.. \(íi) Diel-eci;ric losses,

To ca.l-culate tl:e cor:.ductor losses the ac'cual Ëur*

face charge densi-ty , ! *: on l'he strip and. the shield. are

de-bermined, using Gauss?s theoren, from the cal-culated

po-Lential clistr:ib'¿'ríon, The conCuctor surface curre¡:t
zlaneiJr¡r 'i iS 'i;he prOd_uct Of 'bhe Su-rfaCe Charge denSity,v-varu4 vt' ? *s t

ñ

Js,rand the r,-elocity of propagation [4]

16

2"' AÎilti[uÄÎIoid cA]-,CULLitIOti

(2-4a.\
\L9 l1-/'

constant is

(2"1r)

i" = tv" (z"tç)



)

I

The a-bienuat:i-on loss f or the concluctors, o(. is
evalua'bed usiirg

o(c Pol'¡er loss in 'bhe conductors

2 x pol,'¡er trar:smj-tted

The

Þ*trc

lvhere the pa-i;h of :Lntegr-'ation is around. t-h.e condu-ctor su-13.=.

face" R- is the surface resistence of tl:.e condu.ctor a,nd., is
ii

given by

1

poider loss i-n each cond.uctor i-s therr

fn
'+R ic' dl
.Jc -"s -s

È

17

v¡here r¡¡ i-s the frequency in radi-ans per second. , P-o

is the free space permeability and \* is the condu-cior con..-

d,uci-ivity" Refe:cring to Fig" (2"1) for the i-n|-egration con.-

tou-rs, the total cor:.drr-etor losses from (2"'iB) arre then

(2"17)

r,*-"*'tï*.-:I l'r lLç
=l

sk'in depth rc conclu.cti-v:Lty

ï;rt
J ä--

f2f¡Prc = z J, n*i*zot + , l"_ n*i*20-t 
o

1 "uz

( 2"'19)

The integrals v¡ere eval-uated nu.nerically b)' 6antU_

j.ng each contour ín'bo *.reg'rirents" Tb.e curren'b densi'i;y is

(2"19)

(2" 20)

(2"21)



calcul-ated at the

be constant on the

becones

PLC=2 ã nrirrn2ár+ z 4*sis*2 À1 .

centre of each

length of t-he

The total curuent through each cond.uctor is found.

by sumniag the current througi: each concluctor segmen-b" The

poi'¡er transmitted is given by the procluct of the total cur-
rent and the potentia-l- clifference applied. between cond.uc.r

tors" The transmitted. povier can also be obtained fron

Fig" (2"3)

1B

segment and is assumed to
segment" Thus (2"21)

ì'Ience

using (2"17) 
"

1

J

(vz=vt)2
o
IJ

\

the cond.uctoi

(2"22)

attenuation may be

(2.21)

calcul-a.ted



The d.íelectric Þotri'er

where the surface integral is d.efi-ned. as the crosË-
sec'cional area of the dielectric region, E is the total
e-l-ectric fiei-d for a poi-nt in 'bhe d-j-elec'uríc,o-d. i= the
conductivity of the dj.electric.t-¡ is de'bermined_ from the
loss tangent f or the clie1.ect::ic, i-an S , and- i_s given by

!rn
JrI) If, oã E2

loss, PID r €ts

dx dy

v¡here e is the di-elec;'bric ccnstant of the material
usecl-" Tt shou-l-cj- be noted that u-U ís freq.ueircy crepenclenri,

To eva-luate (2"21,,) nir.merically the d-iel-ectric
region is divi<1ecì. i-nto N su'bregions a.nd- the to'cal el.ectric
fielcl cal-culated- at the centre of each srrbregion" [he
eLec'cric field is assumed to be constan.-b throughou'b each

subregion"

Refeming to Fig" (Z"t), (2"21,,1 ca.n be rerv:ritten
âq

1g

gi-ven by [A I is

s'-d v¡ € tan$

(2"2tr7

Pr,D= 4-u"nt Àx Äy

The at'benuation

given by
P.d¿ ; *I'Ð

-LÞ

(2"2r)

L: l¡l¿

constant,

f 4 a¡\
\¿o ¿o )

dd, for the clielectric

(z"z?)



r'rith PT given by (2.25) 
"

A numericar analysis of the microstrip configura-
tion of Fi-g" (z"z) is ea.r'i ecr. out using a compu.ter pro-
grarn written for i,-he equ-ivalent source method." A d"escrip*
tion and lis-bing of this program is given in Append.ix E"

The .conclu-ctor anc diel_ectríc bound_ary contours
nere nunbered. as shown in Fig" (Z"Z) r¡¡ith the number of
segments assigned to each contour as given in Table (2"1)"

Ta.ble (2"1)

2"6 RESTITTS AI{N ÐTSCUSSION

Contou:: number 1

I{umbe:: of segnents 12

A totar of 70 segnnei:ts lrere taken and. ihe appropor.-
ti-oning to contours d.epencr.ed upon ,che field. variation along
the contour. For exanple more segments rvere taken around.

the strip corne:: to accomod-ate the J_arge fielcL variatj-on
existing there" A typíeal d-ivision of segments on the
strip is shcr^¡n i-n Fig, (2"4.)"

2A

?vLl
81210

,

11

6r) I

611

Fig. (2"4)



i

i

Conrputer execu-bion time in second-s/accuracy for
50, /O anCL1OO segnents rvas found- to be 9/"952 12/.99,

32/ "995" So 70 segnents !¿ere consid.ered to be econon¡ical

and accura.i,-e enough, The accura.cy of resu-l.ts v¡as 'bested. by

taking 'bhe raiio of the characteristic i rapedance of the

microstri-p l-j-ne as calcula-Þed using the cha.rge on the sh.ield

r"rj-th that obtained by rising the charge on the stríp" Thj_s

te-sting method was developed since it was noticed. -bhat the

chara.cteris-bic imped-ance va-l-i"res as caleula.ted from the

shiel-d- and sr'rip charge converged v¡ith increasing number of

se6emen-bs used- and. also l.¡j.th ad.j-urstmen-b of segi[en'r size to
. the fielct v.aria'bion aiong the con'borr.r" ft v¡a.s no'bed the.t
-bh-e characteristic irnpedance as cal.cula-bed. on the basis of

shielcì- charge ahvays gave er lor""'er bou.nd value rqhi--l-e the

eha.racteris'üic impedance as calcul.ated usj-ng the cÌ:.arge on

the s'uri-p al-r'.rays Save an upper bol:.ncl value 
"

The effect on the cha::acteristíc inpedance, Figs " (2"r)
(2"6), relati-ve Ì,íavelength, Figs " (2"-/) (2"8), eff ec*

tive diel-ect::ic constant, Figs " (2"9) (2"1O), relatj-ve

velocity, Figs " (2"11) (2"12), and attenuation,Fig " {2"11),
(at a fr:equency of iGIIZ) of the micròstrip line of varying

the strip width \f in the range "5 < l¡l/H l- / v,ras examined"

[he cU-electric substrate 'i;hic]cness H and encl-osi.ng box

d.irnensions (g = '15 H and- 1,/L = 12"5 H) r¡'lere kept, constant"

The cli.electric naterial hact a relative clielectric

a_l

constant of 8"875,

lr¡itli the resu-f i;s

seleci;ed to al1ol.,r compai'ison

of Stínehelfer tl>) . The
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thiclcness of the strÍp I was taken as ]lrl8 and this t¡as

changed. 'bo H/4.O for a second. set of resu-l'bs"

Calculated val-ues of cirarac-beris-bic impedance

(¡'ig" (2,5)) ancl relatÍve wavelength (I'ig" (2"?)) as d.eter*

mined. on a capaci'L-ance basis coapare i^¡el-l l.¡ith the resul-ts

of SÌ;inehelfer f 5l . T¿ible (e"7) compares resul'L-s for
the rel-ailive r,¡avelen-g'bÌr calculated- on the capacitance and.

va-ri.ational basis to those of Stineh.el-fer L15] " A better
cornparisoir is seen for -i;he variational calcul-ation than

from the capacit-a.nce calcula.'b:Lon" Table (2"+) presents

resu.lts for the effectir¡e dielectri-c constant as calculated

- r:sing the variational approach."

The attenua-bion of 'bhe microstrip o-¿er the fre-
quency lange 1*5 GHZ is calculated- ne.xt" lbree different
sets of r¡j-cror;trip dirnensions, sel.ectecl to corresponci wit-h

those usecl in tl:e ref er:ence pr"rblica'bions, f o:: the conf ig*
ura-bion of Iig" (2"2), are considered* The climensions are

-cho$¡n on eac.h graph, i,e*, FiS., (2"1+) -* Fig" (2"16)"

The dielectrj.c is'baken'bo be al-umina ( C-. =, 9"1r) r^¡hich

is thaj; usecL urostly in pract:Lce"

Fig." (2"1ir) -"- Fig" (2"16) shor^¡ at-benuation cLata

tvhich are in good egreemeil.t nith experi-menta.] va-l"ues as

given by Pucel e-t al I-Z] , exceÐ'ü f or -bhose in Fi-g" (2"1ç) 
"

In fact our results shorv better agreerneTLt r,'¡ith experj-nental
- r--lresul,cs tl:an the Pu.cel- et al L7 J theory" *I possible explan*

ation for the d-isagreenent ín Fig" (2"16) is that these



TABLI (2"3)

COI'iPARISO}'I OF RELAT]VE I¡]AVILE}IGTH l¡OR ]'iTCROSI'IRTP OF

FrG. (2.2) COITiTTGURATIOII , T=H/8, €¿8"375.
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calculation
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TABLE (2"4)
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resülts eorrespond to a microstrip configurati-on wíth
'l;hicl<er substrate and. higher rf/H ratio conpared. to the other
tr¡o co.figurations consiclered.. rt i-s possibre tha-b a suï*
face mocle or higher micros'brip mod-e is responsible for
this discrepencJr. The TEt sr-:.rface nod-e must be ruled- out
bece.use i.t- has too lii6h a cut-off frequency" Hov¡ever, the
fi'io surface uod.e iras a zero cut-off frequency and_ a trans-.
verse field distribution similar t-o that for the d.oninant

s'brip nod.e and. therefore j-t might be launchecl rather easily
t+itb. a wide strip configuration" one other possible explan-
ation is that the l-oss iangent for the frequency rarìge

-1*5 GHZ night have a consi-d.erably higJrer value than the
value used.

The reason r'rhy the presented attenuation resul-ts
are higher in each case from puceirs LZ] theory is partially
d-ue Èo the fac-b tha'b i^re are consj-d.ering nicrostrip encl-osed-

in a box i'¡h'île Pucel et a1 LZI analyse a-il. open nicrostri.p
and. partially du-e to the singularity of field. at t-ire sÌ;rip
corner" The charge density tends towards being sin6ular
at sharp cor-ner contours " x,n attenpt to rou.nd. the contour
co1.ners resul-i;ed- i-n a considerabie reduction in losses
(db /r,'raveleng'i;n calcu.lated. at a frequencJ¡ or l GHZ) as is
eviden-b by an i-nspeci;J_on of Table (Z"Z)

An a-bternpt to conpare ti:e attenuation results r^¡ittr

those of Gunn [ 9] vas nad.e but proved. futile as insufficient
in-îormat-ion i+as available on his microstrip d.imensj-on,s,
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Corner .-
shape-l---ì_-l

Shield Strip Shield Strip Sirietd_ Strj"p

/q'h 
^

\Lvr^ ;o5?8276 "13?8lzl "or?Bz2? "1?-14o9, "or781U3 "11'?945o

ï{owever, his assumptíon of a cubic func'bion representat'i on

for charge d.j-stribution on the stri-p is far out from the
charge distribution as d.eterrnined by the eg.uival ent sou.rce

nethod, Fig " (2"17) " The -tunctj-onal represetltation con*

-qidered. by Yamishta f4l is a better approximation to the

nu.nerically d.eier,nii:'ed onesg â,s is sjeen in 'che rre:rcb chap*

ter l'¡hurre ou-r attenuation resnl-'bs eompare favourably l",rith

'che Yamj-shta results" our calcul-atecl charge d.istribution
compares v¡el-L h¡ith 'bha.i; cal.culated. by t{ittra and" ftoh [f 9] "

Ta'b,1e (2.2)

))
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Chapter ]

V"1 MICROSTRTP !/TTH SUSPENDED SUBSTRATE

The method descríbecl in Chapter 1 is next applied.

to rni.crostrip configurations consisting of any number of
dielectri-c layers* Th.e analysis is exact-1y the same as

that f or single substrate rnicrostrip exa.mined. in chapt er Z

except for the consideration of additional surface sources

on 'bhe bound-ary contours which separate the d.ielectric
layers o

Suspended substrate microstrip line which is
enclosed in a box is shov¡n in Fig" (7"1)" Single layer
microstrip is a speciaI case of this configuratj-on rl¡hen

h4 = hx = O" The analysís, still based on the assuap*t2

tion of qua.sistatic [EIil mod-e of propagati.on, requi.res the
potential distribution Ø fot every honogenecus subrregion.
.â.s the mi.crostrip structu::e is symmetrical about tÌre y-
axis, tr'¡e will consider only the right half region and. this
is reproduced- in Fig, (7"2)"

trquation (2"1) is numerically solved satisfying
the bound-ary conclitions for the potential d.istribution
along el.er)¡ contour of interest" For the bounclary con-

tours as numbered in Fig" ('j"2), th.e bou.ndar.y cc¡nditions

to be satisfied are:

35
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€rz is the relative permittivity of the clielectric sub*
strate and €-t1 = cr7 = 'l if the region j,s assu-rued- to be

free space" Hor.dever, in practi-ee, to provid.e support to
the s-brip, some 1ol.¡ dier-ec'brj.c constant rnaterial liice poly*
sty::ene foaro ( L* = 1"At) is usecl"

The characteristi.c. iinped.ance, the propagation vel*
ocity,
dielectric cons-bant for the configu.ration of Fig, (3"1)
lrere obtained using ec¿u.ations (2"1t¡, (2"12) , (2"1tr7, (2"15)
respectively*

the wave lengt-h and the relatíve eff'ective

-t ()
)()



The suspended. substrate microstríp configuration
of FÍg" (9"1) i,ras consid_ered. Íirsi; for the special
case vrhen h, = oo The contou.rs were numbered. as shov¡n in
Fig' (7"7) vri-th the number of segments selected. for each
confour Listed in Table (1"11.

3"2 RESTIITS J"i{D DTSCUSSTOI{

t-l

ïu

+
I

Hr

I
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A total of
lengths smaLl r'¡here

the field- along the

'1OO segments was used, u¡ith segment

there was considerable variation of
corrtour,

?- t¡lL

Fi-g" (1,1)



Contou"r nurnber

Irlï ":_1.sr1l-,:-_3_2: ,7 2:: ?

The ¡ricrostrip characteristic imped-ance, tr'i-g " (1"4) ,
relative wavel-ength,rrig" (3"j), effective d.ielec,tric corl-
stant, Fig" (7 "7) , ccnd.uctor attenuation constant ( x. \.j,/Rs ) ,

Fig" (i"o) and- d-ielectri-c attenuation constan'Ç ( x¿ I o*o),
I-ig" (V"B) vras calculated. for a fixed. strip v¡id.th bu-b va:cy*

ing vi:Lc.th climension of the encLosing box in the ra.nge

1"5: 2 \"lL/W .1O" The height of enc.losing box IJ, thic,k:
ness oí dielectric substrate (H2 = "2I{)e su_spension height
(Hf = "4-H) and- thickness of strip (T = LI/}O) !./e-?e kept
f ixed" Tl¡.e diel-ectric ccnsidered r,¡as o,u.a,rt-z ( €r= 3"Tg)
and i;hj-s j.s changed to alumina (L" = 9"15) for the second.

set of results " lhe ltid-L-h of -i;he strip r+as then r,'aried-

("5 3 \¡l/H, < 10) I keeping the size of the enclosing box fixed.
(t'Jl, = 5ÏI) and its effect on the basic para.meiers d.etermineci.,

Figs "(1"9) (i"1r)" Here tbe subst¡:ate r,..¡as taken .bo be

alumi-na ( ê, = 9"35)" The substrat-e thickness was next

1 2 t + 5 6 7 B g .1o

Table (V,1)

lr0

varied. on the renge "1 < H2fi1 < "5, uhile keeping the s'brip

width constant at l,i = Elo Results for al-umina ( €, s g"rsi)

are presented. in Tabl-e (7"4)"

. Curves of charac'beristic i-mped"ance, Fig" (V,4),
relative v¡avelength, Fig. (1.5), cond-uctor attenu-ation con*

stant, Fig" "(1"67, and d-ielectric attenuation constant,

FíS" (5,8), compare ruell v¡ith tircse of Yamishta [al @
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TABLE (3"tt)

SUSP]INDI]D SUBSiIRATE I"íICROSTRIP PARAï,{ÍT]IR,5 FOR

COIYFIGURATI0IT, €,=9 "35

lT? /Tr 7'o

(OHr{s)

Vcl

o"2

^7

V o¿i

rlq

-e1 ï ecïLve

,ìo L"ftov

\V ø ,/

1,1 )
't-/ c !-

zoo
7a .

Ref ative (.Vns

velo cit¡r ( DBrloFfl'i)

1 "1t73

1"679

1 "938
¿è¿o(

2,78C

" 824

nn^
e ( (l

"718

.66It

"60i

xn /ç-¿_

( ne. oHlt¡

no1

"og5

.lOlt

.l ¿¿

47 "BO

71 "o7
Õ¡ö¿ou)

86.77

go "67



The su-spendecl substrate microsj,;-i:i-.o ge'er.ar config-
uration of Fig" (1"1) l'¡as consid.ered_ next. The contour
ntrmbering is given in Fig" (t"l) and. the number of seg_
ments selected for each contour is risted. in Table (1,27"

Tabl_e (V"e)

Contour nurnber

r\umoer oï segments

Again a totar of ioo segments vras usecl i,¡ith the
majority of segments pÌa.ced. on the strip contour (contor,rr

- number 4) so as to accomod.ate the large field. variati-on at
tbe strip edge,

Iinensions l.¡hích were kept constant in the analysis
are h,l = "77\:1, he = "1V!1 h.g = "'11./, B * l,I: T = )l/1OO,

Results are presented. in Tables (1"5) and. (j^ir) for,
respecti-velyra quartz, substra.te ( Ç = j"?B) and. al-umjna

su-bstrate ( €" = g"tr)" No theoretica.l or er?eriment-al
values are availabl-e for comparison purposes"

susireno.ec subs'brate rnicrostrip overcomes some of
the p::oblems encountered- with stand.a::d. ni_crostrip such as

its na.rcov¿ strip width for Ìrighe.r characteri-stic j-mpeclence

and hi¡3h attenuation. our resurts ind.ioate that strip
wiclths for s:'-ngle laye::ed. nicrostrip and. for suspended.

substrete microstrip for a characteristic impeclenee of Soft
and. for'a fixect subsi;rate thickness H are in the ratio 1/4.5.

12V+567 B 910
7 2 Bro 7 6 7 ? B 7

LrT
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TABLE (3"r)

SUSPENDED SUBSTRATII M]CROSTRIP PAR-4LI'íETERS

cOt{FrcURATION/ €t =3.7 B,

7'o
z\.t'L/t;,,r

(0i{Ì"{s )

| ê-/

2"O ,/ Í oc I

€e f fec tive

1 1qtot)

1 "13
1 11lol I

Relative
r¡o-l nni lr¡v vrvve vJ

SUSPEIIIDI]D SUBSTRATE Ì4ICROSTRIP P;\RA.I4ETERS

COIIFIGURATI0I\, €t=g 
"35 "

FOR FTG. (3.1)

4B

úc'l!/Rs oad lf¿
( DB,/oHl'f ) ( nn. ogl,t)

.Y+t Ò

o,,,q,"

7,a
Z\ÌitL/\¡tr '''Y

(oHtis)

TABLE (3"6)

"oo95

.oo76

"oo72

1q

2"O

Zô

€ef f ectirre

21, zo

16 "64
1 4.ot4

49 "04
q,, 1ô
¿/'i9 tv

1 .311

1 "261
1 "212

Rela'uive e.\!/Rs

veloci-ty (Oe,/CrHi.i)

FOR FTc. (j" 1)
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The attenuation results presented in Fig" (7"A7

shov¡ that a significant red-uction in atier:.uatj-on is
obtained by suspend.ing the substrate" Tt is further
d-ecreased by placing a lov¡ cì.ielectric constant snbst.nate

in 1;he irn¡ned.ia.te vi,ci-ni'L)' of the cent::e conrir-'e-har ru.^ / o)
as seen from Table (j"r)"

ït should be pointed. out- thar,' in orcler -bo compare

ti:e attenuation results for the clifferent ¡.ric::ostrjp con-
fígurations it is necessary that total pori¡er tra.nsmitted
be the saine in all cases. This can be d-one by keeping the
character:Ls'cic impedeü:ice -[he Ëame for: each caseo

TabLe (v"j) compares the attenuation ross for three
different microstrip configurations each having a character-
istic impeii-ence of 46"5ç]-* lrosses are calcul-ated- in d.b/ohn

( d" Tl./R$) for a substrate d.i-electric constant of 9,jj"

Table (7.7)

Type o-t

Configuration

loss dt,/ohm

( dc l,I,/Rs )

Sino'l o T,¡'c¡ar-orl Srrenanr{a¿lsq/ vr vs vøuyvrruvu

I'.{icrostri,p Substrate

strate
h, {. o"

A

is
major reduction

moved alray fron
It follov¡s that a

44c)ó I ¡()

h.-=0

Suspended

Substrate

in losses occurs iuhen

the centre conduc'i,-or,

major region of loss

"o95

hv/o

"015

the sub*

i.eo, vrhen

is the
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5o

interface region betl,¡een the centz.e cond-u.ctor anci ure clie*
leetric" A snall movement of su'bstrate âtrê.¡z iro¡n the coïL_

ductor causes th.e a'btenuation to clecrease by a large amount"

Losses can be furtb.er red.ucecl by red.ucing the thi.ckness of
the guJ,'stra.te" rt has bee:r shc'¡;n [ç] i;i:ai l-osses of the
order of tha-b for the air filled. line are ob-bainable l.ui_th

this type of suspended substrate stru-cture"



i[any microivave componei:ts use ,,,-he cor:.pIing betvreen
paralleled Lines as a basj.e parane-i;er i;r iìreir clesign"
Exaraples o-f s'uch coiuponenl-s includ.e dir-ectional couplers,
fil-'bers, ci-era.y' l-iles and. single to balanced. st-rip line
transformers. There are 'rwo tyiles of d.i::ec-bion cor_rpler

which can readily be designed- using the microstrip corrfig-
riration, the coupled. tJT:e and. tire branch line t)-pe. rn
tl:e f ormer case ? use is nacLe of the natural coupling that
exists betrveen i;wo microstrips placed- sid.e by sid_e"

COTIPIEÐ I{TCROSTRTPS

Chapter 4

The basic coupled- mi'-crostr,ip coit:irgr.rratj_on ís
sjroi"n in Fig" (l+""¡)" ft contains a ground. plane, a d.ielec:
trj-c. stab and tl,¡o corid-uct-ing strips placed. s-i d-e by sid.e on

top of 'che dieleciric.

¿1"1 TlM I'IEITION OF AI.TA].,YSIS

t ,/ , 
/ / / / 

/

, ,'' . , / / / ,
/ / ///,'// /////

/ #iel_eciric
//,/'

/t/t'/

Fig" (tv.1)

cond.u.ctin.g strips

ground pla.ne

2l



The numerical solution obtained. to the courriecL-

nicrostrip problern is 6cod. only in ,;he quaisi static liraii;,
i'e', when-propagation is taken to be TEM" [his approxi-
rnation holcLs good only for rnicrostrip d.imensions which are
sma.Ll compared to the r'ravel-ength" Th.is i s gene:i.al ly the
case r¡ith nicrostrip dimensions and_ substrate raaterials
frequently used in integrated. microwave circuiÍt technology"
rn the region where this approximation cloes not holcl good_,

that is when rnicrostrip d.imensions are cornparable to the
wavelengtie considered, the solution stil_l_ proi,'id.es a basis
for sol-vi-;rg the furi propagation problem and. serves as a
gui.der:<.:e to desi6n"

I",te t¡rill consider the coupled sirips as being

enclosecl irr a box as shoiçn in Fig" (4,2)" vJhen tile two

s'brips ar'e excit-ed by vol'cage sources of equal amplitud.e

and phase, equal currents flolv in trre saae d_irection in
the 'brvo s'brips" Because of the even synmetry of the elec*
tric :lield about the .¡erticar axis, this mode is called.
the even coupled-strip mode" An open circuit or mag;netic

wall could be placed at the synmetry plane lvithout affect*
ing the fielcl d-istribution"

Simi-l.arl¡', v.rhen the tlo st-rips are ezei-ted. by

source,s of equal ampJ-itud-e buù opposite phase, they carry
equal eument;s bu.'i; in opposite directions. Ðue to flre od.d

symmetly of the electric f:Lel-ct, this mod_e is ca.l1ed. the od.d_

a/-
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coupled*stri.p

metry is zeto,

J_OCaïeo a'5 -rne

distr:ibut--ion"

The tr.¡o d_j_rnensj_cna1 Laplacia¡r equation (2"1) is
sol.¡ed for t-Ìle potential dis'bribu-tj-on -'r-n each homogeneous

subregi-on of ¡he microstrip" Due to t-he geome'bric sya.-

metry about the ;r-axis, only the half portion shov,¡n in
Fig" (4-"1) is consiclerecl"

mode. ,[!s the voltage at the line of sym--

a short circuit or a.n electric wall may be

symrnetry plane without affecting the field

T
I

I

I

J

,/ "r

6
I

T

n
I
I

7 te _S

If the boundary contou-rs are nunbered. as shown,

the bounC.ary cond.j.tions to be sa'bisf ied- a::e ¡

/.\(i) For both nocles

ø = V1 \

-ø = v2
, è.$ -10(-r-.; -rCT-'={- :- O

t otlv

Fig" (tr"7)
L

for coatours '1 ancl

for: eontours t and

for co::.tcr;r.s 7 and

-t
ll

8.,

(+"1)

(+"2)
(4"3)



(ii) For the even mod.e

"ö#, = O for contours I and 6

(iif ) For the od.d nrode

The paraneters are cal-cu-l-ated from evalu.ated. capac*
j.tance varues as presented. in Llll and. d_iscussed_ in chap*

ter 2"

v)

The potential sol.u_tions are obtained, using the
equivaient souree roethod,for the enpty coupled. line, ioe",
without dielectric (putting ërZ = ,1 in bound.ary cond_ition

specifS-ed by (tr"t)) a::d for the actual coupled. line"
If Co represents the capacitance per unit length

of each coupled line for the unloaded. casè and- cr: repre-,

sents the capacitance per unit length for the load.ed_ case,

then using subscript l e t to represent evsn mod-e val_ues r,¡e

get a rel..ative effective diel-ectric eonstant of

o

¿1"2 CALCULq.TIO]I OF COUPLED*IT}TE PARAI'IEÎERS

for eontours I and 6 (4"5)

(4,4)

5'

[ire even node

zou

-Cr€e = *--9-**
Ð\t 11 ^-11 VUo

cha::act-eristic impedanee is then
-4

I
=

F @È,tõ^ñ-vod --g-te

1\

voco* r*""i*u

(4"6)

(4"7)



This gi-ves an even mode velocity of propagatj_on, Vpe, of

Vp- s,-e

Eqnation (+"7) can then be rewrit-ben as

Vo

=i¡olCo

The even*r,lode wavelength, Xu, is

4
Zo = :-L*-ry*.*a ì/ì1 UI¡"Ye êVv

À"

Crô

If we Ltse the subsc:eipt c o I f or od.d. mod_e values,
fhe corresponding odd*mode pararneter values for the coripled.*

IÍne are

=lco"
I =u** Ào

,6

(+" B)

X"

J tu.tt

r cr^c'o¿if = ---"6þ '

(t+"9)

vpo =

= vo /, c"^
/ .-*: I ".- ,

J c"o

Vo

J t".u

(¿r" to)

(4"11)

(+"12)



¿J \)
o

.f .-p1u"

Vo Coo

1

Xod¿

Vpo C=o

lCo
/--r"

) c"o

Ào

Here Coo represents the capacitance per unit
iength of ]'ine for the odd- mode -for the empty d.ielectric
ease and cro is the corlîesponciing val-ue for the l_oaded.

case "

2(

Even and

the cou.pled l-ine
f - ^'rgr_ven air. Ut'tJ o

(i) t'he

Zo

,re;

Ào

(4"1V)

odd node parameter values are related to
values by the followj-ng rel_ations a,s

cnaracteristic impedance is

(+"14)

I
t-
I

J ï11 +Cr

Vo lco CoJoe

t'l

vor/coo co

I ee#
(1r"15)
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tfhere

rri r¡a n h'ç¡

ühe effective dielectric

*o{f =

(2)

and I,ro, are noi,r definecl"

mode rnductances they are

L1 : -e*-

Cr^ + CrFAvvCexlææ.roo -t uou

Ttn¡o coupled

i^s v¡ellr âÐ inductive coupling coefficient, Kl, is clefinecl

¿n¡¡,.|.¡*-L -L;1,,1iÞ UAI1 L k- ^ ¡c 'l S
ttr- r

mod.e inductance

fn terms of the

as

þo êo*ã**

pa.r'anetíjrs, T,1

even an.d odd

(+.16)

I
m

"1

1=îx**

4*õ-o--
o

Xquation (4."17) rnay also be l^¡ritten

f
IJ)

J'

K
IJ

(=¡)

capacirlance

1 YtlÃf* { 1.qg'_ *
;TtT--eV €u.*

3-ing coefficient, I(.,, in terms of r'he even and od.d. mod-e

capa.cit;ances. Thu.s,

Sirni-larly,

paraneters,

rve can defi-ne tr.¡o

C1 and Cr, and a

in the forn

(tr "lT)

coupled mode

capacitive coup*

(4" 1B)



\J4 =1I

Irl

1
'ry
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4
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>i¿

t"- ilt
ñ*
"1

K^ a:

It""

It"o

c"o ]
c=* l

C"o C"u
q *r%

Equa-bion (Lr"lg) can be writ-ben as

1/

(4) The eff ective propagation constant, fg ,

e)æressed in terms of coupling coefficients, is then

Zoo I ,""u
Zou / €ou{t

r. 2?s-*fq' V.¡ I ;--"" e 4 .oni+

)Y

[3 = 4fu {t"

secortC"

Fo:: high d.j-:cectír¡ity and r.¡ide band-rvidth

coupling fï is irsi-''"ally nade appro:rimately equa.i

'bÌ:.is specier-l situ¿ri,'ion (4."21) becones

ß x -g- 17I vö-_ ../ 'ell

where i,I is tire ar:6u1ar frequency in radians per

(Lr"1g)

(+"20)

4ltfrr - r\I..r\C (4"21)

{-n

+; ñ'r...r-u.l.óu u

K^ " I¡:

(4"22)



The coupled. mJ-crosirip

Fí9,, (11.2)? vra.s anal-ysecl- us'ing

the eclu-ival-ent sou-rce method"

ber and shorvs the distri-bution

troT) RESUI'TS Ài{D DTSCUSSIOT\

Con'bour nurnber

I{urnber of segments 16 'iO 21 15 12 B 6 12 = 1OO

fher effect of varying the strip v¡idth on the coupl_ecl

line characteristic i-rnped.ance, i.nciuctii¡e and. capacitive
coup'l i-119 coeff icients, rela.tive vel-ocity and. e:fl-f ecti_ve

dj-el-ectric constant rvas de'berrnined. The height of .bhe sub-.

strate H, d-imensions of the enclosing box (idl = BH, ts = 5H)

anc. str'i.p thickness (T = H/5o) was kept cons'L-ant, The stri¡;
ryidtlr was variecl on the range "?. 1\,:l/H <.2" The d_ielec,tr:ic

i{as assu-meC 'bo be alumina ( €.T = 9"6)" Sets of resul-bs
I,-ie,.¡oc (Lt ¡'r -* (¿1",18) l^Iere Obiained. for d.i.fferent StriO\'o '¿'

separations (D * ,2H? i) = "611, D = Ii).
QuasJ.-TEi-i tireory pred.icts, and. 'bhis is as rn,el-l

obvioul; fron the rel-atj-ve velocíty cun;es of lige" (4"4)
(4"6), that ihe cou.pled. lirie ¡aust suppo.r',u two lyar¡es of
une<1.ila,,r. J.rhase i¡el-ocit"-¡" !lj-",.e nh,.l.se r¡el.oc-i'i;)¡ i-s grea-tei:

configurat-ion, shor,ln Í.n

.}:lrc' nnmrrrrJ-ap ñF^rF'lñ fnnv r l, i)i. s¡r¡ J_ \-/ tr

Tabl-e (4-1) list-s the num-

of seç5men-i;s for each con_'r;ou-r"

Table (¿1"'1)

1211'r567BTota1

6o
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Rela.tive vei,:,city versus Vt/IL.
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1

I

for the odd node r{ave ancl lesser fo:r the even mod.e r,¡ave"

This is due to tl:e fac.t ihat the strip capaci-bance to
g;round is lolver for tir.e even mod_e ca.se fl:an tha.t for the
odd mod-e ca.se. The di,fference in velocities d.ecreases as

the separation be'br,veen the strips is increased.. As seen

from Figs" (¿t-"¿i-) (¿1"6), for a \{/E ratio of 1j the clif-,
ference between even and. od.d. nod-e relative velocities i-s

"0475 fo:: a separation of D * .2II v¡hile this d.j_fference is
-o31] for a separation of D = ri" corresponclingly, the
characteristic impeclance of the tryo mod.es are unequal,
being greater for -bhe even nod.e case than for the ocld. mod.e

as is seen from f ig" (4-"1t) e,ncl (4",16)" Also, ,chis

impedance dj.fferenee íncreases when t-he spacj_ng jretiveen

strips is red.ucecl, This mean,s ttrat tigirt coupling betv¡een

s'brips over a la.i-'ge bancìirridih is no.b obtainab]-e"

From the resu]-ts presented. iu }-igs " (Lt"1j) and.

(4"'14) it can be seen that in general the iird.uctj.ve coupl_ing

o)

coefficient, Kf,, is greater than the comespond-ing ca.paci*

tive coupling coefficie:rt, Kn, rvhích means that 'bhe. even mocl_e

effectíve dielec-bric constant is larger than the od.d. nocie

effective díelec'bric. eonstant and. this Ð.grees r.¡ith the
resu]ts in Figs" (4"'lo) (Lr"1z). Equations (4"19) and.

(4"20) pred.ict tiris as r,¡el-l-" rn acld.ítion inspection of
Figs" (4"'io) ancl (It"11) shorvs that the difference be-br¡een

even and odd mode effective cielec'bric constant d"ecreases

as the separation be'bl'.¡een the strips is increased but the coçp:
led mode effective diel-ectric cons'bant inereases, Fig" (4"18T,



I

Table (+"2) shorvs good. agreement betlveen the cal*
cul-ated- even and- od.d.-¡nod.e characteristic imped.ance val-ues

and that of Brya-nt and t/eiss ll4 , Jud.cl et al lltq and-

P"Bo Johns ei al- Utl . The results fo:r ilre incluctive and.

capacitive coupling coeff icient Figs " (+"11) and. (+"1+),,

and for J€n{+ Zo, Figs" (4-.,? -* (+.9) are in good_ agï.ee*

nent with.the,comespond.ing ::esults of i(::age and_ Hactd_ad.

lllf " some rron-agree¡rent rnay be accounted. for by the fact
that the r"esults cal-cul-ated- lvere for coup_'ì_ed. microstrips
enclosed- in a box while other resu.lts !/er.,e d_etermi-ned. for
an open structr¿re rvith the strip thj_ckness assuned. to be

?leIo "

Ïn the calcnl-ation of a'i;tenuation the a-l-u-ruina su.b*

s'r,*:r'a.te \n/as assr:-necl- to be "ozr, 'õhiclc" At'benu.ation d-a-ba for
the even uocre is presented- in Fig. (4-.1?) " No experinental
or theore-bical erttenu.ation resul--bs are avail¿rble for com*.

parison purposes,

Á),vt'
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COi\íPÂR.ISOT{ OE CHAJIACTERISTIC rI{PEDANC]I
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TABLE (4"2)
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.l "0 i.o
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lhe physical corrfiguration of coupled. suspend.ecÌ

subs'Lra-be raie::ostrip that is consiclered in this chapter is
sholn in Fig" (i"'1)" single layered. coupled. mj_crostrip is

5.1 COUPT,ED SUSPENDED SUBSTRJ,TE iqICROSTRTP

a special case of thj.s cc.rnfiguration when hn ã O and. this
fur.bher reduces to the sir:rple nicrostrip consid.ered. in
Chapier 2 for D/H, = oô o

Chapter þ

The quasista-bic TEr'í mod.e of v¡ave propagation is
assuned- and. equation (2"1) must be satisfied by potential
Ø, in every horoogeneous sub-region of the eoupled_ rricrostrip
configu.:ratj.on" The two dimensional r,aplace equation is
solved satj-sfying appropriate bound.ary cond,itions"

A,s '6hê n'ricrost::5-p structure of Fig" (5"1) is sym*

metricaf about the y-a-xis onry the right hal.f region of
the configuration is anaiysed. as the fieid. d.istributi_on is
ictentical in the left half region"

rf the bound-ary contours are nuiûbered a.s shov¡n in
the Fig" (5,2), the bound-ary cond.itions to be sat-i sfied.
T^|lr\t,!¡ v¿¿vf?.

(1)

lAw=

I

For thre even*"nlode field

Y1

1

on contours 1- ? -.¿-nèt 7, 4 \.\¡as .2 t

-/(o

(5,1)
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. òø
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I
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erz
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(2) For the odd_-mod.e fj-eId_

renain the sane e:rcept (j"t) i,,ririch

Ilere n1, nZ, Y1 t YZ, etc", have their usual mearr*

:i-ng"

The a.nalysi.s is again carried. out for the d-ielectric,
empty and dielec'bric loacled cases, The capacitance per
unit length of the line is dete::mined- for each case and_

parameters of the eoupled -Line a.re obtained_ from relations
(4"6) through to (t+"21) 

"

ø=o on contours 61 7 and B.

79

all boundary conditions
is changed to

(5"a)



suspend-ed subst-rar,'e coupJ-ed. microstrip configura-
tion shol'¡n in Fig" (j.1), is anal-ysed- agaj-n usíng the con*
pute:: program of' Append-ix E" [ab]-e (r"1) gives the number

of segments taken on each contour"

Table (5"1)

r)aZ IIESIII'TS ¿.I'TD DISCUSSION

Contou-r nuinber 1

Number of segments 12

f:'*_ =_.10?** *:__--

The chara.cterj-stj_c irapedance, Figs " (j"T) and_ (r"12),
relative vel-ocity, Fj-gs" (5"8) (r"9), effective d.íel_ect_ric

constani,Fi.6s " (5"Ð ** (5"6), capaci-bive and- ind-uc-i;ive

cou-plÍ.ng coeffícj-ents,lj gs " (5"i) (j-Lf) an¿ a",ctenua.tj-on,

tr'í8" (5"1o) ís calcul-a-bed- lv:¡-t-h variation of s,urj-p rvjr-d.r-h :Ln

the range u2 < \f /iJ L1,,1+^ sui.rstrate thickness (92 = "z1li) ,
suspension height (H'1 = "75yr), enclosing box d.imensions

(t¡l = 8"5H, B = 5H) and. strip ilriclaress (t = H/io) vrere al-l-

kept constant, The dielectri-c cons'çani; of the substrare
rnate::ial lvas -baken to be '10* Sets of reslrtts rvere obtained-

for strip separations ranging from D = "2I{ to | = .1,H"

The variati on of suspenclecl subst:cate coupred- Line
par'araeters l^¡as next examined (¡ig, (5.11) ancl }.igs, (5,11)

(5"22)) for: d.ifferent substrate thj.clcnesses in the
range O. '1H -S I12

2 ,456
10 20 14 10

BO

7 B 9 1011'
6 + 6 1010



i

and. enclosing box dirnensions of lrlT,

the attenuation calculation an H1 +

assumed.ê

Results for the capaci^tive cou.pling coefficientr
Figs" (5"1f-) and- (5"221, and. for the effective d.ielectric

constani , Figs" (5 "1j) and. (j^14_) , shol.¡ good. agreement
with correspond.ing resurts of l(rage ar:d. IIad.*ac. [lr] " Any
non-agreement üay partly be a.ccounted. for by the fac-i; that
the mod-el consid.erecl rvas enclosecì. in a box and. had. a finite
strip thickness 'r.¡hereas in [,tr] open coupled.-strips are
considerecl rvitir zero strip flrickness"

- The configur.a.tion si:oirm in irig" (5"1) cai: be used_

to a.chieve equal ind.uct-i ve and. capacitive coupt i¡g coeff ic*
ients, ioeo, K, = Kç: r'¡hich is use-fu1 for obtaining a high
direc-i;ivi-by and- r.¡id.e bancir¡i-cl'blr at tight coupr i¡6" To

accorrrpJ-isir 'i;his a region of aj-r or softe 1ol¡ .j-electric con*
sian.t r¡ar,'erial- ¡nus'b separate the d.iel-ectri_c rvhich supports
t-he strips and the ground- plane, For snal-l values of
H1fii tire effect of .r;he aír gap is to red.uce the even--nod.e

effective die-'ì-ectric constan-b rnore than the od.d-nod.e value"
Figs" (5"15) and. (5"16) shorv r¡alues of ocld.*mod_e e.ffective
dielectric cons'bar.t la.rger than evezr-nod.e effective d_ielec-:

= B" 5i{ an.d B = |H" For

I{2 value of "O2l1tl.ras

R1

tric cons'bant and. therefore a valu.e of the K, greater than
K" as seen frorn equations (4-"'18) and (+"20)" The re_sults
in Fig " (5.j) and_ Fig" (5,4) índ.icate a va.lue of I(, >It"
so some valuè of H1 betr,¡een o < H1 < "?5 rvii-r give a valu-e
of i{, = Kl"
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This thesis d,escribes a general_ method for
analysing the characteristics of single and coupled

microstrip tra.nsmissi-on lines v¿hich have rectangu-lar

outer conductors and. a rnul-tilayered d.ieLectric. The

method is nunerical- a-nd is based on a TEI'Í wave anproxi-
mation ancl uses the equivarent source technlque. The

methocl is exa.ct in the lirnit in that it includes no

unavoidable approxj_rnations. The accuracy is lirrrited by

the available co,"rrputer tirne and rnernory. The methoc

invol-ves reducirrg a fu.nct.ional- equation to a matrix
equati on a.nd ihen inverting the niatrix to obtain a

solutlon, wìrich is particura.rry v¡erl suitec to machine

conipnta-ti-on 
"

The methocì describerl is easily applied to bound_

aries of ai:bit.rary shape" A major advanta,ge is the ease

with v¡hich arbitrary boundary conditions can be treated"
Treatmeiri of boundary conditions by the usual- finite
dif ference rnethod is often conplicated.

The equivaleirt source solution in this thesis
has been extcnded to regions which contain tv¿o or more

homogeni-ous cj-eiectrics" rn thj-s case acld.j-tiona.l_ surface
sources on the bounrlary contours separating the tv¿o

dielectric reglons are needecr,.An advanta.ge of this
solution is- that the s'brip thickness can be taken into
accountG .

CONCLUSTON

v.]



Both i.he finite clifference a¡rd f_i*iit, r_riement

soluti-ons apply a differential operator in ¿ì tlvo-cli_ilrens*

ional region" Tlhls solution appli es an int.egrai operato'
to the one ciirnensional contour c" For gì.r,ei: i-nc-r.ernents

of contour sèfirrÌeflL ÌengiÌr, be'u'¿er a.ccu.r,ac.v is expectecl
for so-'ì-uiion¡s p;:eserrtec since iniegr-a1. oþelai.or.s are
better beharred tha.n Ci fferential- o.oeral-o:rs"

Other rnain features of this nethod are:
i) A non unifo.m mesh can be used to arlo' for the
investiga,tion of r'ealistic structur.es and- fielcl d.istribu-
tions and to nake optimum use of a.vailab-l,e conrputer
r.enrhi'ì -i trr
Y*¡Jqv¿J-: vJ o

ii) l4i.crostri.p contained within a conducti-ng box can
be easi-ly consiclered to give informati_on on the effect of
the enclosui-e 

"

ii-i\

sions i'rhich are ì.ar-e,e colrpa-red

nridth and .subsbl:aie thiclcness.

O/,

It is possible to have

sol-utions to be obtained for single a¡rd cou_pled micr.ostrip
t-ransniss,ion lines anC for rela.teC. proble¡rs such as th.e

slot lire (sta-tic ap--:i'c;<ination only as the rine is highry
dispersive) 

"

Frcn the .esi.irts obtained and their cornparison

llith publ.ished theoretical and experirnental resuì_ts, it
is seen thai the rrieilrcd orrifi-ned is sufficiently accur.ate

The rnetÌrod is suíficiently generar to a.rlovr

enclosing conductor Cimen_

with microst::ip conductor



general and oracticable to ;ractical nlj.croslriir :rnalysis

and could Serve as a- grea.t asset in the desi¡;n of some

microstlj-p connonents such as dj-rectional coLrnlers,

fiI'¿s¡'s, C.elay 1i-ncs aacl si-ngle to b¿rl¡incc;i. sì:ri,o iine
tra.nsf or.rnors.

q5



There are rûany diÍferent source d_istr:ibutions out*
side a specifiecl region of space which prod.uce io.entical-
fielcls insicle i;l:e reg;ion" Tr.ro sorrrces prod"urcing tb.e same

field rvj.'bhin a gi-veir regicn of space are said. to be equiv-
aterft l5l " îhus we do not need to Ìcaow the actual source
distribu-tion in ord.er tc find. the field i-n the given regron
of space r âD equivarent ,so'ûrce d.istribution is suff ici en,c

to clo ihis"
The eqrrivalence pri neiple can nor,¡ be ilius,crated_

by a s:Lnple exanple, Let Fi-g" (Å"1) represenì: a source
j-nternal to S wi-tn íree space external to S"

Tirn EQUTVALLì{CE PRIi:iC:iPtlr

APPEI{DTX 
"fr

In order to set

the fields external to S

soullces

Fig" (4" 1 )

'r.1p an equi valent
I o*' *'1.4 ^-i -j.nA].4 v v er¡v v¿ ri5

96

sou.rce system for
fíel.cl exist



exterilal to Íi and a

space everylvhere as

nul-l field internal to S r.ri.th free
in Fig" (A"2) 

"

arut H
region (Z)

To supnort the externa-r- fierd trrere must exist on
s electric ancì- magnetic surface cu*e*ts 3" anc. Td"" rf
the regions are numbered. as shorvnr.bhe field.s at s and. sirr._
face cu-rrents are related. by

ñx [6{a) 6(r)l - ÌL* .r_r 'J = ," (A",1)

F

I t(el ¡(r )l _F ,^ -sLo r, j x n = l{" (Ã"2)

As r're ha.ve agsu¡:eci -,iero f iel_d. in rec"i on ( c\ r¡/o get

region (1 )

?,ero fiel_d
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If ig" (4" 2)

J=

t"1

D

¡:i
Ì1 H

*_̂uixn

T
È

I
nf

ì)
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(A" 4)



si'ce i" and- Fr* act i' unbou-nded- fre;e sÐace, the
field r¡a1ues can be found. from

rt-7E = _vxË+Y (vxvxH_jl
4

H = vxl -vzl'(-v^vxË--r-rl

l'lhere

Y = $-+ jr'i€,

Z = jwþ-

ã(") s # ff{
s(") = # fff

The sources are a'b r / and. the fíe.r_d points are taken
at r,

use is next macre of uniqueness ttreorem f1J " This
tìreoren stat-es iha-b fiel-ct i. a lossy regio' is uni_qu-ely
specifieä ly tne soutces ,¡,iì,Ìrin that region plus the tan-
gential conponent or É o'.er the bou.nclar,y or .bhe tangential

^.ì ^-^-L ^ -a -.comporeif-E o-t iI o.¡er i,-he boundary or the for.mer over part of
the borindary plus the latter o.".er the rest of the bound.ary 

"
rt is knoivn trra'i; 'çhe Íierd- so calcur-ated. v¡ir_1 be t-he orÍg*
J-nally postulatecl fiel-d., i-*e", I and. fi external to s and.

zeÍ'o internal to s. The fiiral resul-t of thi_s ¡rr.oced.ure
gives a fornuia .fo:' É and. É ever¡,r,¡here external. to s ia

9B

èt- tr -ikl'r.*-/l.r \r' ) e "." ' *: d(, (Á" 9)

(t\"5)

(/r" 6)

fi(=') u*iic fr*íi d ?' (a"ro)

J"-='f

(t"T)

(¿" a)

l"*"'l



terns of the tangential components of Ë and. Ë on s"
I'Je d-o not have to specify a nuli fierci. inte.rnai to

s as previously consi-clered-" Á.ny other field- l.¡il-l serve
equally as lvel-l giving infinitely many equivalent source
cur':nents as far as the exter:nal re8ion is eonce::nec. This
is evid.ent from (A",i) a.ncì. (Ã.2)"

It must be noted. that equ-ations (A"5) to (¿",1O)

cannot be used to determin.e fierd_ val.ues unless the equ-iv*
alent source cur::ents rad.iate in'bo an u.nbound.ed. homogen-

eous region.

!/e have used the tangential components of both Ë
an¿ É in setting up the equivalerrt source problem" r'rom

the u-niquene.ss theorem we knov,r that only the tangential
ccmponent of É or E is need.ed. to d-etermine the fiel-d. thus
r¡e v¡j-ll show b.ov¡ equi valent- source problen can be set up

in terms of only magneiic cuments (tangentiar î) or only
elec'bric currents (tangentiat Ê)"

r.,e'b us go back to the systen shor+n in Fig" (/.",1 )
rvhere afl sourees rie ivj-thin s and- set up ttre equivalent
source system shov¡n in Fig" (A,3) 

"

Over s v¡e have placect a perfect electric cond.uctor

supporbing a sheet of magnetic current iÌo" External to s

the sarne field. and. ned.iun as j-n the o"igfnat system are
c:nânifiorì Gli-^o {-L^ .t-^.^^,Èysv¿r-Lç;LLo ,-rince the tangential component of Ë is zero on

the conductor (iust uenind FÌu) and. equal to original fier_d.

components in front of fi., r,ie Betr fron (A"2)

99



lde 
-1ovr 

have th.e .sane tangential component of Ê
over S in Fig" (4",1) as in Fig" (A"t), so from uniqu;:ness
ther>rem the fiel-d. outsicl,e s roust be the same in each cê-se"

î'*^,"tS=üXn

- one can set up the equivalent ,sou*ce problem i-*
terms of elect:::l-c cuments only in an analogous. nanl:iera

ïn this case the electric cument sheet, j" = ñ x lÌ, over
a perfect magnetic co:rd.uctor covering s (a bound.ary of
zeyo tangential component of E) prod_uces the same fieic
external to s as the originar source system"

fhe equiva-'r ence principle is thus based. on a. one io
one comespondence between field.s ancl source$ i,¡hen the
uniquenes;s conditions are net"

consi-de:' now a.lr. analogous concept as applied. in
circui.b theo::y to betÈer und-erstand. il:e equivalence p*inci_
pl"e" llxarnine the sj-tuation of a source connected. to a

passiver network: o.s shor.m in Fig" (A"4).
To set up an equivarent probren f,or the passive

netv¡ork, the ori-ginal souïce is sr,¡itched. off but its source

zero fiel_d

electric conductor

100

Fig" (Ã"rs)

;**^,urs=-úXn



impeda,nce is l-eft connec-becl."

A cur'rent source rr equal to the netr¡orlc terminaL
cument of -the ori-ginar probJ-em, is placecl across the net-
v¡ork terninals while a voltage source v, ec1ual t-o the orig-

inal network terininal voltage is placed. ín series v¡ith the
n.etwork terminals" [his is shov¡n in Fig" (A"5)"

101

Fig. (4"4)

passt-ve
netrvork

rrom basÍc circu.i.ù concepts vie know that there is
no excitation of the source irapedance fron the applied.
equiveilent sources? r.¡hereasrthe excitat-ion of tire passive net*
work is u.nchanged" [hus the circu_it of Fi.g" (a"5) is the
circuit analogue of the fieici systeni iri Fig. (4.2)"

sollrce

Fig" (4" 5)

passl-ve
netr¡ork
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since there is no excitation of the source impe*
da.nce in the circui'b in Fig" (A"5) v¡e can replace the source
imped-ance by any arbitrary impedance v¡ithout affecting the
excitation of -bhe passive netv¡ork" Repracin8 the source
irnr:ec.a.nce by a. short ci::cu,ii,-, sirort circuits th.e curreni
sou.rce r so thaf- v¡e are left lvith a voltage source alone
and 'bhis is analogous to the problem d.epicted. in Fig" (A"3,1.
símíl arry an infini-te source imped.ance open cireuits the
l'oltage source leaving only a current souree and. this is
anal-ogo:¿s to the problem d.epicted. iri. (1,1) u¡íth the elec_
tric conductor replaced. by a magnetÍ-c cond-uctor supporting
an el.ectric current sheet, lS = â x Ë.



The method. of momen'bs [e] is u_seo for computing

soluti-ons to linear eque.ti.ons" The basic proced-ure involves
reducing the -îunctional equation to be solved- to a ¡ratrÍx
ec.ua'bion ancL then solving this natrix equation by knovrn

t-echniques such as a natrix inversion technique"

Let u-s consíder an equation of the inhomogeneous

tJ"pe

TI-TE I'fETTIOD OT I"IOMBi.TTS

APPEI'T}IX B

'"'ihere I is a.n operator, g is the source or excita-
tion a.nd f is the required freld- or respoilse function to
be dete::mined-- Assu¡le the solution to (8,,1) to ne d.eter*

ministic, í"e", f is unique" l,/e mus'b id.entify the oper-

ator f,, iÌ;s d.onaj-n (tb.e function f orr which i'b operates)

and its range (tire function g)" Furtherinore, vtre need_ an

inner product 4f, g > which is a. scaler defined to sat-

r,(f) = g

isfy
4f , g >

{<f "r

1:t4' ,

R

f
I

8r ll) * a( <'î, h7

1fu, f )= o

(e.r)

18¡ f >

if

(g"e)

+ f 19, h)-, (g"V)

(8.4)

(8" 5)

103



I
i04

tr¡here d. ,1 f are scalers and. the asterisk (*)
defj-nes a corûplex conjugate"

lde -can noll proceed to solve equation (¡",i) where

l, is the linear opera'bor, g is l¡:eown and_ f is the function
to be de-bermitred"

let f be erpanded in a series of functj-ons f - r12 -2t
ti, oo@ô f in tire cloina.in of f as

rvhere a(o are constants and- f' are cal-led" erpan-
sion functions" For an exact solution (¡"0) is usually an

ínfi¡:ite summation v¡hereas for a¡ annno¡¡l¡¡sf,s so]-uf,i., it..
is a finite su.mmation"

substi-i;uting (8"6) into (8"'1) ancl using the linear*
ity onroperty of I gives

f=Z nn-n

rf a suitable inner prod.uct 1r o s > i.s availa-
b1e tre can define a set of weighting functions w,1 , w2 , ,07,

c ê o s t:ro in ihe range of l" Tairing the iirne:: procluet of
f¡ -r\(8"7J r'¡iin each r'r, gives

ã --./ ./ ,.,*- ^n (*m, t(fo))= {v,rm, g)

ã {., r(fn) = g

(s"o)

,,

for m == 12 2r.,3 6oo@

t/riting (9"8) in matrix form, tr,re get
fr =l f.. -1 rl. Å.ir;i I J o< r. 

-J = | g", I| | -¡ I tÈt t,. -.i L- -- 
"l

(8,7)

(e"a)

(e"9)



where

[r1-
L mnJ

ttll'. T., (f, )

trt2t f(f1 )

L*.,.,1 =

!r1 r t-,(t r)

*A, t(f2)

"\l

ê('.

oôoooô0e

[ *'']

oeqço"""1

ooocoooo 
I

Ðêo@ê"""J

(1'i1 r 8)
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(\i2t g)

If the matrix []r] is
LlJ exis-bs anC the a(- are

r- -l r- ì ^1
I d. I s 11.-.^ |t- r. .f L 1!llJ

The sol u'bion f o:: f i-s

Defirie another rnatrix

{vr*rI2

[fl"J = lt, rz tv oooo" tr1

Ì'/e may wr-ite (8.6) 
"s

non*singula=., its
then girren by

f," 1
L''J
gi ven b)' (8"6) 

"

ì n\/êÌaQ â

(8"10)

(8"1'1)
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r = r? Ì [*"1 (8",12)L _N 
J L --J

Substituting (8"10) in (8"12) r.,Ie get

f = l+ 1 f'l 1 -1 f .' L'" J Lt'"1 L*,, j (8"17)

riris sofuticn cen .be . exact or appj:oxin¿i-i;e depend_ini-{

upon the choice of f' and. rlr*.

one of the nain tasks in any particur ar probrem is
a suitable choice of f.^ a*cl l.l*" The frr. shourc be linear*
ily inclepend-ent and. chosen so thai; (¡"o) can approximate
f reasonably rve--l-l" Ad-cLitional factors r,.¡hj-ch. a.ffec,ç the
ehoice of f ancl rd âï,ê J:h_ _n ù,m s¡_ .""ê accuracy o_f solu_tion desired,
the ease of evaluation of ¡natrix erenents, the size of the
raatrix that can be inverted. and the reali.zation of a r¿elr-
conditioned na'brix [1] o



Fig" (c"1) sbor'rs a microstrip encrosed. in a box
l'¡i'bh pe.rfectly cond.ucting r,¡alls"

THE VARIATIOI\TAI, t"lBTliOD

APPB}IDTX C

The box encl-oses inhonogeneous matter v¡hose clis-
tribution may be a functi-on of transverse co-ord.inates but
not o-f the co-ordinates a.long the cirection of propagation"
rf z is ihe direcl'ion of propagation as sholn, the fielcl
rronj-n¡c mqr¡ JrvçuvurÞ lLlcLJ uê e>,pressed. as Ë ( x, y) e-i f n 

and.
l. \ -i ßr.H (xr J-) e v ' -, ryher:e pr is the propagaf-ion constant
- -1 *[6J . E and ]T are three d.inaensional r'ectors d.epend.íng oïL

x and y only"

Fig" (c"'i )

_x
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Cu.rl Ë + jrv t.É =

Cur:l Ë jt¡ € Ë

Substituti-ng for Ë ancl H into (C.1)

e*JPz cu-rl Ë (x,y) + ¡vrpfi(xry)
= j 13 Ë (*,y) e-ißz

l4axr^¡e11r s equations are

s*ipz curt- ii (x,y) jw e Ë(*ry) e*i\z
= i ß ii (x,y) e-¿ßz (å._. . \

_ .,-**) (c"4)

Tirese two equations may be sinplified. to

curl É + ¡w+Ë = J fi àz*Ë , (c"D)

curl Ë jweÊ = jF å"*Ë. (c.6)

Noiu by multiplying (C;j) scalerty by Ê an¿ (c"O)
qn q'l a¡] -t J.-t fÞ'Jd.¿çr-'r-,v uJ -r and su-bstraci,'ing the tv¡o resu-lting equai;ion-s
Ìve ge-b

0?

o,

and- (C"2)

e-i ßz

(c "'l )

(c" 2)

yields

108

(ây-âx) 
)

tt.vxÉ + jw¿Ë.î Ë.o*Ë + jwe î.î
.n--'^=.-Jjf rr.(àrxr) jFË.(ârxÊ) (a.T)

Rea*anging'(c^T) and. combining the terms oa the
rigÌrt Ìrair.d side gives l

(c "t)

Ja

H. x x E Ë.v*

=2 t3¡

+jw

a-_
'¿'

¡^ lHl2 + jv¡ e ly12

(Êxî) (C" B)



ïntegrating (c"s) over the cross-secl-ion of the
micr.ostrip and. solr,ing for 

¡A yield.s

or-

ff we specify Ê and. Ë to ¡u the gradients of scar-er
potei:iials y'' and l, , respectively, the second. integral in
th.e nunerator vanishes as Curl (Gradient ø) = O and. Curl
(Graclient yl ) = O (C"9) becomes

e1Eß + þffitz).ds +

,llâ

/f -,. w ll-fptin2+ €ßÊ), dsP = ---4-{-*27T.m
tls u

Equation (c"9) can easily be shov¡n to be a varia_
ij.onal expressi on of fZ " 

-This is d.one by cal_culating tire
va.riation of p and. obserr¡ing that it vairishes provid.ecl Ë
and H satisfy I'iaxv¡ell's equations (c"5) and. (c"6) and. pro*
-i¡ided- r,-ire tangentia.l component of Ê vanishes over the rvalls
of the r¡icrostrip" Thus triar field.s É ancl Ê must be con-
'i;inou-Í; ancl must possess first ord.er d.erivatives through.out
the cross-sectio* ar:d. aL- the bound.ary Ì;he ta'geirtia_l com*
nnnarr'l- nf ñ -,.-* --^--: ^Lv v¿ - ,*USt vanish"

j"[l,G
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I J_.v x iÌ='H. v xE).ds

(c" g)

Subs'i;itutiiig E =

, JJ" U,- ( v vr. v.," )
z ll (v+,vy).à, d.s

(c" 1o)

-f- E

anC Ë =v !u

(v+.vÈ )].¿,

in (C"1O) vre g-et

(c "tt)
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For fr and Lr satisfying raplacers -equation we have

Subsiiiu-bi_ng (C"12) iüto (C"11)
d'i -toT.¡.on^o +L,_,^eoretrt 1fe Eet

v4.v4 =

V Y' <a'P =

\7.

w.

rn the denomiirator of this equation substitute
9Ø x v:f = v x (ø v'f ) and. change the surface intesra.-
tion to a line iniegration, This g.ives

a "fl"luqHatr+{ue#oujr - (a"t+)24 AvY'åa-
,,[¿ t

( f v *)
(.t çw)

"_[lp"Hrn*fna,$re]

(c"12)

and appl;iing 'che

fî t

a lJtoç*o.r.).âe d¿
s

Equation (C"f+) can be r¡ritien

þ= i t+åå-l
lvhere

IA = rþ
B É $ntc-

c = {+-"c

(c"15)

,f y ,rtr-
Òv7

+# ^'!t

vy. aL

(c "15)

(c"'16)

(c "17)

l'n áô\
\\.rè lo/,



Tf

P,=

p-=then

a scaling is applíed. so tha.t

tró
ll

vt
¿-

T?

é.

For f to be stationary we need.

>ß
fi = O, i"e",-'t

-J.4-f -* : o*'i' v u

fFhi cl r¡i r¡oc l. Â¿!¿p 6r-vçÞ I = -Ë

JAI*'?s),
1c

11lr I,*. í

If (C"22) is su-bstitu_ted_ j-nto (C.ZO) vre get

f=

111

,.-Ï¡-véq.
('l

(c"19)

lrt ar\\\wøé.V/

I + çY. ot'

(c"21)

(c "22)



To obtain the fierd caused l¡y a d.istri'buted. souree
v¡e can proceed by calculating the effect of each elemen_

tary portion of source and. their apply superposition to
obtain tb.e overall- field-" rf G(r/r ) is the fiel_d. at thev \e¿l ao,/

observation poin'b r caused_ br a unit poirrt sou-rce a,ú the
source point ro, then 'bhe fieLd. at r causecl by a source
distribu'b:Lon.P(ro) is the integral of Gy over the ruhole

-range of r^ oecu-pied. by the source. The function G iso

callecl the Greenss fu:tcti-on ZO o _

l^Ie vifl nor^¡ d.erive Greents id.entities which ar.e a
mathematical statement of scaler ::eciprocity" The d.iffer-
ence betv¡een Greents theorem and. ttle reciprocity tÌreo:--ei,i

is that no physical inte:cpreta-bion i s given to the functions
in the forner"

The sealer Greenrs theorem is based. on the fol]or**
ing identity

GRBEN'TTS FUISCTTON AI,TD TDENTTTTES

J,PPE}TDIX D

v.(Y v +) : ur

V/hen. (D"'l) is
th.e di.rer6ence theorem

II 4 + w*r.v +

integrated
ìo 9ñnlaô^syy¿&vu

throughout a region and

to the left hand term ne

a {-I t(-

(D"'i )



obtair: Greenss first id.entity, lvhich is

ß*þ9¿= /"r

I l ' c)-Y1 - : // (.{'+++ v.r.e +) dz.

rnterchanging y and. 4 i" th.is id-entity a;rd. sub*
stracting the original frorn the interchangecl equation rrre

obbain Green!s second. id.entity or Green0s theorei.¡

f tq#-v #) a. = f I ,r Jv-v åd¡¡ ".r

A

Ti:e cleri.¿ation of integra t equations from laplace r s

equation involves the application of (n"1) to the unkïLoþ/n

f ielcl + and. to the Green r s functj-on

,r ( 9, 8')

113

souTCêr r

1-vï

I

a-ff

(D.2)

The Greents fu.nction is the potential of a point
i.eo, the solutj-on to

rk
¿"11 

-a
\ s- s'1

where {i is the Dirac d.e]ta function and

cu.ssed in Cherpter '1 ,. k is selectecl such

* -5(r-r)

(D", )

Substituting equaticns (D"4)

get1¡1ô

I
-lnax

(1" zl¡

(n" 5)

for reasons d.is-

that

and (D"5) into (n"i)
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! nr 11'

g rv, d 
(D"6)

i:'¡here R is region intemal to c and. R1 i-s region
e:cte.r:nal to C "

1o derive integral equation (1.5) v¡e apply equa_

tion. (D"6) tr"¡ice, once for region R and. once for R1" let*
ti-ng subscript i clenote quantities in R (internal to c) ancl

e quanti'L-ies in R1 (external to C) tle have

f( +'# -.v B$l Å-' ={:' : 
iv' 

: (n"z)
[o 3 ì', ß

r >ór,/ lqcY'& (ø ?! **
f" \f 56--'1 6.)d.ea t"

-{ trn# -*,H) *r={; i 
'; ï (D"s)

J

The reason for the mi.¡.r.us sign in front of (l"B) ls d.ue to the
directj-on of n i"¡hich is kepi; fixed"

.A.ddÍ-ng (1"7) and- (D"B) rr'e get

\

where + = +' '\ir. 
n

+ ê +t inRl



Choosing d = cþ" on C, equa,c:-

rev¡ritten as

f ."
[ ( 9_Q' aQ"\,, ,, ,

l. roi- *).*t'c)c

re*ing vci) = * (qf - i$)

l,/e get equation (1"7), i.e.,

I
Ô = zráq-(c')-rd"c',J

¿\n í¡ O\ ^-,. 1-^vi.i \Y. 7 ) çc.-li Uç

r= þ r(c') rn 
--E---

l ly-s'l
Tlhe quantity 2[es- can be thought of as the equival-

ent charge density on c whieh procuces an erectric poierr-"

tial d, .

115

(D.'1o )

(n "tt)

oc



The prograa ivas codec. in FORTRAN for orreration
on the T,91.í systen j?o computer" Although 1.engthy, the
program is rather sinple with very little branchi.ng.

standard subroutj-ne packages ARRAy and srMQ are usect for
matrix inversion. A1l- arithmetic is performed in single
precision" The cornpile time for the progra.n using the
FORTIìAÌ{ G level compller ivas jB seconds. Total execution
time for one set of nticrostríp (described by a total- of
7O segments) pa-rarneters, i ncluding a variati_onal calcut aiion r

was 22 seconds.

A flow chart and a complete listing of the prcEllem

f ol-l ous:

T}iE COF,IPI]TER PROGRA}1

APPBNDIX E

116



T}iPUT

BOUNDARY COI'ITOURS AÌ{D BOUNDARY

,START

€v =B .8?5

NO

CALL SUBROUTINE

LPLACE
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FfELt,¡ III
DIELECTR]

IIES

FTELD
\I A T TTl¡C
V ñ-ti Lj ,:rU

vAiì I.q,TIOl'iÀL

CIiLCULATE

PARA},IETER

VAI,LTES

c-qT,ìlr-Il Átr-Ô'\-

CALL SUBROUTINII

LPLACE

c0Ì'ijlllcT0R
ATTEiJiII\T IOi.J

CAI,CUT.:r,Tf 0ìi

ÐI EI,ECTRIC

ATTEl\iUATICN

C4.LCULATIO¡T

I\/
Fio (¡ 1\.f !t) þ \.: o | ¿



rF

C

L

c

C:

c

(-

C

C

C

c
C

L

c
r'

L

c
c
L
L
c

c
c
L
f

c

c

(-

C

J T]F hrATF IV

THIS 19FOGIìAI,/ IS Â q5\/IS ICN OF CNE DFSCF TEED INK" FOI..JTCPPTi.)A\I! ¡çO{.J iVALENT SCLRCT]: SCLLTIC\3 C¡t.-.1--fCTiìCST^T I C Ar'{f) ¡.tAGi\ETCSTATI C pF?CBLEivS ! IEfFINT=I.ìNATIíJ\JÂ1. Cf.]I..IVqI.JT I CN DI GFST, UNPCI- Iç71 "TIIË þ1 T:TI.{OD I,JSEI) IS GIVi:N IN FOF¡I'ATJAIN(Tt]I\J ,K. FTiNTCÞp'tll Al.i e Þ, A tlÇAt, ô¡/S F\l 
^t.tn 

f.i o C . til =,- Tq!:i!._ a- \i Þ! rr ^ 
-r.i -\ioF LAÞLAcI xN pr_rl'FNriAL_c ByBAN Eoti v¡Ilñr särjrc;'r.,ríÉôn j'-'-pRoc IEF'VllL l1(ro Nc lc.ocroRFR rc)r-g,Þp lTri-r7?D"

TIJIS SI.JI'ìRCU]'T \]:J S,¡I. VES THE LAPt-,,1 Ci: FCI.JÁTICI.ì IN TV¡fIDI ù,ËN3IÍ]N:i "THF T]Q.J\I)j\íìY cCNoIT IÛi.i.j ¡ii:.¡- GIVFr.] A[-(-.jNG AN/tÍ?fllTÑrrrìY ¡¡;t,1tìf:1 ')F- f'jç,EN CF CLCSÊt ç1.1¡:1r¡trS I;! -fF-t X*y F]L_Af!FoIf: F =IJ ( X .Y ) I -C TIìi <;IILUT I CNI TI-E BCUND rIiJY CCIrD ii ICrrSÞrUSï Hr: ÈXr)afSSf:t) I¡J THE FCRM-

['o R ÏH-f- ELt] cTrl¡Sr.Ar I C pfr cBLEt"i

ALn:Ë( I 'L)"rF+[]TtE(I,L ) ji(r,-F./nNl )+ilrzF( Ll-)*(DF./DNa )=GAùt F{ LL)
FI]R THF ÞI-AGNETflSTAT I c pÑonLEM

AL F,\'1 ( i r L )*f:+trT 1r¿ ( L L ) * ( DF,/DNt ) +nTZv ( I a L ) * ( D,F,/DNZ ) =GAÀ,li\4 { LL )

V,HFi?f i.LFI 3T!g ßT2 Â¡JD cAv ARË cIVFI., pUITc.rIcN-c ALCNG THE[ìOUNDATìY CIJr\/ESOi)F,/DNI Ai\I] DF,/DN2 ÂAF rùr NOFMALDEeIV;iIIVES CN F,.¡\CH SIDE CF A BOUNDAËyc

D,E SCRI PTI CI'.I I:IF PAPA¡,1ÎTFtrS

S Urit?CIUT I NF- LAÞLAC E

rl"AGGAÞ',V11L.NCFXT

f\O

I'J( L ) T S THE NJUI.,IBÊÉI OF ccNT cUR
FJOI.JNDÂRY CURVE [-.
X( IrLlr

I S THF. NtJfitt[:F OF CUt?vE-S
CI]NDITIOI.JS AIE TC AE SAT

118

Y( I,L) ÁtrF rHF- x-y COOR¡ INATETS TC THE I TH pOI NT ONEIi]I.JNDAF)Y CU,iIVE L "
Fi IS ,A CCNST/ir.lÎ CHOSEN TO EF Cfì,EATEÍì THAN Tt_.tE DiSTANCERET)tFÍ-:N Atiy Tf,,!O BCUNDARy pfI¡\TSo
hJD I È,j

^t 
L-c't r r

-¡_¡ L \ t I L

tJTI-(INL
UÎ2î.( irL
GA¡rE( I'L

I S fìOIJ,âL TO TH!'' TCT ÄL NTUN'I 8ER CF BCIJNDI\RY SFG,IìENTS 
"

ALF¡/i iTIL),
rì"1-llvl(I"[_),

Él C ti t\ D,A

8T2¡'1(i.L)o

ALeNC '¡jþ IC+- Df sTI¡,tct BiruNDAQyISFlED"
POINTS USET'TO APPRf.)XII\TATL.

(i¡\¡"''¡(i,L) A:,rf:

rìÊ.-.- iII.: Et-FCTfìOSTAT IC tsCUNDAAY VALU€S trDP THEÊY Si-'GMÍI.r T f-]¡:T',f FEN PCÏ NTS T AND IJ-I ÛN CURV E L "

PTFÍ
PIM{

iJt,ìTJNDAFìY

I. L ),
I tL ) ;\FrF tl::SPf:CT lVt:LY TílF ELi:CTRCSTAT IC ,âNt)MAGNETT,ISTATIC pOl'INTIAL AT RCUI\DAfìy SeCr,t¡n.|.CU'?VE L,

TI. i.!AGNiT().sTAT I c BTJUNDARY V.lLUÊS
SÉGñ1=Njr 8FT$EÊt.t r)CIÌ\TS I 

^ND 
I+l CjN

Fo R r-t-tE
CL'iìV E L N

ION



L
c

c
L-

c
c
c
c

c
I

c

I
(,
L

L
Í'

(;QDtiu{ I. L) q

GrìDNf/l (I'L) ARI RËspf:cTIVELv rr-E r[-rrcraDsrA-r-Ic AN;D¡vAGN=TL-'ST^riC Ptl'f f:NTIAL NCRt"lAL OÈptV¡r lVf S Aï BOUNDARySËcf4ENT I atN CtrR Vf: L "
GRDTI{ I çL) u

GRT)T¡4( i,L) APF RESPÊCTJVEI-Y
M,AGNFTOST AT J 

' 
T AI.J GFNTRi]I.JND/\RY SEGò¡:.:NT I CNI

'l:; Ci)( L Lu4 j iî /ìi.ì Ài:ìiì jry U:iÊD FüH St-ilR Ir.tc -t_Ht: SF.:G,d¡:^tTt-ËNGTt-.t At\D DI fTtrCTICN INFOfiVHT¡Cru"
xftl I Nl,
X14AX o

YN1 T ¡.J ,
Yii/\X-DF:F INF Â r.,ËCl-Al.lGtJLAR FìE:c ICN I N X_\, trt_X¡,îAX IN TI-i[ X-]ìI L?ECTICN AND F'RCI¡ V¡iTHY- D I RE: CT I ' |..t 

"

NlxeNY ¡1F.F, THc ¡,]tji\,lhttjR oF tul t.:sH pcINTS ïN Tl-= x,4Nlt)Y- DI RECI ION RESr)FTCT I Vt-,Ly "
stitlRCtJ-T Ir\FS RIorjIRF:D ARRAy AND sïMO( sï^NDÁ,F,lD scI ENl"IFlcPACKAGES).

S U 3 Ë' il Ul' I N F L pLA C f ( N C u N ç X n y r R e N D I M r A L F E ¡ ET I E , B 
.f 

2 f: , G A l\ì E ,+ ALF¡4 i []T 1Á4 r R-r ?ü, CA 1¡[1 ,NCC r pTF rp TM ; Grl¡[O r GRDtTM , Gr] DT \,1 etrTSCt) rSCì-l 
" 

NX r NY¡ X r,{ I N r XMAX 
" 

yf,' IN r yfvA X " 
pLf O ,Ep e GRt) TE }

THF EI.ECTRt]ST¡T TC ÂI.(D
POTFNT I¡\L DEIìIVATIVI]S ATCt,RVE l.-"

DIrqFt\jsION X( l3r7),yí 73,7),!!7 ) e ALFE (lZ e7),pT lF(72 e7 LTlIr[,1 ]? \7 ltGili:ll. ?: 7, :GR?NE ( | 2; 7t 
" 
iÈ¿õi rz c7,¿! | n*c rìr)Nr ( r z e 7 , , ceDr,\Í ( r z "2t,.¡ I Ì iõ rt;; ; èÈ.j ì;6 : +¿;'"Ån, r zQ,7r ) si}:ti,,f ,? :1,å:ll :( : ? :7 !:1i1"1 2,7i GÃù;,íì2 "r, ?pr- ( 1 2,7 ),xAc( r(: ,1c ) , Rc ( li, , r l ) , cc ( 1¿ " iôt iEóiä;;äÈé.¡;ó i lãr; ì;5:;i:

Tälj] )l i) :.ll' 15J ?) :11 I,l- f : ), yMA x( s ) e N x ( 5 ), N y ( 5 ),D x ( :ì ), ny I q

119

+8r"4( 7 i) r, F ¡4s { tò Í" n:¡ r i iò i ; ¿;;i îà; i íiÄå; ¿ ;ì i j åå;?ä I ?¿ ; 9i : .,.ST11t?; îll:,lo(7\,,7c ),BE (7q ) ocr-Fi íà "ti "ë._r( 4 )" pLrD{ 5 )

c

PI=3"1415926
ilP=p*>tp

cÁr.-ctJl_ATtr' Dlaic-ì- I tN A

DC I
Nl.,l-:N (

Da1
X I =X (

TscD(
T<an I
T SC_r_) (

ÏSCD(
c
c
c

I -t

L) -
l- r

^NF FTìC¡,f XI"IJN TO.TI-ì 
Y¡,!A X II.J THE

'NCI
¡ ì'l \;

+1
+1
çL
oL

pL-)-X(1,L)
cL)-Y{I+L)
,1)=ATAN2lyl.
'í)')=SIf.l( -SCD(
..,J)-CLìS(TSCD(
"rr)-SCQT(XI+*

GF\FfIATF THi, [L'JC
:tlEf.:f- 1C It:\lT r,.tATi J

,JJJ=()
Í)C 4 LJ=1r\JíJ
i\J=tr( t-.J) -1
.JAJ=JJ.t
-l J-J= .J .J^J + N.,
l'.tO 1+ J=1 "\JiJ=J¡\J+J
X J= ( X { J , L.J ) +X ( J + 1

YJ= ( Y{ J çL_J ) +y1 ..¡1-1

Ir[-
IrL

ND LENGIT-.r CF SEGt/Et\TSo

XI)
I rL r
ItLt
2+Y L

TRrjs
CES 

"

l1t

tI
^'.' E t

'l'ArIC( .r1E) AND fv,AcNETCSTAT ICtAf,i )

'L.J), LJ )

,/2c
/2s



IrI--O
DC 4 Lf=1rNO
NI =l'.i( LI ) - I
I I i = I I I +N I
IAI =tII -NI
Dtl 4 I=lci..lI
I I-_IAI+I
IF(II"E.O"-'J) GO TO 3Xl=XJ-X{ i,LI )
X2=XJ-X( T+-1 ¡L. I )
l'l=Yi*y( I "Ll )
Y2=Y-J-Y( l+l rt_I)
Rl=X1*>kt+v1F:r:P
iì 2= X 2** 2*y lt. a.2
C 1-.

52=0"
YT=X1",.Y2-X2.".y1
XÏ=¡1*X2+Yl!¡y2
1'5TA=/1 Tr\N2 { yT, XT )

c
L
c

GaEE:N Fl-,NCT J ON 5:V,r\LTJAT I CNq

S1=TSCD( I rL i- r/;)" ( 1 "-l)e SXALnG{ R2,/RR ) )$+Oo5 +rrl-[]G {R?/91 ),i( X i/.TSCD( I rL l,3 }$+y1*T-ccn( I "LJ,2 ) ) +I[:TA*.( X¡ xTScn ( I oL I" 2 )$-Y1*TscD(I rl-l 3) )
TETA1:TSCI)( J pLJ¡ 1 )-TSCD{ I,LL I )S2=3 o 5f.-Ç i fl ( TETA I ),? A LCC I FìZ/ Rl,,$+COS(TLT¡1 )*T-TÂ
S3=-S2
$fi:=C "5+COS( TÉTA1 ) *ALCG (pZ/fil )-SI N( TETA I ) fTETAGFl(JJTII)=Sl
Gtr2{JJ?II):SZ
GF3(JJeII)=S2P
G0 l'rl 2
S1=TSCD( LLL4 ),r ( 1 n

$AL.OG( TSCD{ I rL 1 | 4 ) /?. "/R\ )S2=Pl

2
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5Z l-J =Li e

S3=PI
GF1(JJ,
GFz(JJ,
GF:3(JJ,
AË(J.,J1T
AM(JJrI

2

c

C
CALCIJLATFTHF: Tt-JTAL NI,JMBER CF SEG14FN'TS

DC 5 L--1rl'.ir)
N{=M+1..1 (L)-l

C

c
c
c

I ) =S 1

l)=52
I ) =S?Ð
)=ALF-i( J r L.J ) * S 1+RT 1Ê( J, LJ ) * S2+B T2F- ( Je LJ ) +s.l
) =ALs'11( J r LJ )';,St +RT I ñ( Jr LJ )*52+BTZM <l; al i,iS3

5

GEl.lFIìATF TFlE ËL-CÌRTISTATIC {BE) ANf)RIGi-J-l-HA¡r f) SIDi COLUt"4N ¡4ATRICES.

J JJ,=O
Dfì 6 L=l el.,t0
NN=tl{L).-l
JA.J.--JiJ
J JJ= J JJ+ NI{ \

DO ô J= f .irl N
JJ=J,¡\J+J \
BE(J.l)=GAi/F(J,L)
BM( JJ )=GAi1r¡ ( J rL )

C
c

¡4AGNETOSTATIC (BM)



C /t¡¡._ ¡\[ìiì;].t ( ? o,:4r ll r f,[) I f"t, ¡1¡ I M rAE r AE ICALL SIiIO (AE.8F¡[,1 
"KS}ÏF(K-soi\; r-oî') 1'1 PIT{¡ (ó,10O)

1Oû FÛA¡IAT {1iii,33Lr i:LÊ:CTRCSTAI'iC SYSTËV IS SII\GULAR)Itr (i<s ot\ìi. ¿i,] ) GO TO 17

SOLVE TI-F- ãL=CTiìfJSTATIC EOUAT TON SY:ì"Ii:1: !

c
c
c

C 
^LL 

r'ri -- Å\, (2 
" 

l r i,l , ¡rl) ïii u¡ ¡iñi , /1 Nì e A ilr)cALL cl¡.,Ì c{ q¡loF¡.l g Mof(S)
I f:{ KS "irtF ol }'triI T Í-{ f-,, l¡ 1 )101 FílflÀ1/rT( 11-rrl r.-ì3H r.rÂ(ìNF:TCSl'ATIC SySTFt, I--:. STNGUI_ÁF,)It'(rs"\li. oar ) GI.l ro 17

SOLVF TF{E Nf,\GNÍTi]STATIC ÊOUAI-

c

c
c

PI.-AC- TI-i- f:I.-iîC]-;i]STAT IC AND MIìCNiTTCS] 
^Ï 

IC FCtJ IVALFNÏ5i.]I-I PCE SOLUTIiIi'I.q II.J PESPECTIVELY CPÈ ¡.XD CHM"
| | !--F.

J -'J.--..

D{l 7 L=i rt.Jt
NN_-t\t (L)_. 1

JAJ=-lJJ
JJJ=JJJ+i!N]
DO 7 J=l¡Nli
JJ=JAJ+J
cirE{.JoL-)-fr[(JJ)

7 Cl-tl4( J,L_)=rJi.1(JJ)

CALCULATI F;IÊ? ãACH BOUI\DAAY SEGVFNT TI-E ËLECTRCSTAT ICP(]iEI..JTIAL ( PT=) AND t.Ii]'ìMAI. (GRIfNE} AND TANGFNT( GñDTE )F i EL ¡ r'1 ÂG¡l t rtJD: e f,tÂGNFTCSTAT Ic pcr ENT i ¡L { prv ) o 
- 
¡ño-NL-ìai,{At-(cFDN¡,1 ) Af..iD T..tNGFNT( CRDTM } f,t ¡t_D tvAGNIIUDES.

JJJ=n.
DO 8O LJ=1,l'.tf:)
NJ=N(t.J)-1
JAJ=JJJ
J JJ= J JJ + \.JJ
DI] 81 J=1INJ
JJ=JAJ+J
ilE( JJ )={).
RES{ JJ)'_-iO
ÉJET(JJ)=,1"
BM(JJ)-^"
flMS(JJ)=lto
lJtuli{.JJ)="n

c

c
(^

I

c

4 
^attl

I I .t -- .r o

DC AC
\l I =F.i { L
I I I= I I

at[:( .J J ) =ílf: { J-l) r.i,i'i-1 ( ..i J, I I
|'JES( -J,i ) --;-l:r :) i J.J ) -! r;i, ? ( J J u
f-J;:T ( J J ) ="ìFrT i.J-J ) r-G-l ( J J ¡ç]ll(,r.1 ) =ilr.r( .,t,J ) +.Gtr1 ( -i J r Í I
r.ì;\1 T ( -J J) =p.À..1 T ( J-J ).rC;i--ì ( JJ n¡l'.:Ì Ê¡'lS( -, J ) =alr\1S ( J.J ) + ç!-:2 { J Je
J J J =i' n

DO ¡lt L-lrNO
l'.]N=N{L)-1
JAJ=JJJ
J JJ = J -,.J +N¡'l
DO 81 J=l,Nt N

Lr r-l !l a,: [ .=

II.=IAl{-I

T --t À -¡ 
- ¡ n rrlJ

)- I
-{.f.J J

-\ri
f À,1r I t\ I

rkcf'F( LLi )
i )*CFíF( I,LI
i,.'CHF:( I"l._l
'1.CFì Ív{ LLf )
I ){Ct-t il/( I,L1
i )*CHl'l ( IrLi

,

)



J.J=JAJ+J
Þ1'!:( J sL )=rtFlJJ,,
GRDN]E ( J, L } =IìF:S (.J J )GlìDTE(J,L) =i.ìÊf ( JJ )
PTivi i J ? L ) =l;l¡,i ( J J )
GrìDT Y.( J, L) =il"¡T ( J J )I1 Gtìf)ì\j i,1 (J n L i =i:,rñtS( J J )

FII NJT F If:I-D VAI-IJ-S 
"

l"rF?ITE:(6r83)
u3 .=1r:ìnlrl. { -::1t-j"r:L:.cT;tcsiAT. IC ciiFVE ÊoTFNT IALS }¡/htJ TF (6 o94 ) PT-

'+ltìl ÏË (.>nÍì,t+)

(-
(^

]1+ Fr-lFt.ìÁT {.f:rFilF.LÊCTFlr-ISTATIC
r!.vf?I-rF (É-rrlt rì) G?Di\rÉ:TFrl¡l (í:"rJQ)

¿J',,; F O'<r,i 
^î 

( 3 t:it^lt_LC l.R i-JSjT^ T TCu/RITi_(6 ç33 IGCDTÊ
/¡RJTf:(6'tjl-)

tl5 F rìR¡¡.4 T( 3 I ftitr,'¡6ç= TLTSTA TI ClrtrITF(6,8,j ) pTrl
'.,1¡cI TF (6¡ nil€, )rl6 FuRNil,T( 3?Hô,..lac.tËl-n5T^TIC CURVE f\ORMAL F iELD)l{AITfi(6,08.S ) GÍrDrrt r'4

hpiT=(.4.5j7)
87 F t-lilÞ, 

^f 
( 3o |Jl:,lAG¡JF T[]qTÄ T IC

c

c

,dRITF(6"tì8 ) cn¡¡r¡4
3B FOQMAT{ l Hl r7Fl5 o¿+ )

CALC(JLATE F1-LD VALIJES

IF([P(l)oEQ"1.) GC TC 19DO ?-a L=lg5
PLTD(L)=D.
JF(Nx{L )-1)17 oÇ¡ 1OI DX(t-)=0"
GO TC I1

L1

CUPVE NOIì,\iAL FIELD)

CUFVE TANGENT FIFt-D)

CUFVE PCTFÌ\T IALS )

DX ( L ) =( Xi'lAX ( L )-x r.1 ¡r,( (L ) .t /FLOÂT (NX( L ) -1 )ItrlNY(L)-l )17u1?t13
DY( L ) =C "GC TfI T4

1l-l a_a

I3 DY(L) =( yf,.,Ax{r_)-y."1 iN(t_ ) ),rr¿¿AT (Xy(L }_1 )!1+ NX.X=NX(L )
DO 19') II=ln¡.l XX
XJ=XMINJ {L )+¡LO/\i- ( I I-l )*DX( L )Nyy=rrt y(L)
DO I ç?9 JJ= L Nyy
Y.J= \'rl IN ( L ) +FL-O¡IT { JJ-l )xDy ( L }AC( I I "JJ )=i, 

"BC(ilrJJ)=1.
CC(IITJJ)=0o
DC lB LJ.=1,¡{u
NN=N(LI)-1
DO 1,J i-1oNf'r
¡1=)íJ-X( T"LI )
X2=XJ-X(i+LLI)
Y i=yJ-v( I ,L I )
Y?=,/J*y'{I+1,1I)
Rl=Xl*:r2+y'1J:::? !

R2=X2¡r¡2+Y2r:\? i

Yï=Xi +y2-X2*v1 
r

XT=X1*X2+Yl,kv2 \TET¡\=ÄTAN2( yl ,XI)
K¡1 J =Q
IF( { R1,[eu1, ) "L]Ro (R?oFenC, ) )KST=l

CURVE TANGEÌ\T F IELD]

IN A RECTAN-GULttR NETo



JF{KsìT"Ëo" i } s2=trI
I[::( KSIoFCa I ) SZa=D o
iF(KSlohiF" 1) S:1 =¡o5*TSCD( I oLI nZlr.ALCG (R?/Rll*I*TSJCD( I,L I o 3 ) ETrTA

, I li f:I_" Nr.. t ) si2 n=^ o s+TSCD( I rL Ir 3 ) x.ALCC( rì2 /Fltli.- TSCD ( I rL-'f., ?_ )t,I:j r A

lil
I {;()

"C19

¡\C( I I".JJ):.4(: ( If ,JJ )+SZ*Ct{E( IrLl)ßC( I I ¡JJ) =Ët-( iL J.J )+S2F,FCHF_ (I,L I)CC( I I "JJ )=SiìrìT( AC ( I I r JJ )y¡*ã+AC( I i "J.J )*Àk2 )pL TD (r_) =pt-r-D( L) +( CC ( I Ir-'J )**2 ) *ÈX tr_ìicvIr_ IC il i'i T i i\l.i=
Drl l()l L=1,NOC
\\=l\{!--) -tqa!¿ r t -- ^

I:.. I

LI

DC 1.1
SCti(t_
C (l¡l -i i r\i tJ S

Tì FTIJP \
-ND

(,
SUBRCILTINF ¡tRaAy ( r.lCDEr LJr f,j qNlrSrll)
DIMÈNStON S{/rqOi ) r D(4çC0)frI=N-I
IF(t"iODE- l) lCOr !1î st?CiCC IJ=I¡!J+1
\ir,.=f,j* J.{.t
DD 1lC K=l r.J
NM=NV-t'jI
DC llC L=l oi
IJ=IJ-l
NM--i\'rM-1

l1C D(Nt'l)=S{IJ)
GO ro 14+

7?1 I J=O
Nlvt-ç'
DO lll K=1gJ
DO lza L=l rI
IJ=IJ+i
NÞi -i!tv'+1

I = ! o,rJÄl
=SCH(L)+íiRDtrIi I rL }YTTSCD( I çL¡4 }

123

I -? .^,

c

S{IJi=L\(iiñ1 )
N¡{=Niv1 +irl I
aF'ruirrN
ENf:)

c
SUÊtf-ìOIJT ¡¡c S IltQ{ A,B r N¡ KS)

DIf"rEhl _qI0N A( 4901
1ñr 

- ^ r.I UL-t,oU

KS=1
JJ=-lrj
DO l:ij J=1¡\l
JY=J+l
JJ=.JJr,tj+I
A î¿^-/'
IT=i-l-J
DO J^ !=JrbJ
TJ=IT+I
J f:( Aits ( 3I cÄ) -Aiìs { A (2ç û I GA=A( LJ )
IMAX= i

3C CONîINUF
I f=( A,3S( 3IGA )_TùL ) 35 r 35 o4D35 KS=l

I rA(7Cl

IJ,) ) ) 2A"3Cr.3C



QFT(JfìN
4C I 1=J+t\tr ( J-2 )

i T= i þ{AX _J
DO 5Cr K=JsN
Il=I1+l.l
Ï 2= I f-+ I T
SAVi:.=¡\( Il )
A( Il )=A( IZ )
A( I2 ) =SA\/f:5C A( II )=r\{ I1 ),/3lrj^
S,,1Vi:::Fl I¡,14,y )

A{iMAX)--¿1.1¡
il ( .j ) =.,<Ä V!. /trlG^,
lF(J-\) 5=,7i.ìr55

5f-; IGS=N.'(.i-1 )
D0 6ci IX-:Jç,'rN
IXJ--111+lX
I T=J-IX
DO 6,:_l JX=JYrN
IXJX=l".tr:(JX-I )+lX

6A
65
70

.JJX.=iX.,X+IT
A{ I XJX}=A{ iXJX}-( .A( IXJ)r.A( JJX } }il( iX ) =Fì( IX )-(,J{ J } f.il ( IXJ) )NY=N- 1

fT=\>t\
DO nC J=l ¡NY
IA=I T-J
I U=N-.J
1a-f.,
Dfl AO K::1 r J
3( lts )--f-ì ( trrl )-A ( I A) *B( IC )I A'=I A-N

BC IC=IC-1
RET|.JRN
Ë Nf)

c
a
c

S I NGLF: þ1 I C ÊìOSril I n -P Á Ç A¡¡ ET ER C ALCUT__A T I CN .

DII"IFNSI cl'J x( 1-3,7J ;Y( l:,7) çfr(7)eALFE r,rz 17),BTrE{ rz,7r e*Rl'2Ê:( lZ,7 ) ucA\ri:( 1 ?u 7) çGi?DNF ( LZ,zt rlSCõi f Z t7 t4 l,.*At--ËM(l?g7 ) ot-Jrirl( 12"7) rBTZ¡/(lzcz) ¡GAVr¿iieç7) "pf F-{lz"T),*GRDNjt.1 {12e7 ) , (;pDrr,1 ( 1Z " Z ) "CpDTE { l2 o 7 ) ,pTlì/ ¡ 12 o tt 
"x(Xrv1 IN{5) ,Xvl AX(b) ryivt IN( 5 ) e yilr¡\¡( S ),NX( S ) "Ny{5 } oDX{ S) nDy( S ) o)iprR( 2 ) ' ATTC{ ) ) ç Arf D (zl jArnD(2 ) n ATTDiz í,'n 1(7) o pLTDiõ i ,*RHí--ì{ r?-" t' ) n cerD(rz r 4 ) r.sI s( r 2" 4 ); rrt- tlz" Á Í ,pLt (t z "+l )*=P{z ) "c1 (?'t,ez(z },c apr (zt 

" cApz{2) "acrt., ),slsr( 2) opLTs( 2}
READ IN CONSTAI'ITS.

R=1t1"
PI=3"14!5q2î)
Elvf.'=tr1*4"f:-7
uc=2.çe7q25Ë+n
F: Þû= l,/ l. F¡:il e:r,.1* * A )
SIGivA=5 "{ìq..-¡FRí-o= 1 o [:i'l
EP(2)=l 

"l: D2-- tr_Ð ( 2 ) :t ¡l[:) ^
Vl=al o \
V2=lDa 

"ñrn-7
I

NOC=4 \

1ZLt

c
L
c

c



(_

a
Nl ! ¡,18 L- R

N( 1

N(2
l.l (3).
N( 4

OF: SE:G¡iEi'lT S CN EACH CONTCTJR "

1-l

t?

ir
t¿
7
12
7A

_1^

-1 r1,

- I ê:i

N(5
N(f;
N(7
Nl) I lvl

i-ìc i
NX(1.
r.tY ( L
ìri I ( I
\t,l ( 2

)

'f1 (:l)

)

!r/l(1+

)

iril(5

)

'f I ( 6 )
,.¡J1 { 7 )

)

H= I "o-tG

vlL=12
Í =14 / ':)

DO -" CFP( 1)
,,{= \f I (
\N ?=Vl /

*tJ
r 5*H

\J l.t- L I r

-l

tr(1)*<Errl
;\4 )

ao
c
c
c

RECI'TTNGtJLAR MFS:l IN THE DIËLËCl-RIC FEGICN"

x|'!rN( I )
XMIN(2)
X¡4 IN(3
XMT N{ 4
Xlnl¡15
XMAX ( I
XMAX ( 2
X¡¡AX(:
xr.,lAx ( 1+

Xl,ì 4¡1q
Y,,¡ IN ( 1

YMiN(2
Yfnli'\r(,l
YÞTIN(4
YM I i\j ( 5

= c 5 ?{ !J2- " 2*.,l1 2 ) / 1l "

125

= ' 51i " Í2>k\,''2 / L C o + i.,,1 2- "?-*r,r2=i o 5 * o2Ì".i¡j ? / li o +w 2
:1o 5: .4*.Vl ?/ I O, +l.j 2- " 2.+\\l?
=i,. 5r. ( yil- Vl ).- " 2*W ?l / I C" +ln/2+ a2tvz
=9ì. 5 *( ( tiz- ø z)s\t! 2 | / 7C "
=Ç " 5r. 2ìk\,J2,/ 1 1 n +W2- e2. *W 2.

=9. 5x o ?x Ìtr i¿/ L a, +\t 2
=Q.5t o 48\ì/ 2/ 11. +\!|2- " 2++\Nz
=9" 5.r ( ,rL- \,1?, - o?_*ß?_) / la. *v,r2* 

" 2*l¡j2
= o 5 /.1-/ 1,| n

=i; o 5* r2-11/ lQ "* o 8t*H
=i . 5y. . ?*l- / 1 a nf . gJ.H
=:: 15 *rr-J:ri-il lC c

=.$*:H,/l?)"
='),\:'t1 ,/7(.YMAX(i}

Yf',1 Ax ( 2]
Y MA X ( .3 )
YMAX{ 4)
Y,vAY15¡

L
c

R CUI.IDAi?Y C CNTI]IJ|) S 
"

L=1
DAI=H/5.
D¡\2--5oYrl1,/lc"
Dl.3=( !.ji--6 "'ril) /?. o ',

DO 11 ¡=le6 \
X( I rL )=DAl *Ft_n,\T ( I -l )

1l Yi I e L )=i 
"DO I?. I='Zo la '

X ( I rL ) =l.+{)42>.FLOAT ( I-6 )
12 Y( I çL)=^"

Df-l 1: l=ll¡12

=?.5* et>+tlf / 1)o+"8*H
-? "trrÉ.zjrH/ lq o + ÞB+H
-Ço5* oTtH/1!)"
=Ç n 5*V¿/7n "



X( LL )=6o>\ti+uAl*FLCÂT ( I-10
13 Y( I oL)=C.

I -1 ?

X{IrL)=V/L
Y{ Ï ¡L )=H
L=2
l)Al=(i'l-tt)/2.
L)42=(vl_-11 ,ÈHl/Z o .

D^i=¿! "+l/1,Dn 2! I=103
X(I"L-.)=r^ll-

21 Y( I "L)=t-i+f_),41 rtFLnAT ( I-l )DC 2". J::1+r--1
X ( I "L )='¡;t_-ilA?'TFLC.AT ( I-__" )

"-? 
Y( I oL)=rj
r)U ?_': I =i ç )
X ( I rL )=¿¡ " rtl-l -D.43* F t._1ÁT { I-5 )2¿ Y( i 'l- )=3
t_ = -J
DA 1=.Ci>t<l¡.j,/2 e

DA2= ã4i)\\\/Lra
DAg= âC?'\\j,t/? 4

D A¿r--l,/4.
DC 31 I-1",j
X ( I rL )=fl.tA 1,*FLJ.AT ( I- 1 )

-lt Y{1'L).=l-l+'f
DO 3Z I =1+ s_/
X ( I r L )=.C?.ts,¡!+DÂz *r;LC ÀT ( I-3 )

32 Y( I 'L )=H+T
DO 33 I=B¡Q
X { I cL )=o 4,ìvh/.¡-DA*"+Ëi-CAT { l-7 )33 Y(IrL)=H+T
DO 34 I_--11,13
X( I rL) =f/234 Y(InL)=H+T-DA¿+*FLnAT( I-ç)
L=4
DA I = " C?-*Vì,/?. "DA2;c4ôr.\\,i /€¡o
DA3= oA2*\¡t/2o
DO 4l I=lr3
x( LL )=li2_DA1*Ft-CAT ( I_1)

41 Y(IrL)=t-j
DO 4? I-4,tl
x ( L L )= o 4g xvJ-í)A2 îF:LCAT ( I-3)1+2 Y{I "L)=t-iDO 1+3 i=1'),11
X ( I r L )= . 12rï'.i'-DÀ3*FLOAT ( I-9 )43 Y(I:L)=H
L=5
DAl=(P-H*r-6oxH\,/2"
DA2=5ø*11 /4¡
DA,3=11 /5"
Dll 51 I=1o.J
X(lnL)=.î.

51 Y( I'l- ):--iì-i)A1::FLO^T( I-1 )
DD 52 l=4g7
v I t | \.-,^
^\¡ti-/-:.lo521 Y{ LL )-l-.¡*T*rr' " +H-tJA2TFLCAT( I-3
Dt:l Sl I=8r12
X(Ì ol-)=i.1.

53 Y( I"L. )=Fr+T+t-l-jlA.3xFLoA:T( I-71| -- ,-.

DA1=È1 /{:o \

DO 6i I=1,7
X(i"L)=i"

61 Y( I pL)=H-DAlxtrLUATt I-l)

4 -/tta



I .-A

D{r 1 = { l',1--'r\r2 -2. )kT -H't ,/ 4 "L)42=ill5,
DA3=?"rrT/?.
DO 7\ I=1 r5
X ( I 'l- )=lrl--DA Ir.FLOAT { I-l )Y( I r L )=H
DD 72 I=6s1'l
X ( LL_ )=Vi?*? " *T+f t*DA2*FLCAT { I-S }Y(I¡L)=l-r
r,rC 7.:. I--, 11,1f
X( Iol_ )=Vl ?+.? â:*T-)A3:xFLCAT( I-10 )Y{I rL)=i-{

71

C
c
(-

t1

BOr.J\i u¡arY

Dtl 15 l.=
NN=N(L)-
DC i5 l=lçr\i'r
ALFi(IrL)=1,
BTIE( IrL.)=î"
ATZL-- ( T r L ) =1.

afll\.tl T]. r:ì\rc

9.:

GAr'"1 Ê.( I ot_ ).=V 1

I:)

At-f:r'l( IoL-)--(^),
BTI¡4(l"l-)=1.
8T2il4( f rL)=î.
GAf'1¡¡( Irt.-)=1o
Dn 1ó L=3¡4
NN=Írl(l_)*
DO 16 I=1 ,trN
ALFÊ'-( lrL).=1.
BT1=( IçL)=C,
BTZF(IoL)=O"
GAME( IrL)=V2
Al.-Fiq( I"L).=Co
BTlt/(IoL)=1,
3T?_îr.(I"L)-0,
GAMI4{ lr L )-O c

DC I'Ì L=5¡(:
I()

127

NN=N(L) -
DO 17 I=l,NN
AL-F[:(I"L)=lu
BTlt:(1"L.)=1n
FIT2F( l çL )=1.
GA V=

I
c
C

t7

At-tri'i( IoL )=1,
3 Tl M ( I " L ) =C; .8Tzi,l( IrL)=in
GAr,'1 Þl ( i' L )-:V2 *F:LCAT (6-L)

CALCULATE PAR.AÑJ ãTFFìS BY CAPÉCITÂNCE METt.-CD.

DU 7!^, IN=l 12
IF(It'l .IQ61) ct) Tiì 75
E'](1)=rì.877
E:Fl =E:F( i )-"<FPf
C Ui* -r ¡ ¡1 1¡-
| --a

NN=\( L) *t
DO l3 J--1,N,)J
ALFE(Lt-)-¡,

75

RT 1F (
B T2F: (

GA¡/F (

A L!: ;\1 (
t3I1r"1( I;L).=1"

'L)=FP(1)rl- )=FP(2)

c L ,l =r' o



RTz¡¡(I"l-i=1"
i8 GAitr'1 (Irl-)--ô"

c/^Ll- L-i)L- ÀcF: ( t..i a,r ' N o X r y r fìr ND I ñlr AL-tsEr FT it: r rl i,:ìl:r, cA f/E,ALFMu
ìcB I'l ¡¡ ' FT 2lr, GA ¡rl\4 r N¡(.lc I F-t- E ¡ trTñt I GR CNÊ:, CR tN I/ , Cfì rlÏM r TSCD¡ SCh 

"*NX, ¡\.IY 1 X Ii I N r XITAX, Y¡I I i\ S YÀ/AX I PLTD O EP ç(ìÊ'DT E }01 ( Iì! ):.sìCt'r1 1 ):.Er 1 1-SCt-t( Zl:4.Epz
02 ( I i.* ) =.S ír-r ( ,1 ) i-f,lp2 +SCl-- (¿+ ) *Ep tCAPl ( l\i ) =AfìS ( O1( I N) /v?)
c^p'¿ ( IN)-.ôils(02{ It.] ),/\t2l
CCìNTlNtJi:
tll=tJ. *qílrrr- !-,\Í1:. (1, ) / 1¿cl (A) )
U2=LJ.r*S(lRT (C4Þ2( I ),/CA ç?_(? | t
7-üI =l.fi./{ lJt,rCApl ( ? ) )
7C2=3.a/ {\)'¿*.C\D? {? ),
uRi .=u l,/t'1
UÊr 2= l) 2,/ l.t:
EPä 1:1 ,,/|)a 1 ':.Ìi<2
trPS¿ =! " /1.){ì2 i*2
Al\1;lírA i=Lja /Ul
A¡4AnA 2=;..)i,,tU2

c
c
c

c
c
c

ATTFT'.: UAT Irl\t C,ALCULATI CNç

\iiIr)TH=" 5:ì¿ìl-.-f

CALCUI_ATE SI,JRFACË CI-AçCE DENSITY"
DO 131 L=l ¡1+ç3
f.lN=N(L)-1
DO 1-lL I-l,NN

1 31 RHD( I .L )--.JEI)NT( I,L ) YEPl,/WIDTH
DC l32 L=Z ç3
Nt'\=N( L) -1
Drl L32 I=l ¡\i l.l

132 FìI-JC( I"L)'=GR|)NÉ( I¡1. )*F.Pz,/VI IDTH
c
I

CAT.CULATE' ÄTTÊNIIJATICN FCI? FFECUENCiES OF 1-5 GI,ZO

DC 14C K=1 ç5
FF'€Q I=FLO,'lT( K )i;1 oc+g
FRÉíl=FRÉ_41

c

128

SKN=SCttr í2./\?,*> I*ii,,0rSIGMA*FREA ) )RS=l ",/{ Sr(l.¡ *5iGf4¡\ )
S IGf,lÂ l=2 o I í:.-/t¡!:2 n Èe I Ì.FtrliC*Ep I

CALCUL-ATir CLlr;F:rlr DEÌ\SITy At\D pCylER LCSS IN trÀC¡r SECMENTo
DC 1-13 l-=1 r1r
l.jj'.t=tl(L)-l
DO ll: i=1,ril.j
CRTr) ( L L )-lìl-1-( J, L_ ) /:r.J1
SI S( I rt,. ) -C!;: t-r)( I ¡L )* TSCD( I ¡L14 )*t{IDTI_r
PL { Ì " L_ )=trtj -cL.TD{ I t l_ ) t¡42

I :-21 F'LT( i r L ) =ir¡_ ( I "t_- 
)'r,TSCll ( I cL. 4 )ì.(W Il_-.1-F

CALCLJ LATF TOTÂL T..IJRRFNT THIICUGH TI,.É S}-"IEI-D.
.SISï( 1)=i,'"
D0 | 34 L=l t?_
NN=N(L)-l
DO I--74 I=1"f.lN

l --<¿i SI Sr( i ) =SI ST( 1) +AtìS{S iS( LL ) }

c

CALCIJt_É\ rF Siil-ii-4ç¡ AES ISTFNCFe

(-



c
SIST( 2)r)o 135
NN=\{-¡¡
t)._) 1 _3 5

135 SrST(2)

CALCULATã TOT,AL CuaRENr THÊCUGF.t'r-lrf STRlp.

c
c
L

L=3 r 1r

-t
I = 1 ,NlN
=S I ST ( 2 } + AÛS ( S I S ( i, L ) )

CAt-CULATE rOTAL pOrrtie LCSS IN Tt-E St-. IELt"
:,L-: ì) ( I J - ¿

Dü 13€ L=1
NN=N(L)-1
D[ì lfb I=1
F)Ll'S( 1) =el.

L

C

PLTS(21=1,
DO 1.37 L=i ¡ t+

NN'=N(L)-1
DO 137 l=l eNN

137 PLT:ì( 2) =F:)t_TS( ?) + AFS ( ÞLT { I "L ) )

CALCIJLATI TI'ITÄL

c
c

s2

iOTAL Pr¡'/III? LCS.t TN']'I-F DIELECTËIC"
PLTD-f =i.
DO 138 L=1 ofj
PLTDT=PLTDT+pLTD ( L. ) i S IGMAI

I38 CONT INUs
DC l3c,r I=7 g2

r \i\l
T:;(1)+ AßS(PLT(I"L))

t)[]WEIì LCSS IN TFE STRTP.

PTR{I)=V2*SiST(I}

139 ATCD( I ) =,tTl-C ( I )v.n

ATrC(I)=Pl_rS(I)/(

1¡JRITS(ór1î7)
1C7 FCRvAT( 35llO^rTENl UAr ICN CONSTANT FCRh/RlrE(6,1.,e) ATCi)

!{R[-¡¡:{6 ' l{aB)
1C¿I FOR¡IAT( -J611 OATT-i',i(JA.TII--JI\ CONSTAT\T FCRfrRI ïÊ. (6,1r)9) ,ATD!)
1C9 FORM AT( ÉlrrrSHLD=,F 1A o7 ¡'.H l>?,/CV ¡ 5X ¡61-

+6 lJ r) Fì,/ c f,1 )
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