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Abstract

An c[hcicnt tivo-stagc techniclue lbl the c¿rlcul¿l.tions of the ca.l>a<;ittr,lrcc ¿rncl thcr

t:ort<-ltt<:1,¿r,rl<lerrl¿r'1,t.ir:c:sol.t.llr<..e-tlirtl<:rlsiorl¿l.lstt'tt<ltttt,<.:sisclr:i'cl]<

nlilrirnizc:s tlre cr>rrrltut¿rtion¿rl cost ¿rrrcl lìontot'), s1,<>Lngr,r lcrcluir.<urr<,rll1,s ol'tlrc cl¿rssi<:a,l

Irrtcgla,ì ì')c¡utrl,iort ù,lctlr<>d (lì'lN'l). lìr¡ u"ino 1,lris t<r<:lulic¡u<r. t,lr<: <:ost <>l'a,nalvzing ¿r,

stt'n<:tut'c. <:onsistirtg of'l¡1. <:<ln<lrr<:t<>r's. is lc:drrr:r:r.l lir'¿ur r>r'<l<:r'of'l¿2. In arlrl iti<ln.

tltr.'rrtc:rrol'.\, stclt'¿rgcr t'ec¡uitr'rrn<rnt is l'eclu<:<:rl to tlrat lcc¡rrilecì fbr tlr<,r s<>lution of'tll<:

ìat'gr:s1 <<>llrltt<'tr¡t' in 1,lr<: stt'ut:1,ur'c. '['lrc lr:suì1,s olrt¿rilr<:c.l slrolr' 1,llc r'<:rlrrr:tir>n <lf'tll<'

cclntptttati<tn¿rl c<>st ¿lncl nl<.¡nr<lt'y stcl'agc r'<:cluirr:rlclrts. lì'ultltelrlr>r'c:, tlr<: I'r:sults

obt¿rirrecl using thc trvo-sta.ge mr:thocl cornpate i,vcll lvith those obt¿r.inec.l using thc:

cl¿rssic¿rl IDNI.

In a.clclition, zr tlvo-step approxim¿rte rnethocl is usecl fol ther cxtr¿r.ction o1' thc

fi'ec1uencl, depenclent inchrct¿rnce ¿rncl r<-:sistance rnatrices of three-clinension¿r.l struc-

tures. This tr,vo-step mcrthocì is lt¿rsecl on the P¿l,r'tia,l ltlierncnt Dcluirralcnt Cilc,uit

(Ptrìlc) nrethocl ancl the filarnents a.pirloxinra.tion. The sell incluct¿urce a.ncl lesis-

t¿ruce ol each conchictor in isol¿¡.tion ale c¿ilculzrtecl using the PllllC rnethocl. The

mtitu¿l,l incluct¿llces anlong the concluctors ¿l,re a,pploxima,teci using ltila.ments a,p-

proxim¿tion. Sirnil¿rrlrr. the compntation¿rl cost is reclucecl ìty ¿.n ordel ol nz2, I'or a.

stl'ucture consisting of r'¡¿ collcluctors. 'llhc incrnoï)/ rìtoÌ¿tge lecltrirerncnt is reclucccl

to th¿rt recluilecl fol the soiution <¡f thr: lzrrgest concluctot in th<,'struc:tnr<,r. Rc,sults



olll,airlcd ttsiitg tllis nl<:tllorì c<>rrrpar'c i,r,c.ll r.r,itll tlros<: olrt¿ril<rd rrsing tlr<: <;l¿rssi<:¿r,l

PIÌìl(.1 rnc:tlrorl.

l\rl'thelinorc, thr: clectric¿rl ¡lala.rnet<:rs ol' sorne printecl cilcuit lro¿rrcl (PCjll)

stl:tlt:tut'<..s t>Ìtta.irrr.'cì rtsing thr: tivo-stagc tec:lrniclur: a.ncl tllc trvo-stel) ¿ì.pl)r.oxirn¿r1,<:

rrlctlloc.l in'c crtrplo}ccl in 1,ltc c¿l,lcuit¿¡,1,ions o1'cr'osst¿rlli, glourrrl-noisc, ¿rn<ì r'¿rcli¿r1,cd

t:rtlissi<lrs. P( ilì stlrrr:1,ulc:s ¿rr'c rrroclc:llc:d rrsing tl ¿rnsnlissi<>n lilrc: ¿lncì ìrrrrrl;ed-r: ir'<:rri1,

rn<>d<:lìirrg. 'l\'artsnlission lilr<: nr<><la,l ¿ur¿rl.r,sis arrrl IISPI(l1,1<:ir'<;uit sirnulatr>r.a,r.<: ¡sccl.

irt fì'r:cltrr:rrc)'a,ncl timr: clorn¿l,ins. to obtail tlrr: r,olt¿rgc: a,ncl r:ulrcnt clistrilintioïìs orì

tlt<l1,t'¿t,c<ls<>l'P(jlìs.,I.lrr':r'¿rdia,tc<-]fi<:lc'ls¿u'<:tllcrl<:a,lctt]a'tr.:cl

using a sirn1>ìe r'¿rc.li¿rtion ulocìel.
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ùir¡t'¡nuli:.:r:rl r.:lLu,r'ge d.'istril¡utir¡t: ou. otLc pkttr: o.l' d;i¡¡¡.cnsion,s L0 x l0

trt ¡trs.s'itiortr:d o¡¿ tlt,r: Z:0 pl,utze rLt rtrt,it,y ltotentiu,l.

A strur:tu,r'e consistirtl ol t'u)o cor¿ductot's

ll'he capacitance o.f tuo trctnsmissio,n lir¿es as a JzLnction ol distance

l¡etzuee¡t th,e lines obta'inerl'usi¡zq IEAI un,d, tlte ttuo-stugr: metÌmd. T'l¿c

length o.f'the lin,e is líc'm. ,L'I

Cross section oJ'the chalpe distribution on tlte upper plate ol the georn-

etry shown aboue obtr¿ined using tl¿e iteratiue method ancl the classical

IllM. . 'IT

r)x
¡),.)

.J0

3.6 Cross section oJ'the charr¡e d,istriltution on Ttlrr,te one oJ' the gleometry

slto'Lun ttboue obtainerl usin"q tl¿e iteratiuc metltorl and the clussical IEXI.

tI.I ¡1, structure consistinq of tuo cond,u.ctors

4.2 (u) tln eru.mple o.l'two co¡ztl,uctor. (b) a,n,d(r:) Discretization for tlte

Jirst stage solution.

,[8

ilo

l[\uto t¡'rucc.s ole.r' fl, d:ielec:tr"ir: uith,

tl s11stern, o.l' .l'our Ttin r:onrtector'.s

á" : 3(l - ta,rt6). úa.rzó : 0.001

(a) tt tuo-straiqh,t sectionecl concluctor, (b) cirrtrit mod,el

OJ
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Chapter I

Introduction

Irt r.ortt¡)tt1,cr'-a,icl<:<l d<:sigrr a.lrcl a,lra,l r,sis ol'ìriglr 1;cr.f'gr.¡ra,rrr:ç irr1,r:g1ii.t<:r.l <rir'<:rri1,s.

i1, is irrtllotl,¿rrlt tr> stttt.lv tlrc r:l[r:<:1,s of'1ra,<rìra,girrg a,ncl in1,c:r.<:9ll¡c:<:1,i<>¡s orr sig¡¿l ir-

t<:gIit1'. 'l'Ìt<,r <rottltìing artt<>rg tÌr<: stta,r, int<:r'corln<:r:tion r.r,lrir:lr ìrar,<: r:rtlr:rrìr:1.r, surall

plt-r'sit:al clirll<rrlsir>rls stt'ottgìr, a[[c<:ts 1,lr<r p<:r'f'olrììa,rì(:o 6f'<:i¡r:¡i1,s. srrr:ìl ¿rs i¡ <.ì.r,r¿'rri<r

nlcrlìol'\/ cclls, cltip c¿tLri<'¡t's ancì lrnr:ìiaging <:onnccto¡s Il]. Cja,l'r:ful contr.ol o[ ltzrc¡-

elge pa,r'zrsitics ir.,a,cls to int¡rrorrecl circuit lrer'lornra,ncc. '1.'llr.¡ oþ.jcrctirrr: oI this thr:sis is

to consicler r¡rethocls ¿rncl cleveloÌl new techniclues lbr tlle extr¿rction of the package

Perr.zrsitics a.ncl to stricly the er,pplic¿rtion oI these <-:lectric¿rl pzrrzr¡reter.s in the sig-

ni.r,l integritv zrncÌ llÀ'IC ana.lysis. The lbur cluzrsi-1'l-')ÌVI çlect¡ic¿rl jr¿l.r.ameters rvhich

conrplcteìlt descril:e multiconcln<:tol str.Lir:tur-c.s ¿u'c cerpacitanc,:e, incluctä,'ce, resis-

tance ancl conclrtctance matrices. A revielv of the main numerical techniques usecl

{ol parasitic extr'¿l,ction, na.rneiy, t}re integlal ecßia.tion rrrethocl, the paltizr.l element

ecltiivalent circuit methocl ancl the finite element methocl is presentecl i. C)hapter 2.

In aclclition, sorne of the less general methocls a,ncl those methocls clerrclopecl for spe-

cizr.1 geomett'ies ¿r,r'e ciiscrissecl. ilìh<,' a,plrlic¿rtion ol'ea,cll methocl to 1rr¿.ctic¿rl structures

lvith reference to the literatnre is then outlinecl.

In the integla,l eclttzr.tion nrethocl (lFlN,l), the ploblern is fbllnul¿rtecl in te¡ns ol

the char,rge clistril:ution on the bouncla.ry lor the ca.percitance ¿rrrcl corrc¡ict¿l,.ce cal-



(lh'q¡t,r'r I lnt,rocluct,ir¡n

<;ttlatictrts: ¿tit<l ilt t<:t'rns ol'tìrr: <:rrllclì1, cl<:nsit.r'f'or'1,ltr: indrr<:tan<:<: a,rlrl lr:sistan<;<:

c¿rlctrla,tions. 'lltelclolc. Iol tllc c:rptr<:ita,ncc: a,n<..l conducl,¿ulce c¿rlcnl¿rti<>ns. onl_r,

tÌtr': itrtclf'¿lcirtg sttt'['ilt:<:s l<:r:c] 1;o lrc dist:r'r:tizccì iil1,o sul'l'¿r<:<: <:lcrn<:nts. 'l'ìrc olrr:rr

t'<:giott 1tt'ol>l<rrn is ¿lut<;nlati<:¿lllv lra,nrll<rd lr.r, 1,ltcr Il,l\,1 ¿rnal.t,'sis. In 1,ll<:1ra,r.l,ia,l <:ì<:-

rncnt ecluir,¿r,lent circuit rnetJloc.l (Plllì(r)" <:n,P¿r:ita.nrÌ(ÌS zì,r'(:ì obta,inecl using ¿r thlee-

ditlt<lrlsiort¿rl lr<;urtcl¿u'.\, <:l<:rrrcnt rr<:tlr<¡c.l ¿ln<,.l tlr<: irrdu<:t¿rnc<,rs ¿u'<: c:¿rl<;rrl¿rt<rd usi¡g ¿

r,o]ul'l.tcl_<-.1<llrl<:rltir'tt<lgr.zr1cc1ua1,i<ltt|ot'rllttl¿r1,i<ll,l¿tlt<-lg<:lt<lt'ilì<:it.ctritrlc:tt,t,<>t.li

I'Ìrl tlt<: Iirli1,c <:lt:nlr:lt rn<:1,Ìrr>tl. 1,lrr:1>ol,crrtiaì rlistti]xlti<:rr l,lrloughout tìrc r'<rgion is

olit¿lincd. 'l'lrelc:lblcr it r'<:clrrir'cs tlr<r <.lis<:r'<rtiza,tion ol'tllc (:ìltil.o <lonr¿rirr of nll,r:r.cst.

rvitlr a, sp<:cia,l tre¿rtln<-rnt lbl tlrr: opcn r.<.:giorr lrroltlern.

In gencltrl', thc numeric¿ll c¿rlcul¿rtion of th<.: <:ìectlica,l Pi.lta,nreters oI zrrbitr.zr.r..1,

three-climensional geometries is ver-v costl5, ancl reclrrires ver-y la,r'ge stor.erge rrìemoïy.

\/¿rriotts attempts harre l¡een rn¿rcle to l'ecluce the rnernor.y stora,ge zrncl cornputation¿l,l

tirnr: r'ecpiirecl to c¿rlcul¿rte these irerrarneters. I-Iou'<,:ver, these zrttempts a,r'e usually

nr¿rcl<-: fol spccizrl geonretries 12,3, ,1, ir] or clo not lesult in consicler'¿¡.ble sa,rrings irr

the cornput¿r.tional cost [6], [7] or in memor¡, requirernents If ], [8].

In this thesis, tr,vo approaches are clevelopecl to rninimize the cornlxrt¿r.tiona.l cost

¿rttcl llelnor',r, recluircrnents fol the nurneric¿r] c¿rlcul¿l,tions of ca,pacitzrncer, conclur:-

ternce, inclnctance ¿l,ncl resist¿l,nce rn¿l,trices of ¿rrìritra,r¡z f,þt".r-.lirnension¿l,l stru<:tures.

il'Ìtc prolrosecl apploaclr for the capa.citance calculation. lra,secì on the integrtLl

ecluation methocl, is presentecl in Chapter 3. ilìhe capacitance matrix of ¿r. three-

<,lirrrensicxl'¿illntrlticol,t<]uctor''crtlllr.:c1cic.:<]ina,h<lrrtog(:)]'ì()()L1Sclir:l<:ctri<:

cnl¿l.tecl in t-,vo stzrges. In the ñrst stage, the structnre is cliviclecl into sections. Then,
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tìrr: in1,r:glaì r:c¡uii1,ir>n lnr:tlroc.l is rrs<,,t1 to oltta,in tl rc c:lra,r'gr: distlil>rrti<lrr oll <:a.<:lr sc<:-

tiorl itl isol¿l"tion flom ¿l,lì otlter sc<:tions. ln tlr<: sccc¡nd stzr.ge, 1,hc: chalgc clistr.ibutiol

oltt¿rilt<rc.l irl tllc fìr'st stage is rrsr:<l 1,o <:¿rl<:irla.tc tlrc <:lra,rrg<.r irr tlrc t,ol,a,ì <:ha,r'g<: stor.ccl on

c:a.<:ìt rtctndtt<rtrl' in tlrr: <:ni'ililnrn<,:lrt of'1,11<: u,lr<ilc s¡,st<ln. .,\ <:<lrrr1;trlis<lrr lrcrl,u,cr:n thc

<:lassi<:a,l Illlùl ancl the 1rt'oposcrcl rnetlrod rvith lespc-.ct to the <:ornputa,tion¿ll cost a,ncl

ììì(,ìllìol'.\r stcx'zrgr: r'cc¡uit't:rrtcnts is inclrrc[r:cl. 'l'ìris cornlr¿.Lt'is<lr shor.r,s tlra,t tltc co]tìplt-

1,¿l1,jona,l 1,iruc ¿rnd lìlolììor'\/ storügc ¿r'c signilicantll' r'<-rdu<:ccl. Rcsull,s <llr1,¿rin<:cl usillg

tìlr: rtc:tt: rltcl,ll<ltl (:orrìp¿ì,r'o r'r'cll i.vitìr tlr<lsr: llascrl <>rr otlrr:r'tc<'llnictrlr:s.

ln <:lra,pt.r"l , tlrc:1.wo-sl,a.gc rrr<:tlr.cl Pr'(-'scìîìtod in <:lraPt<,rl il is r:rtenr.l<:rl 1,o tlrc:

extr'¿lction ol' the ca,Pacita,nce ¿lnc.l <:onchi<rt¿rn{r€r n1¿¡f¡i.r.,,s o1' <;<>ndu<:tols ernl;ecldcc.l

in ¿rrllitr¿rry dielectlic rn¿:,teri¿rls. 'l'h<'r 6¿¡1¡¿161il,¿rnce ¿rncl conclnct¿r,ncc rn¿rtr.ices ¿llc

calcttl¿r.tec.l in tr,vo stelges. In the first sta.ge, the structure is cliviclecl into l¡locks.

IJ¿l,ch blocli consists of zr single conchrctor ¿rncl ¿rll the c.lielectric-clielectlic. interl¿rces.

The IDùI ntethocl is then usecl to sepa.r'atel¡' soh'e for the chzr,rge clistr.ibution on each

ìrlocl<, thus negìectirrg tlrr: effècrt of'¿r.l] oth<;r'blocl<s in the str.'nctnr.e. In th<; second

stage, the coupling arnong the concluctols is inchiclecl rvith the zrpplication of thcr

IIINI to the r,vhole srlucrrlre.

ifhe {ic'cluenc\r-{çp"t clent incluct¿tnce ¿l.ncl resist¿l.nce ma.trices extr¿rction ol three-

clirrtension¿rl rnulticonclnctol system is incluclecl in ch:rpter' 5. The incluct¿¡,ncc ¿l,ncl

resist¿ruce matlices ¿rre calculatec.l in tlvo step. In thc filst step, the paltizrl ck:rnents

ecluiva.lent cilcuit rnethocl, (PEEC) [9], is usecl to calculate t]re self incluct¿r.nce ancl

resistanc<,: <l,f'r-l¿1,<;h conductol in isol¿l,tioll o[ ¿l,lÌ oth<l'c<>ncluctors ilt thr.. tì)/sterln. Tlleil .

in the seconcl step,'Ihe filaments zrpproximation given by Grover'[l0l are usecl
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t<; a1t1tr'<>xilna,t<: tll<: inul,ual inr.luc:t¿rn<:es a,rììoïìg tlrr,r <r<>lt<lu<:t<;r.s. 'l,llc: r.r:srrlts a.r.c:

inclu<lcc,l artcì cornlr¿r,r'ccl witìr tJrosc obl;¿rinecl using the 1;a,rtial elcr¡ent c:cluiynlent

cir'<:uits rllctllocl appìi<:cì ti> tlIe r.r,ltolc stlnr:tulcr.

Irt <rltn'Pt<:t'6. tll<: <:lcctlit:al pa,r'arn<:1,c:r's oìlt¿r,irlcrl ilr tJl<: plr,:r,iorrs <:lrapt¡r.s a,r,r:

r:rnlrloverì irl tllr: t¡rra,si-sta,ti<: <:¿l,lcilla,tion of cr'<>ssta,ll< a.ncì g-roun<l-noise i' ¡rrirrtecl

<rilctlit bo¿u'ds (P(.llìs). l'\tltllcrnor'c, r'¿cliill,ion clriissiors lì'orn tr,¿L<-:c:s in lr(.jlJs a,r.<:

r:¿rlcul¿rl,crcl usìng tltr,r <;rttt'r-rnt disl,r'iìtu1,ion olrt¿riil irr tllc c¡oss1,¿rlli ¿ur¿rh,sis.

'l'llr: rlr:at'-<:rt<l attcl f'al'-c:rtcl <:r'ossta,lli voìtagr.s <>ri 1,lr<l tlalrsrlissi<>rr lirr<:s ar.<: <:al-

t:rtl¿rt<':cl ltv lllotl 'rl arrti.ì.1,s1¡; a,nd lunr¡;r:cl-<tlculcnt rn<¡<.lcl rvllicll is ¿r¡¿r,l'z<:<ì.si'g

ìISPIOìl) [l l]. (,lrouncl-rtoise is <:¿rlcul¿rtecl usirrg a, ìurn¡recl-clernent applorinra,tions

moclel . 'llhe tirnr:-dc¡rn¿lin leslronse of tlle systell is obt¿iined lronr tÌle h'<:c1uenc1,-

clolnain lesponse using llouriel transformation algorithm ¿r.ncl by the transient anaì-

vsis using i-ISPICIÌ. l'he r¿r.cli¿rtecl fielcl is c¿rlcul¿ltecl using the cnrrent clistril¡utio¡s

obt¿rinecl frorn tlrr: closst¿r.lk er.nalysis ¿r.ncl a, sirnple r¿rcli¿rtion moclel.

rrina.llv, the conclusions of this worli is incl'clecl in C)hapter 7.
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[,.,iterature Review

'l'ìtis <:ltilpl,ct'pt'cs<:n1,s a. r'<:\'i<)\\' <;l lrrlrcri<:¿rl ln<:tlrr><ls r:rrrl;ì<)r,cil fol tll<: r:¿rl<:ir-

la,tions of'tllr: <:it,1>a.<:i1,a,rt<:c. <:on<lrr<:t¿i,rr<:<:. inrlu<:1,a,n<:r: a.n<l lc:sist¿r,rr<:c llra.tl'i<:es ol'a,rr

¿lt.llitt'a,t'i.rtlul1,i<:olltltltl1,rtt.sr's1,r.lrl.Ì\,Irr

gcrtc:t'it,1,<:iì trsirrg tltr:sc 1;alrurrcl,c:r's. 'l'lles<: ru<>r.l<rls <ra,n tlr<:rr lr<: rrsr:cl t<> ¿r,rra,l.r'zc r'¿Lr.i<iils

el<':ctl'i<:¿rl circuit lr<.:lr¿n'iors tlr¿rt c¿rn bc classi[ir:<] a,s sigrräì integl'ity ploìrlc:ms su<:h ¿r,s

ct'ossta,ìk, grouncì roise ¿rncl bonnce, c.lispelsion anci susceptibilitv [12]. Jrurtlreln'ìofe,

the currents ancl voltagcs obtainecl using the transmission line rroclels can be usecl to

c¿rlculate the electrornergnetic r¿rcliation ¿rncl the electric¿rl cilcuits complia,nce lvith

the clcctrornzrgneti c cornpertibili ty ( llM C ) compliernce st¿rncl¿r.rcls.

il'hree pr-inci1>al nurleric¿rl techniclues, namelS', the irrtcglzr.l ec¡ration methocl,

the partia.l r:lement ecluivaÌent circuit methocl ancl the finite element methocl ¿rre

consicleled. Some of the less general methocls a,ncl methocls fol s¡recial geornetries

¿rle also cliscussecl. In ¿rclclition, the zr.pplication of each methocl to practical str.uctnr-es

r,vith refercnce to the litera,tttre is outlinecl. Fnrthermore, sorne a.ttr:mpts to recluce

the rncmor')/ stotage a.ncl cornl;ntation¿rl tine rec¡rileri to c¿rlcui¿r.te thesc 1:arametc:ls

are incluclecl.
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2"X, Statement of the Problem

(.lolrsidcr a syst<)nr <ronsisting o1'n¿ a,r'lritr'¿u'r' iclr'¿rl <;onrlur-rtols cillb<:c.ld<:cl in a

nnrìti1;l<: di<:l<:<rtlir: r'cgic>rr. 'l'lrc olr.j<r<:tir,<: is to clcl,<:r'lril<: tltr: <:lcr:1,r'ic¿rl pa,r'arrrc1,r:r's of'

tltc st,st<rrn ¿urcl to in<:luck: solner o['thc:rPplication of'tlrr:se palanl<rtr.rls in tJre sigual

int<:glitv arrl ìÌ\,i( i ¿r.ll¿rlvsis.

2.LJ The Capacitance and Conductance Matrices

'l'ltc: <:otrtpì<:x <:a,1ra,ci1,a,n<:t: rl¿r,tl'ix o['suc:ll ¿ì, s-r¡stclì is ¿rl rr¿ x ?l¿ f.i.\¡rììrìretli<r rrr¿ltlir

C tlr¿rt lc¡l'c'sents tlr<,: <:¿rlr¿rcit¿r.n<;<: ¿rn<l conclucrt¿l,n<:c: rn¿ltlic<,'s of tlLe s)¡stc:rrr. 'l'lr<r

rerell part o1 the cornplex mzrtrir, Re(Ô), is thc c:2r.1;trcita.n<:e rrratlir o1 the sr¡str:nr:

tÌre imzrgina.ry part, hn(Ô), r-eplesents the concluctance rnatrix of the system, or

the clielectlic losses. l['he r,.i 
¿l'e]ement of the rna,trix is the free chzrrge on the i¿r'

concluctor rvhen ¿ril concluctols r,:xc<-:pt the j¿å concluctor ale glounclecl ¿rncl the .jrt'

concluc:tcir is <:ltarged to it, potenti¿1.l of 1 I/. llence, the <;lemerrts of thc czr.pzr.cita.nc<:

m¿rtlix c¿rn be cleterminecl lry lelating the free charges oil the concluctors to the

potenti:rl ol these conclucto'.'s.

2.L.2 The Inductance and Resistance Matrices

'l'he incluct¿rnce of sucll zì s1,'5f,ç1;¡1 is ¿rn rn x rr¿ syrÌrnìettic matlir L, a,ncl the resist¿rnc<r

is m x m cliagonal matrix R.. The tr,vo matrices can be obtainecl from t,Ix., rn x rn

inlrecl¿ncc rn¿r,tlix Z, rvlrele Z : Rl ju:L - Y-1. 'f hc z7i r' <-rl<¡1¡1ç1rt o['tlr<: Y nl¿rtrir

is the arnount of curr<-:r:t that flor,vs on the ¿t" concluctor lvhen all r:oncìuctors excent
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tÌtr:.7//' <:tlrl<ltli:tot' at c: gi'<>ttrtri<:tl a,rrr..l tlrc .7ri' <:<llrrlrrr:t<;r, is r:ìra¡ggcl t9 a, lrot<:rrtial <>l' I I,..

llcrrcc. thr.: cleru<-¡lrts of' r,|x: z rn¿rt.ix c¿r' br: cleterrrri'.:cl b¡, ¡sl,¡1 ;,rg tlr<.r c.L'errts o'

tllcs. <.o'clrr<:tol's to tlrc lr.rr:ntials of' tllc c:,'rrn.1,o.s.

( j¿rlt:ul¿rtirlg tlte <:it,1;a<:i1,¿ln<:r:. in<lu<:ta,rr<:c a,lr<.1 lcsisl,¿rrr<:r: rua,tr.ir:cs of' nrulti<:oll<lrr<:-

tot'structtlres c¿ì'rl Ìre c.l<irlr: rising ¿1, rr¿iliet.-r, of'nrrrneli<:a,ì ter:þ¡ic¡ur:s ¿r,rr¿rila.bìe in tJrr..

litr:r'¿r1,rrr'<r. Solrlr: ol tllcs<: nrrnrcr.i<r¿ll tcclrnic¡rr<:s ar.c 1;r,<:scnt<:rl n<:x1,.

2"2 lntegral Ðquation lVlethod (IEM)

'['ìte i¡1fçg¡a.l <:cJuatiorl rn<-'tho<ì is t]r<.: nrost wiclelt/ ¿ì.1)ì)lie(l nletltocl lbr the cìxtr,¿ìc_

tion of' czrpacitancr: ¿l,tlcl incluct¿r,ncc rn¿r.tr.ices. lllhe rn¿r.in ¿rclr,¿l,nt¿l.gcs of, this methocl

are; its efficiency, sim¡rlicity of cl¿r.ta preparation ancl ¿r.utoura.tic hzr.nclling ol open

Ìegions' 'llhe concluctoL sur.f'¿r,ce ¿r.ncl clielectric-clielectric iuterfaces neecl to be clis-

cretizecl rvhen the free sp¿ìce (lreen's function is employecl. By using n geomet¡y

cle¡renclent Green's fnnction, onlv thr: r:oncluctor suLf¿rcr:s neer.l to J¡e cliscr.etizeci.

I-Ior'ver¡er', ihe IDIVI fot'rnuiation results in a clense m¿rtrir. This formulation limits

the nurnber oI elernents th¿r.t c¿l,n be ¿rccomrnoclatecl clne to th<; long sol¡tio¡ tilne

ancl lzrrge memorv storage recluirernents.

2.2.L Capacitance Calculation

All the con<luctor surfaces arrcl clielectric-clielectric interf¿r,ces aïe replacecl by ¡n-

kllot'r'n cha,r'gc: clistliltutions ¿rn<.1 el potentizrl distr:ibution r:clniva.lr:nt to t¡¿rt of'tlle:

originir.l sYstem [13], Fig. 2.1. The cha,rges consist of free chalges on the concluctor
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Sul.f¿X](]S'fì'r.'<:a'rlc-l1>oìar.iza,ti<lrl<:ltirt'gtlsollt]lci:<lrl<lttc:t<lt._

l¿u'iz¿rtion clla.r'ges ¿rlonc ort tJrc diclcctlic-diclcctlir: intcrl¿rc<:s. 'l'hc 1.>oterrtizrl ilt arr¡,

lttlirtt is clttc to 1,lrc r:ttrnul¿rtivr: cf[c<:1,s r>f'all ¡ti'csr:nt <:lra,r'gr:s. 'l']lc ltotcltia,ì ¿lt ¿rnv

p<>irrt l alising f'r'onl ¿r rlnil, s<>ur'<:r: <:lra,r'gc ¿rl, r./ is gir'<:rr ì11,

(2.1 )

tl,ll<:l'<l(.i(r'.r,l)isa'1lt.<l1ret'('ll.<:<-.rl'sf.urt<:1,i<irt.o(r,,)is1,ll<:ltrllirl<li.t,rl

r,e is 1,lrc lrclnrittivit"r' o1'lì<:<r spa(:o.

Orrr;c: tltc r:ltit,tg-t: dc:ttsitr'ø(r'') lras br:r:n ob1,a.inc:<1. tlrc:1,o1,a,ì <:ìra,r'g<: rin <:a<:ìr <:<>rr-

<lrrctor, Q7, <:.trn br: c¿rlcula,tccl f'rorn

Qr o(r')d,s' (2.2)

çr(r,) : L l"rIr,'.rr)o(r'')ct.t'

I'I
I

JS

tr'igrr le 2. I : C,:hru'g r: rJi.s tr.i,bu ti ot ¿ r¡n, l,h r:'irú erJ'rtrt:.s.
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2.2.2 Incluctance Calculations

'flte inc.lttct¿tncr': nr¿rtrix lor ¿l two-c'[irnr':nsion¿l,l syst€rrlr, c¿rn be olrt¿rinecl clilcctl.r, f'roln

thr: <:a.pa,r:it¿lnc:c rn¿i,trir Ila]. usirrg tllr: li¡lloivirrg ec¡ua,tion:

(2.3 )

tt,ltcrt'c l, is c¿rll<rd tll<: lolv<:r'b<run<.[ inclu<:t¿l,n<rc: ol tìr<: irrdur:1,¿llcc ¿rt infiilit<: I'r,<:c1ur:rr<..y.

/ts iìÌìd (-s åì.tcì 1,h<;1t<-rlntc¿rlrilil,r'¿rtcl 1><:r'rrtitl,ivit) of tlrc flc<: s1;zrc<t, r'cs¡tcc1,ir,<:ì_r,. ¿r,lrcl

[(:e] is tlt<: <:apar:i1,¿ln<:i: nl¿r,1,r'ix <>lrta.irrr:<.1 af't<:r'r'c:lnoving all <li<:lcctl'i<: nra1,<:r'ia,ls ilr

tll<: svs1,r:nt: i.r:., tltc ca1;a,<:ita,n<:c ln¿i,tli-r f'<ll a, s¡'¡;.{,1:rn c<tnsisl;irrg <lf onlv p<rll'<:<:1,

r:on chict i r rg rrr a,teri ¿rls.

'l'he cluttsi-st¿l.tic analysis c¿rn b<l nsecl to estima.te the incluct¿rnce as fïc:ctue¡cy

clepenclent palameter'. The vcctor integro-clifferential skin-effect equation is:

J(r) jn¡r,f J(,'') 1t-ï+"-i l.t-. -:,t(LLi:- Vp(r) (2..1)o qji.1 ,r1,t'-?",I

r,vhere J is the unlinorvn currr:nt clensitlr, ø ancl l¿ ¿1,Ìe thc.: concluctivitl, ancl the

permezr,bility of the rnaterizrl, respectively, erncl / is ihe potential irnposecl on the

concluctors.

lfhe unknowTr (itlr'r'ent clensity clistribution, J, is to be ev¿r,lua,tecl fol a girren

geomr:try ancl potenti¿rl excit¿r.tion /. The incluct¿r.nce m¿ry be c¿rlculatecl fi'om the

f ol lorvirrg ecprati ons

I,d;a,,: L12 (2.5)

(2.6)

f)

rl, Jdul2 : 12
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'lÌl solvc (2..1), 1,lrc ìronr<>gorì(ìous solution f r>r'J is t:i'¿rìua1,eci: rt,itìt tlrr: r'iglrt ìrarriì sitl<:

eclui,lìs zclo. l,a.pìac<:'s <:c1neìtion is then sol vcd fol cj lot il, givcrt potctttia,l <;rcitation,

¿rrr<l lr<'n<:c y o is rl<'t<:r'irrilr<'rì.

Pla,r:ti<:al s.1:sl,¡,r11¡¡; r.r'itll n<lnllorììogoTìoous nr<:rlia. can lr<: lr¿lncllt:<l lr.r, olrc'<if 1,ìl<:

[ìrllorving trvo a,1r1l'o¿rr:hr'rs: A) 'l'hr: georì'letr-\¡ clep<-'nclcrtt (lrr:<-'n's I'urrr:ticin itlrpt'oilclt

ol lì) 'l'1rc in1,<:r'Iilcc int,cglaì cc¡uatiorr u.1;1>toaclt.

2.2.3 The Georrretry Dependent Green's Function

'l'lr<: fì'cc-s1>a,cc (.llr.:<rn's f'un<:tiorì nì¿ì-\,'l;e rlo<.lific:d to inr:or'1rolnt,c tllc.'ef['ect of'tllc:

cli<lcctric-clielectlic intclf¿l.ces ¿rricl thc gronncì plane. IJsing this zrpproa,clt, onì-r, tlrr:

concluctor'-clielectlic interf¿rces neecl to be cliscletizecl ¿l.nc'[ ther-c is no neecl to truncate

wicle glouncl <nncluctor ancl dielectr.ic layers. Thelefole, the intelactiorr matrix is

reclnc<-:cl in size ¿r.ncl lecruires lcss time to be solvclcl but e¿rch m¿ltrix element now

talçes aclclitional cornputing tirne. I-Iowever, the requirecl Green's function c¿r.n easily

be lourrd lot sorne specierl systcrns such ¿rs: clielectric slab rniclostrip, hornogerreous

strip line configuration ancl othel strnctules in lvhich ¿r.ll cliclectric intelf¿r.ces ancl

grouncl planes are planzrr, par-allel, ancl infinite in extent. Green's liinction becomes

vely cornplic¿l.tecl ¿rs the riunrbel of la.yels incle¿lses. In genertrl, fincling the geometr-y

clcpenclent Gleen's function is cliflicult, rnaliing this apploerch irnplerctica.l. 'l'hr: k>r'rtr

o{t(ìr'ec,il's ltilrction, fol a slrecia,l structulc,', Ìr'ra1, lls <letellninecl florn the interl'¿rce

bouncla.rl, conclition, together ,,vith image theory [15], transverse tr¿rnsmission line

tircor¡, It 6], or' Fotiriel irrtegrzrls I L7].

l0



(ihapt,c:r 2 L it,r:t'¿tturu: 1lcvir: u.

'l'llr: g<:<ltttcltt lr d¡¡tr,,t',lent (.lrt:clir 's fìlil<:1,i<>n lras lrc<:n r:rrr1;lovctl irl r,ar.igirs l'6r'r¡s Ìr.r,

lll¿rrl)/ I'crse¿ìl'ciÌct's. \\''ceks Ill)] apploxirn¿ltecl tlrc snr'['¿rc<: r:lrin'gr: <.lensity l;¡, pi<tc<,ri,r,isc-

lirtcal'I'unctiotls. lIr: solvr:c.l tllc: (llccn's fìrnctiolr lol scr,,<:r'¿rl 1,r'a,nsnlission linc <:orrfig-

ilt'a'1,iOlls lr.r'a,1t1tl.r'itrg a, ìcast s(llla,r'cs rnirrirniz¿r,tiorr pr'o<:r:rìilr'<r to 1,lr<: irrtr:gr.a.ì cc¡rr¡-

tion. 'l'he <:a.pa<:itan<:c ol'thin finitc corrrluctols <;n ¿r rlieler:tlic shr:r:t is ca,lr:ula,tc.'<l

lrv P'r1t'l[17]' 'l'ar'ìol r:t rtl. ['l] soìr,ccl f'or tlrc tlrr'<,:<r-<linrcnsion¿rl cr.osso\ior,<:apir.<:it¿¡<:<r

llcrtt'r,<tttlt trlultilct<:l slir,:r't,<rd crircul¿u'lirrr:s ¿rb<lr,c ¿ gr'<nn<1 lrlan<:. 'l'lic <:lrti,r.gr-- dcrrsi1,.1,

¿i,t'<)1llttl tllc <:rtl irlclli<:a.l <:oncltl<:tot'¿tl a,n¡r 1;a.r'ti<:ul¿rr'<:r'oss s<:<:1,i9¡ \\r¿ìs ¿ìrjs.¡rììçrl r:<>¡-

st¿rrlt. Irl a,cltlitioll. tlr<: cìc1;c:ttrlcncc ol'1,llc: rnu1,u¿r,l cill;a.<:ittr¡r:s 1¡¡ tll<r i¡tr:r,sr:<;l;r91

a,rrglc o[' tllc ìin<,:s 1y¿¡s invr:stiga,t<.r<]. Ning r:f rLl.. l:l) <]eyr,:lol;<:r] ¿r tltree-dir¡ensi6¡¿rl

ìloun<ìa,r'5, clcrncnts rnetltocl [or' lines orr ¿r ciielectric ¿l,l;or,<.r zr grouncì plane, irl rvlri<:h

the char-ge clistribution is rnocl<¡lecl by piecervise-linear tri¿rl functions. Thus the mu]-

tiple integra,ls clefining the systern rn¿rtrix elr:m<:nts r,v<;r'e leclucecl to ir. single integlaì.

lVu ¿rncl wLi [2] er'plo;,e61strur:tur¿rl symmetry erncl perioclicit), ¡6 r'ecluce the nurnber

of unknor,vns in the 1>robìern; hencc:, leducing the rn<rn-ror¡r stolage recluilenents ¿l,nc.l

compntzttiona.l cost. They introclucecl mocliñecl Grecn's functions rvhich ¿r.r:connt fol

the sl,rn¡¡str1, ¿1¡.1 pelioclicity of the system.

2.2.4 The Interface Integral Equation Approach

The C'h'<rcn's fìlnction nsecl in tlris ir.plrr-o¿rch is thesiml:l<.:fi'ee-spa,ce Gleen's function.

A cle¿rr aclva.ntage of this approach over the geometry clepenclent Grer:n's functio¡

tecltrtic¡n<.r is th¿rt tbis er,pltlo¿1.<-:h c¿l,lt h¿l.rrclft": s,)¡str::uls lvith ¿rrþitra,r'y cronfigur¿ltiolts.

ll
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'l'ltc rlt¿rin <lisadva.lrt¿lgc: is tì rat 1,lli: svstclll nra,tlix sizc is inr:r'<:asccl llr,tlr<'rlisr:r'r:liz¿r-

tion of tlr<: dielectt'ic-<.lielcctric intct'f¿rc<.rs. Ir this aPProach a,ì1 cìic.:lc<rttic-clir.rlcctricr

irttr:t'l'a.t:<:s zr,t'<: t'crpìa.t:<Ì lrv clistlilntions ol'poìa,r'iz¿rti<¡rr <:lra,r'gr:s tlrat a,r'c <:orrsirlcr,ccl

1,o cxist in fi't:<: r'il)¿ìco. 'l'lrr: fbllor.r,illg intc:gra.ì cc¡rra,1,iorì rìì¿ì.\/ l>c rlclivccl ll.\, ii¡r1rì¡'irrg

1,lrr: Jtotrrtrl¿ìt'.\/ ('orì(ìitions a,t tlre <lieler;tri<:-clielcctr.ic intell¿r,ccs

(,1t(r'2, / t\ (,.1-(r.2
.) o-(¡')--
L(0 (r0

'4#!"(r,¡rtr, :0I (2 7)

tt,llct'r: tll<: cl ir'<:r:tioir ol'1,llc nolrrr¿rl ñ is into nr<:<l irlnr 2. ¿rncl r,.¡ arì(l (.,.2 a,r.o tlt('

lrclir r i tti r, itic:s of' n ì(:ì(l iun ) I a,rr c1 2, r'c:s¡_r<:<:1, i r,<,rìr,.

'l'ìt<: intc:r'l':rcr: ilttegt'itl ccìu¿ttion tr1;protrclr lÌ¿ì,s l)(:ìeïì us(:ìcl J)\¡ rr¿ì,r'ious r.r:s<..¿1,r.<:lrc:ls.

'l'ivo ¿rncl threc-clirnensiort¿r,l rnicros;l¡ip confignr¿rtions were inr¡estig¿r.tecl, þ5r fu[ç]¡¡¡rr-

aId et al. [18] ancl [I9], using variation¿rl solutions of the integral eclua,tions. 'l'he

inclusion of specizrl tri¿¡,1 Iìurctions to h¿r,nclle singular' fielcl beh¿nrior near eclgc-:s zr.ncl

cornet's irlprovecl cronvergences, especi¿,ll;, 1uLr"n the functions ¿ìïe ¿l,ccur,¿l,te. ;\ sill-

pìifiecl ftirrction¿r.l forrnul¿r, conesponcling to thc inter:f¿rr:e integraì c-:c¡uation in trvo-

climensions is given bv Jeng ancl Wexler [20]. They have treatecl three-climensional

ploblcrns b), th<-: sarne vari¿i,tion¿r,l erpproach. llhis rnethocl allor,vecl higher-orcler rnocl-

eiling of curveci bouncl¿r.ries as rvell as higher'-olclel polynomi¿r,l t¡i¿r.l functions t'or. thcr

unknorvn cluzrntity [21]. Tlhe integr:rtion of the l<erneì over ¿ì, culrrecl Jrounclan, lecl

to the linite ellor in the pleviolls p¿ìpeï [21], and er technicirier usirìg npprol:riatel1,

lveightecl G¿l,ttssian cluaclrerture to integratr: these lcelnels was cletailecl by Le¿rn a.ncl

Wc.xler'[22]. In pzu'ticula,r the Jlanclling of liernels u,itlr /n lr'lancì r"-r beh¿r,r,iors is

cletaiiecl.
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(lo1;inat,lr ancl Silr'<:stcr'[2:]l us<:tl ¿rn ilt.cglo-cìif[<:r'cntial sliil-r:f['cc:t l'olrnula,tion

to ci,¿llu¿rtc tllc inclu<;t¿rncr: o{ ¿n'bitr¿n')¡-sh¿¡ltcc.l firril,r:-ìcngth corrclucting stt.ips ovcr.

a, gt'ottrttì 1rìa,nr:. Srnitlt aild (,1¿lngc [21] <lea,1t rvitll â,1ì opotì nric:r'os1,r'i1-r str.u<rtru'<r

u,i1,ll [irti1,t'-u,i<ltlr rli<,rl<:<:1,r'i<: irr 1,i,r,o-rlirrr:lsi<¡lrs ¿lnd irrvr:stiga,tc<l 1,llr: <:f[ìr<rt o1'1rla.<:irrg

a sigtta,ì line close to ¿r rlir:ìectti<: ecìge. \&'ei r:f rrl.. l'25) <:al<:ul¿rtecl sc¡lf' a.nrl rrrutua,l

c;¿¡-l¿cita,rr<:<:s ¿ul<.1 in<]ucta.ncr:s of'tr'¿ulsulissiorr ìinc s.1's¡1¡1¡ìs o\,.or.¿r,l.r ill[initc glourrcl

1;ìa,rtc, ilt tr'r'<t-diirt<,'rtsions. 'l'lrc c.liclcr:1,r'ic int<:r'l'¿rc<-'s ¿rllor.r,<,.c.1 rrrust bc lralaìlcì 1,o tllc,

gttiirntì 1>larrc. 'l'lu'r:<l-rlirnr:nsi<lnal stlu<:trrr'<:s r,r,r:r.c an¿r,1.\,zr:tl ll), lìao r,f ø/. ll.l] rrsirrg

a, sirllil¿rr lìilrnul¿rtiort. 'l'llr.: clrä,r'g<r \.\i¿ìs ¿U)l)r'oxinl¿lt<:cl using 1-li<:r:r:ivìsc-r:<>rrsta.nt tti¿l,l

Ittrlctiorls ort tt'izrngul¿rr subc.ìorn¿rin witìr point rnatching lìl: testirrg. 'l'lrr: rr:r:tJlocl

of !\¡ei r:f ul. l25l r,v¿rs ext<-:nclccl by l-Ia,lrington ¿rncl Wei [26] to ¿rcc<>unt [br. s]runt

concluct¿rnce. Series resist¿r.nce r,vas estimatecl by appl5ri¡¡g a perturbation methocl

to e¿rclt mocle o{ tJre tr'¿r,nsrnission line syst<-:rn. Venka.t¿rlrnan ef u,I. l27l a.nzr.lyzecl

urulticoncluctor tlansrnission lines in multilzryelecl lossy clieiectric r.egions with a

gt'ortnc.l 1:la.ne of finite extent. All sur'f¿rces ¿rncl intell¿rces lvele consicler<.:ci ¿rs intetf¿r.ces

so that the intelface ecluation ¿r.lone rvonlcl l¡e sul'Ecient to moclel a complete s\¡stem.

Interf¿rces of a.rbitrary olient¿rtion were ¿r.llorvecl. Arbitra.ry geometries rvere modelecl

lrr, \/el-tr<l'r et ul.128) using.just one ìronnclar5, clernent ln<:thocl ecluation ovel rnultiple

lcgions. Tire cha.rge w¿r.s arplrr.oximzrtec.l bv lineal cliscontinuous elements, ancl ¿rll

integrzrtions wele clone numericall5' lvitl-r optiutally ce¡¡¡¡lutccl integration orclers.

Nabors ancl White Ii] presentecl a, general three-climension¿r,l capacita,nce extr¿rction

aìgolitlulr, ìr.ASl'Ci,\P. 'l'lrcr rnr-rltilrolc,r a,lgoritlrr:r cler,<.ilc;pecl bl' (.ìr'r:clrgärci [29] ancl

¿rn iterative m¿r.tlix solver r,v¿l,s usecl to recluce comput¿tion time.

t.ì
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2"3 Partial Elerrrent Ðquivalent circuit Method

Ilt tllis 1,ltl'<:c-dirltcnsional tr:<:lrniclrr<: ¿11 r:<>rlr.lu<rtols in ¿r sr¡st<'lìì ¿r,r'c lrr.okcrl r.lor,r,n

irl1,o t'<:<:t¿t,trgrrla,r't:<:lìs. 'l'ltc <rc¡rriva,lcn1, <:ì<:1;{,¡'i1;¿,1 <:ilr:uil, is olr1,¿rincrì lr.r'<'<>rrrllì1rììg

tlte p¿u'ti¿rl calta.citartcc:s ¿rncl ilrclncl,¿l.ilr-<:s ¿rrììong tlrcse pnlti¿l,l conductols. r,esulting

irl a rrlcslt <>f'<:it'<:uit r:l<:lttcn1,s. Ru<rlrli [.ì0] dcrvr:lo1;c:rì 1,lrr: rnctlrrid 1,<¡ ¿ural._r,z<'tllr,<:c-

tlintensiol¿ll nrulti<:onductol s):storììri lvlti<:ll coultl lt<: rlr:s<:r.ilr<:rl in l<:r.nts of'r.<:<:t¿ll-

grrìa'r'<:<lll<ìut:1,tits <tt'p<>t'1,iorts ol'a <:ontluc:1,<ir'. S<:l l'a,n<l rlrrtu¿il irr<lrrr:t.¿¡r<:<:s lr<:1,rr,<:qrr

t'c<:l,ilrtgttìa,l'<:<:lls. <tr'pa,r'tia,l r:l<lrl<:ili,s. \\Icl'(ì coïììput<:cì rrsirrg tlrr: lrasir: clcfirriti<>¡ of'

irlclnct¿utce zrlrlrlicrd to snr¿l,ll ptu'ts ol'¿r concluctor loop, I¡ig. 2.2. 'l'lìr,: culr.ent f1or,r, irr

¿ulr¡ two r:ells rv¿¡s ¿rssurnecl to be ¡rzr.r'aììel ol orthogonzrl; in thr: l¿rttel c¿rsc the ntu-

tual irrcluctance is zelo. Anotller luncla.rnerrterl a.ssumption w¿rs that current clensity

shoulrl be corlst¿rnt or¿eL the cross se<;tion olt zlny <;<;11. 'l'h<: pzrrtia.l rnutu¿r,l inc.luct¿r,nc<.:

l¡etr,veen the i¿r' ¿l,ncl the j¿l'segrnents is given ìry

K A,I

r... - \- \- ,.'. r.'LJ /¿ 1¿'Jtr;ilLupkn
It=l- m=l

(2.8)

,,vlrere K ¿rncl il4 ¿rre nunber-s of elernents on the i¿l' ¿l,ncl Lhe .jt¡'segrrrents, respectivellr,

5'¡,,, lepr€sents the sign associatecl rvith the particulzrl pzrrtial incluctance ¿rncl it

clepencls on the clirection of current flo,,v in the segment, a.ncl

(2.e )

rvhicl'r can be evaluatecl using the fil¿r.ment approxirnations given by Glover t10l

'fltc concept of pa.rtiaì ca.pa,c:itellrc<:, ìrased on tlrcr thrrr:-climension¿rl boun<la.r'1,

elernent methocl, rva,s ernployecl bl, R.riehli ¿r.ncl Brenn¿l.n in the c¿rlcul¿r.tion of capac-

I4
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l..igrrr.e2.2:\.illttt¡¡'r:nt't:slt''i'ttt1.|,orlltl.i'rl'rlttr:l'tl'rl.r:r:

i1,¿t,lr<:<: <>f'1,lrr'cc-tlilrcnsion¿il s1,r'rr<:1,ulc:s Iill]. ,\s ¿ì. r'(:ìriult, 1,ìrc <r¿r,r.li<:r.fìrr,rnula,1,ir>n fil'

illr-|tl<:1,a'llt:t:<:al<:rtla,ti<)IìSwasg<:rtet'a,lizr:<,lt<lirl<llrrc'lr:llot]rt.<lsis1,a.rlc:<lil,rltl<:it,1

rn¿rtlic:es [ir]. 'l'lris crtcrlckrcl ¿ut¿rlvsis tcc:hnicluc is c¿rllcd tlrr'. lraltizrl elcnl<rnt c'c31i\/-

¿rlcrtt cilctrit (PllllC) methocl. T'he cerpacitance m¿rtlix is c¿rlculatecl using sulf¿rce

integtzrl cclua,tion f<¡rmnl¿rtion ancl the incluctance ¿l,ncl lesist¿l,nce lrr¿rtlices ¿rre ob-

tained usirrg integrzr,l equa.tion I'orrnul¿ltion. I3,v using tlris methocl, it is possiìrle to

cletertrrine the rr:sistirre, incluctirr(:) zu-rcl capacitirrc pa,rzrmetels of ¿r.n intelconnection

system, with the restriction on the geornetrv ¿l.r'ises from the Green's lirnction zr.p-

proach to the capacitance calculation. This restriction stipulates th¿r,t sulfaces of

conclttctors rnust c.ottfolm rvith the C¿r,rtesi¿r.n coorclin¿rtes ¿rncl thus it c¿rn ìrc-r tr,p-

proxirta,tecl b1r ¡sç¿¿¡ngtilar cells. In aclclition, all clielect¡ic-clielect¡ic inter'faces ancl

gi'ouncl planes ¿r.re ¿ìssLrmecl to be planar, pzr.rzrliel, ancl infinite in extent.

The lì:cclriency-clepenclent resist¿l.nce ¿rncl incluct¿urce of ¿r,n L-shapec.l corrchrctor

r,vere also investigatecl [32]. Aclclitionally, a goocl agreement lv¿rs obtainecl betr,veen

rrle¿ìsurerll<,:ut ancl t'es])onscs lrorn a, PlÌtlcj solutiolr Ior concluctivc loops - loc¿rtecl

on ¿r ciicl<:ctric substr'¿r.te - fol ptiises rvith l¿rst riser tirnes f3.ll. 'l'hc induct¿r.ncc¡ ol

I t)
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agrtlttrttì1llilrt<la,rl<,l<:<rrtrlrl<:1,tlt'siilìriglr-1itlt'fi;l'Iììal.l(](lr:<>rtt1>tr1,rlt'ìl¿t't'tlr,t.a't'<:

Ivzecl [9]. l,\u'tlrcr'rìrore, \\iu cl r¿l. [;ì4] usc:d tlrc: PIrDC rnctho<.l to obt¿rin tir<: r'<,rsist¿rnc<;

a,llcl inchict¿rrlr:r: ol'tlrlr:<:-dinrclsiorral rnultir:ondrrctol intclcorur<:<:tirn stlrr<:1,rilcs. Tia.-

rrrc>n [.S] us<:rl tìr<: rtrrrìtipolc <rrpa,rrsion tc<rlrnic¡rrr:. to rnininriz<r tlr<: <:<;rrr1x1,¿r1,i<>naì <:<is1

of olrta,inilrg tlrr: incìu<:t¿rnr:r: ¿urcl lesista,nr:c-., <)ltrnulti<:ondur:tor stlrr<:trilcs.

2.4 Finite Element Method (FEM)

'l'ltc:1>o1,citti¿rl distliìn1,i<>rr l,ltrougltout tlt<: r'cgi<>n <il in1,r':r'<'rst is <:a.lr:ul¿rtc:tl lrr, 1,ìr<'

cliscletiz¿l,ti<ln <>l'th<-: region into ¿l rneslr. 'l'he rn<lslr genclation is a vclrr conrpli-

c¿rtecl pr'occss a,ncÌ lor oiren-r'egion 1;roblerns it is necrcrsszìl'y to trunca,tc the mesh ¿rt

a finite clistance. I'he meshing of the ,'vhole clomain results in a ver-y lerrge nurn-

bel of unknolrts ¿r.ncl the solution ol the ploblern is ver-y costlv a,ncl recluilcs hugc

ilìernory storagc. lllllc rn¿r.in a,clva.nta,ge of this methocl is its czr.¡;ability of hanclling

nonÌtomogerìeous rneclia; since e¿rch elernent rler-r,' 11¿11'1¡ its orvn m¿rteri¿rl plope¡ties.

2.4.L Capacitance Calculations

The I'llNtI seelis the solntion to Laplace's ecluzr.tion through the minirniz¿tti<>n of thc

function

l,k o ,þ.v ,Ð,tu (2.10)

(2.1r)

l6
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tt'Jl<:t'<', E - - V li, D : (:E ¿rn<ì .¿r r.r,-1>t.c:sç¡ts tlrct r.vlt1¡l<: sl)â.(:o. l,' is ¡c¡rral t<l tlt.

cl<:c:tr'<lst¿ltic <lncr.gr, of' thc systcrn.

l"iclc.l <:nr:l'gics rttit.r' tlrr:n lrr: <:onrlrrttc<ì [or'<:a<;li sr:t of'1;r>1,<:ntia.l <:ollcl itions ¿i,lr<l

1,ltr: r:n,1>acita,rì(:(ì iri tìc:tr:r'nr irrcrl lì.orrr

p: 1yz¿,,

r'r,ll<:r<: V is 1,lr<: sct .f'.llf'or.<:r:<l P.tc:,1;ia,ìs a,rlrl (t, is tlr<: <

rl'r:1,'r' s¡.sl,r:rrr r.r,i1,ll .,<r r.'<lì1, a,1r1>ìir:<l 1,. 1,lr<: ¿.¿i' <:<lrtlrrr:t<,.

ir tllr: s¡'st<:n glorrnclccì. t,Ìr<: <:a,1>a,<:ita,n<:<: is gir,<:n lr.r,

(2.t2)

a,1ra,<:i1,a,rr<;r:. ì¡or' ¿r nrull,ir;olr-

¿urd all 1,lrc <>1,Ìr<:r' r:ollclu<:1,<>r.s

C¡,i l);.Ð¡cl'Lt (2.1;ì)

2.4.2 Inductance Calculations

The incluctance r'¿rtlix is computecl lì'onr the fielcl obtainecl bt, s*t¿;ru a. unit cuLrent

flow in one concluctor a,ncl leaving all other concluctors open [lìb]. Let f{, be the

palticular soltitiorr ol Ampere's l¿r.r,v

yxfl,,r:Ji

rvhere the culrent clensitv J¡ satislies

(2. r4,)

(2. r5)

6¿j : I if i:j ancl ó¿¡ : 0 other.lvise.

'l'he tot¿rl rnzrgnetic [ielcl satisfir-:s

(2.16)

t7
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'l'lrc 1-lalticul¿r,r' solul,ion I{,, is

to s¿l,tist'y .\rnpc-:r'c:'s l¿rv. lllhc:

[, i tc r ¿t t tt t'r: 1l.r: r,ie r'l

r:ot r tltrrtr:d Io<:a,l Iv 1r.1, assi grr ir r g ta rrgcnt i ¿rI va,l ucs of' I{,,

hornogc:ncous solutiorr çr; sa,tisfies tll<,: Poisson ecluation

(2.1i)

lvhelc ¡r

'l'l r <r gir,<:rr lr.\

(2. r8)

ru'Ìtcr'<r B,

'lllle finit<: c)ir,rrIl<.rttt rrt<,:tllocl ll¿rs br:<'rrr appli<-:d to ertr'¿rct thc,: c¿rlr¿rcit¿rn<:<: ¿rncl ilr-

clucta,nce m¿rtrices for trvo ¿r,lrcl thlee-clirncrnsion¿rl s)¡st<,rlns. Olson [36] appliercl thcì

finite element methocl progr-¿ìrn FItrRCE to vely general tlvo-clinlensional systerns

¿rncl ol:t¿r,inecl capacita,nc:r-:, irtc.lnct¿l,nc<¡ ¿l,ncl r.r:sistance m¿rtr.ices. C)ottrel ¿rncl ìlu-

tullzl [37] explolecl the linc-to-1ine coupling cer.pacitance a.ncl clossover ca.pzr,citzrnce

usirrg ¿r. thlee-clirnension¿rl sir¡rul¿tor. They ¿rlso stnclied the efl'ects ol the parzrsiti<:

coupling <;apacita.nce in the noise margin of logic ¿rrrcl rnemory cilcuits. Aclclition¿r.lh,,

Ner,yzrk et a'1,.l38l nsecl a, tr'vo-clirnension¿rl 1ìlÌil{ simul¿rto¡ to stucll, signal propaga,tio¡s

a,long couplecl, lossy, thin-[i]m miclostlip lines. In this r,vork, Poisson's eclnation rvas

solvecl using a sinnsoiclerl stezrcl.lr-stzrtc a,nerl)rsis to lrtoclnce a, fi'ccßrenclr-clependerrt

¿rcltnitt¿rncc¡ matlix. 'l'lvo ¿l.ncl thtee-clirnension¿rl I'IJN4 lol the c¡nasi-'fJìN¡f ¿rn¿rlysis

of arbitr¿rrv intelconnection structures was presentecì by Chou et al. [35]. T]rev ob-

ta,inr:c.l the citltacit¿ulc(.: ¿rnd incluc-:t¿¡,nc<l rn¿r,trices of nrultiplc conlrlcr<.Ì lincs ¿r¡cl lilrcs

r'vi th three- clim ension a,l cli scontinu i ties.

is thc ¡rcrlrnea.bility o1 th<,. rn¿rtcli¿rls.

ilr<lu<:1,a.rr<:c nr¿r,1 r'ix ctf' 1,ll<: svsl,r:llì ctf' <;<lrrlu<:1,ol s is

L;; : l' B,.:H.¿,'' J,,

- ¡ÉI; is 1,ll<: rrragn<rti<: flur d<rnsitr'.

l8
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2"5 F inite Ðifference lMethod (FÐV{)

Iibl thr: finitc-difk:t'cncc rn<:thocl. tlrc lrotr,rrrl;ial clistlilxrtion tlll'ou¡4-.ìrout 1,irc r,r:giori

rttitst bc d<'-tet'rrtinc:<l in oltlcl to olrt¿rin tlr<: <:lralgr: c.lis1,r'iì>utic¡n <>n tllc: <:oir<lrr<:tor.s.

11.'lre Il'DN'[ st¿r,t'ts b.1' s.,,'..r.ttrcling th<': conclnctors rvith ¿u'ti[i<:i¿r1 l¡oun<.ìa.r.ics. 'fh<:

¿r,l'1,ifici¿rl liottn<.lilt'i<:s a,t'c <:ll<;s<:n 1,o lrr: srrIfi cic:rrtl1.'l¿r'a,r.r'¿r,.\, li<¡rn t]lc <:<>ntluctgr,s 1,<r

¿rlloi't, a, zcr'o l)ili<:ìrlet cortdition ¿ìs a,rì ¿lc(:opl,aìrìr.' a,1-rlrlorirnul,ion. 'l'lrc:n. tlrc: riolnain

ol irtt<:t'cst is clis<:r'ctizr:<l int<> a gli<ì tcl a,p1>r'oxirrra,t<: La,plil<:<:'s <:c¡iriì,tion. N<r.rt. tll<:

tlcrt'it,a,tir,<:s in [,n,Pla.r:c's cc1ua,1,iorr a.r'<r lr:lrlnr:<:rl lr.\, dii,'irlc<l rliflìrr.<:n<:<:s, r.<:latirrg tr,1r-

plorirrta,tiorls to tlrr: potcntiir.l trt zrd.ja,c:e,nt gr'ícl points. ìi'or'¿r, r'egular'()illtcsiarr gli<1,

tlt<: potcnti¿rl ¿rt e¿rch lroint, tf (:r;,y¿,.2;), czrn be used along rvith its sir ncighboling

points to lvrite six approxirrr¿r.te clilection¿r.l clerivatives of the potentia.l [39],

ðtþ :
ðr¿+

oy.)

-:
0*¡- -
0rl, :

0u¿+ -
atþ

;-:
o'a;-
0rþ :

2..\/þt+

0'Ìp

[)tr:

tf;l:r¿ * l¿,y¿, z¿) - tþ(x¿,y;,::¿) 
.

lt, '

tþ(x¿ - l¿,y;, z¿) - tft(:r¡,y;, z;)
l¿

tþ(:c.;,y¿ I l¿,:.:;) - tþ(x;,y;, z;) 
.

h'
ú(*r,lJo - lt, z:¡) - tf.,(x;,y¿, z;)

l¿

tþ(r:¿,y¿, z¿ -l lt) - ',þ(r¿,?J¿, z¿)

h

tþ(n¡,A¿, z¡ - lt) - tþ(:t;,'y¿, z;)

lllhese cluantities ¿l,re combinecl for ¿r, cubi<:

thc linr:¿x systerl

lt,

volume enclosing the n gricì lroints, giving

lf)
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, Òtft , ðrf;'r 
òu;* 

-T 
t)u;

[, i t r: t' ¿t t n r r, ll r,. r'ir: u'

(2.te), dtþ+-
0x;¡

'l'll<: [illil,<:-<]if['<:l<:n<:<: rnc:1,lrotl lras li<:cn rrs<rc] lr.i,'l'¿ri,lot r, 1 ¿/. to <>lltain tll<: <:a.-

¡>acitartcc: of lrzr"rtrllel [4,0] rrrel,aiiza.tion lincs. Fictitious lrouncl¿,r,ries wr:r,c i¡tr'.¿ncccl

1'o 1,1'ttll<:¿rt<: iltfi ni1,<: r.lonra,ins a,llrl 1li<:1r<>t<:rr1,ial at tlrcsr: bc¡¡¡da,r.ir:s r.vas qstirra,l,<:r.l

i1,<:r'a,1ivcl), 1ìrt'c:a,<:ll sct of'<:x<;i1,¿t,tic>¡ r'6lt¿gc:s. Z<:r¡¿¡¡i¿i,rl rl ,t. 16).s.rì ¿r, rlo'l¿ri'-

t:orl1,t'a<:tirltt 1,r:<:ltnic¡ttr: u'i1,lr 1,ll<: l''l)\,1 tr> r:oltltut<:1.ltc <:a,1;a<:i1,a,rrc:r: l<>r.\,'l,Sjl/til,Sjl

irltr:l'<:<lrtrtc:c:1;iorls.,|.ll<:s<:rlli-illfirlit<:d<lllla,iltirl1,]rctllt'cl<:_t'lilllrlrlsi<;rts

l>l't<'l'llt'll r,ting c:rlracitols. '['llis zrppr'oaclr l<-.¿rcls to zr lna,.jol rr:c.lu<-:tion in thc ¡unlllr:r'

oI nocl¿rl points lecluir-c:cl. A facilit¡, I'ol rnoclcling louncl c:clgc:s ancl coLners rv¿rs ¿tls<>

incluclecl.

2.6 Methods for Special Geometries

Vatious methocls have also been clevelopecl for highìv specializecl a,pplications

snclr ¿r,s higir voltage powel applic:r,tion. Cholv et at. fal clevelopecl the olrtimizecl

simul¿l.tecl cha.rge rnethocl to obt¿r,in the capercit¿rnce rnat¡ix ol'conclucting boclies ¿¡,ncl

the potentia,l fielcl ¿r.rouncl them. Th<¡ methocl usecl is based on an optimizzrtion of

the cl¿rssic¿r.l methoci ol inrages a,ncl it c¿rn l:re zr,ppliecl to ¿r,ny ¿¡'þitr¿rrill, s|¿1rccì con-

clucting boclv. Chow ¿r,ncl Yovanovich [42] shor,vecl that the czrpacitance is a slowl.1,

chzutging function o1'thr: condnctor sha,¡tcr. illtel,t¿¡ll¡latecl a, shillr<t f'¿rctol. i.r,llic:}l is

irtclePenclcrrt of the concluctor size, for valious corrclnctor shellres. 'fhis sherlre l¿rctor

20
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<:all llc ttsc:rl t<t <:stirtl¿rt<: tlrc <:it1>a<:it¿rnr:c: ol'r:on<lilctots <>l ar.llitl'¿rlv siz<r a.rlr.l slrapcs

rvitlr l¡otll coììvex ¿l,ncl <;onc¿:r,rr<: sur't'¿rcc:s. l\rrth<:r'nrolc. ¿r s(:ìt ol'fornrul¿rs h¿rs ì;<r:err

<lci'cloltcrì. lt¿rsc:cl orl t.llc sha.p<: I'a,<rtol fol lrio..lr i,oltagc po\\:ol appìical,iorrs [,];l]. tcr

<:stirll¿t.1,<:1,ltr,¡ irttlur:<:<l rt<¡ltagc. c:rrlr'<:nts ilncl r'ìra,r'gcs f'or'<:rlndrrr:tirrg ll<>cl ics rrrid<:l.rur i-

f ol'rrl a,ncl cJttasi-ttnilot'rn elr:r:tlic |.ielcls \,la,l'ur,¿rc]¿r a,ncl llytenr:a [44,] c¡..sr:r'i¡ecl ¿r

<:ortti)lttr-rl PÏogt'artì lbr tlrr: ca.lctrl¿rtiolr o1' a, singì<: conrlrrçt<tr.-t9-gr'9¡¡c.l ca,lt¿cit:rrrc<r.

Its follltulatiorl is lt¿rsc:<.1 on tltr-r rtcl,ìrocl ol'irnagcs ¿rrrcl tllq <:[a1gr-, si¡l¡l¿rtio¡ nrctIqc.l.

'l'llt:r'lla,i'c <tltl,¿rirl<:rl tltr: <:a.1ra<:itan<:c: for'¿r nrlrnbcr'<>f'lrasir: <:l<:r:tr.orl¡ <;<i¡figrr¡atr6¡s

usecl irl lriglr i'olta,g.'t:ì pow(ìr'ap1;lica1,iors. ,\ tlrlr:c-clirrlr:¡sio¡¿ì r:ir.ptr.<:it¿r¡<:g grtr.¿rctiurr

âÌgorithrn tl'lticll is stiit¿l,lll<l lor'pa,r'alìel corrrlrutcls w¿ì.s c.lerrelopccl l¡r, Gn<.rr"c:r'¿r,rlr.l

Serngiova,nrri-Vincr:rttelli [45]. Clrov<;r' [10] g:r,ve ¿r nic:cr collectio¡ ol' sirnlrlc fo.rrnl¿rs

basecl on filament approxim¿¡,tion r,vhich c¿r,n be usecl in the self ancl mutua,l incluc-

t¿rn<:e ca.lcul¿rtion of sirnlrlc stluctnres. Golclf¿l.rb ¿r.ncl pucel 
[11,6] plesentecl ¿r sirnirle

moclel for the incluct¿rnce c¿rlcui¿r,tion of ¿r. vi¿r hole in ¿r microstlip structur.e. Thc

rnoclel is b¿rsecl on tlre simplc,: lolmul¿rs givcn by Gror¡er'[10]. Nlore leferences c¿l.n b<,:

founcl in [25].

2.7 Methods for Reducirg Cost and Memory

FÈ.equirements

Va,rious atternpts ha,rrc.' been rnacle

t¿rtion¿r,l tirnc lcrcluirecl 1br tll<-¡ ¿rn¿rlvsis

reclLrce the nrernorv stotzrgei ancì conr¡_ru-

rnulticonc.luctol structnles. A geomr,.tr1,

to

of'
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rì<:ltclrtcìcnl, (.ilccrt 's f itrtc:1.i<>n l'ol a, 1>a,r'1,i<:rrl¿rl stlur:tur'<: u,as ris<:<l t<l r.r:<lu<:c tllc siz<: <>l'

tlre nr¿rtrir systcrn, thus lechr<;ing tltr: ìl'ìcnìor'\, stor.¿gc r.<::c1ui1.sd ¿urcl tllc c<¡st <lf soìr,-

irrg tlrc s¡'s1,<rrrt [2.:ì. I3. lir. l7]. 'l'lr<: [il¿rrncnt alrploxirra,tiorrs gir,cn lrr, (llor,<:r 
[10]

atc t:tttpìrl)'(x.l iìì tìt<r indu<:1,¿lncr: clrtla,<:tion. rrsirrg tìrr, 1'la,r'tial <:l<:lrlr:nt r:c¡rriva,l<:rr1,

<:it'crtit rtlethorl [30.;ì2. :]il. f),.ì4]. Zenrzrni¿ln r:f nt. 16l introclucecl t]re uszlg-c of'ter,-

rttittâtittg <:â1rtr<:itot's to r'<:11'cs<:nt tllr: infillitc clonl¿rin: lrr-rrrc<r, r.c:c.lu<:i¡g tlrc 1¡r¡lt<_r.

of rlocl¿il lroints r'cc¡uir'<:d lol tlre capa<:itanccì c-\tr'¿rction using 1,lr<: filritc clif[ì:r.r:llc<:

rrt<:tlrtrtl. (iart.,-r:llat'is r:t ttl. [7] r:orllrin<:tl tll<: linit<: <:leul<:n1, nlr:tlro<l u,i1,lr 1,lr<,irtc:gr.aì

c:c¡uati<trr ntr:1,llocl to c¿rlcul¿r,1,<: tlle l'r'cc¡rrr:nc¡r-clcltcndr:nt ill<.ltrr:t¿ulcc ¿rnd r.<_rsis1,¿rn<:cr

trttt,tr'it:tls,f.ot'tht'<':r:-c-linlc:rlsi<>n¿l,lstr'ti<ltrtt'esinlrigll-s1l<.:e<-ìintel'colll,ì(:l(]t

IIltr'I rncthocl lr':clttces tJte number ol' cclua,tions tccprirr,rcl lor the solrition zrn<ì, trt tlrc

s¿rme time, the non-linezrr- regions c¿rn be lepresentecl by the FtrN/i. The comp¡tation

tiltte rec|.rilecl to ev¿rlu¿r.te the (lreen's frinction integrzr.l ecltizr.tion is reclucecl by ¡r;n*

the rnultipole expansion technique [1, 8].

'llhe nunrì.rer ol unlinoivns in zì, slrsfiq¡1, <;¿l,rr ¿rlso b<-: reclncc:cl using entire-clorn¿rin

basis functions for expa,nsion of the nniçnor,vn snr-face currents a,ncl charges. Th<:

entile-clom¿rin basis function shoulcl incorpola,te as closelv a,s possible the physiç¿.1

conclitions of the ¿rctu¿r.l sul'f¿rce curlents eurcl cha.r'ges. If the b¿rsis function usr:c]

closeh, resenrltie the nnl<norvns to bc replesentecl, the nr.rrneric¿rl soiution lviil yieìcl

lesnlts ol incrr:¿rsecl zrccuracl¡ usinB 1¿rr l'erver nurnlrcr of' tinknorvns [,lT] . l.Iorverrer,

constructing zr complex expansion function can be achievecl for limitecl geometrical

con[i$ur¿rtions, t:ta,liitrg t]ris nlctllocl imltracticzr.l lbr tlrc llNtlCi ¿ur¿l,l.i,sis.

Ber.gìrv ct al. l4B) usecl the entire clomain basis fïrrrction methocl of mome¡ts to

'¿2
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ittt¿t,lvzr' < <>ttltlr:tl ntìr:t't>stlilr tr'¿r,nsnission lillcs. 'l'llc.r' ritilizr:rl r:n1,ir'<r-<lolna,iil lr¿rsis

fuitctiotts rvltich irtcorpclra,te a.1ril'oplitr,tci cdge colrclitions l'ol tr'¿lrrsvcrs<: ¿r,ncl ìorrgitu-

clin¿rl r:ui'r'cnt <:ornlton<:n1,s. ìlc.jas<: ['19] <>lrta,irc:cl tJr<,r (:un'<:n1, clistr.iliul,ion a,rrrl r.¿rdia-

tiorr1lai1-r:t,ll<¡f.a'1ll'ir.rtr:dlt,il.<:]<lcll¡a.rltr.:rlllatrsiltga.rl<lrltit.cl_<olll¿l'jll

¿rnc.l a, t'igot'otts l'Ìrut'ict' seli<rs exlrä,nsion lbr tïle <:ullent clistlibution.

2.8 Methods for Solving T,,arge Electromagnetic

Froblerns.

Sclrrvcring et al. tnf¡oclucccl thc clierkoptic theolv [ìl' multiclemcnt a,ntcnn¿r.s iu

lrce spzrcc [50] ancl its rnoclificcl velsion [5I]. In the clii,rkoptic rriethocl, tlie zrrrtenna

systern is cìir¡iclecl into its incliviclual stlucture elernents. E¿rch elerment is ¿rssumecl

to l¡e excitecl by the curlents lvhir:JL a,r'e inrpressecl at its termin¿rl ¿rnd J:rv the electric:

fielcls resulting lìorn the currents ancl charges on alì other elements. Impeclance

matrices ancl fielcl-coupling rratrices form the completc impecla.nce matrix of the

cliir.lio¡tted antettn¿1,. En['olcìrrg continuitv ol the curlents a.ncl ec1¡zr.lit), of the sca.l¿¡,

potentierls ¿l.t all interconnections l¡etr,veelr the elernents vielcls iì syslsm of lincal

ecluations fol the junction culrent zrncl input impecla,nce of the antenna. LlLrtler [521

ples<'rntecl iter¿rtirrc methocl lol cornputing open-ltort curlent on ¿r structure ¿rnc.l its

applicartion on ol¡t¿rinirtg open-port irnpeclernce eiernents cll¿r.r¿rctclistic ol thcr clizr.liop-

tic structulr:. V. Arnou.rso ¿r,ncl F. L¿r,tt¿rrulo [,r-;3] ¿pplied the cìia.lioPtic t]leory for

thc c¿l,lcul¿l.tion of the r:zlPzrcit¿r,n.c-:cr o1'Llrgc structtircs. l,a.lge structnlcs ¿rre ltlolielt

i).ì
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rip in1,o slna,ll <:l<:tnr:nts. (.ilrar'g<: tla,nsl'cls a,rrcl 1>oten1,iaì ccluaìitir:s ¿r,rr: crr lì>r'<:r:<l a,t

tlt<r no<lc <>l'<,r¿rch lcstolcd.junc:tion. P. N¿¡,j6¡ ¿rncl C. Clu'istopoulos [54] Plcìscrìtccl ¿ì

<:on ririu'i sorr lrr:t r.r,cc:n

s<ilving Iicìcì Plolrì<rnrs l)r' tla.nsnlission lirrc nrod<rlirrg('l'1,\{ ).

'l'Ìrr: spa.tiaì decornposition tr:<:lrnic¡ur-: of'Iirnasha,nì<r:r [5õ. ,i6] is sirnilal to tllcr

tlialioptic 1,lt<:c>rr' o['S<:lnt,clirìg, ¡ìì tll¿rt i1, ta.li<:s tllc <:<>rn1>1<-:.r s1,r'uc1,ur'<r ¿rrrd c.livicl<r

it irtto slll¿ll.l s(-ìctiolìti. 'l'lrr: srn¿rll s<:<:tiolts ¿ì.1'c ¿rssitrìt(:cl t<t lt<t scìp¿ìtätocl ìt\' r'¡r'a,t,t

sttt'f'a<:<:s ¿ì(:ì'oss r't,ltit:h r:al<'<:lling <ll'tangcntial <:lr:<:1,r'ic nrr rì rrragnr:ti<: <:ulr'<:r'ìi,r.i âr(l

1>ostulil1,r,:<ì. 'l'll<: lilcl,llo<.1 <i1'rn<>rrrc:lrts is s<:c1u<:ntiiLlì5' i¡p1-¡l¡<:r.1 1,o c¿rc:ll s<:<:tion ¿lnd tllr:

soluti<>rls ¿l,r<: tìrert itr:r'¿rtively rna,tclrc:c.l at tll<'r botincla,rics untìl a, ct)ïìvet'gent s<>luti<>n

is obl,¿rirrecl. 'I'his t<:cltnic¡ue h¿rs bcon er¡;pìicd to lzirge sc¿ltteler plol.rlcrns.

Flo,,varcl [57] Lrsecl the multilevei moment methocl for the analysis of large NfIC

¿ncl N{À4I(l structures. The rnultilevel rnornent methocl ble¿rks rrp tlre problern irrto

ìn¿ì.n\¡ levels ol srn¿l.ller ploblerns fol its solution. E¿rch sm¿l.ller'1tloblem is then solvecl

in isol¿rtiort ttsing classic¿l.l rnc¡tlrocl of rnonent. Clenel'¿rlizecl b¿rsís tr'¿rnsftrrlna.tion

technicltte is usecl to en¿r.ble the more c:omplicer.tecl expernsion frinction of thc higher

level to be clescribecl in telrns of pulse basis functions. l.he b¿r,sis tlansfolmation fol

¿r,r'bitr¿rrv source clistributions c¿ì.n a.lso crxpa.nc.l tJle r,veighting (ol testing) funr:tions,

in thcr s¿rnle m¿ì.nner as the b¿rsis fuctions, resultirrg in ¿r. rrari¿l.tiona.l solutior,.

i) ¡l
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2"9 Signal lntegrity Analysis

Sigrra,l irttr:glit.r, ¿rna,lt,sis <>n lrlirr1,c<l <:ilcriit Jro¿rr'<ls a,nrl <:a,lrlcs st¿u'ts r,r,itll tJlr:

<:¿tltrula,1,i<llt ol'tllr: clc<:1,t'i<:al palanrci,<:r's ol'tllc s1,r'¡<:t¡r.<:. 'l'llr: s1,r.¡<:t,ui,. r:a,, tlr.'

llc itloc.lcllrlcl ¿l-s ¿t, rnulticonclrtctol tr'¿r,rrsrrrissioir lirrc: to stucl¡, its 6r,cr'¿rll p<:r.ft>rr¡;rn<;r:.

(ir'ossl,alli itrtcl gt'ottrttl-noiscr <:a,n l><r sigir ifi r;a,rrt 1ìln<:1,iona,l 1rr.<;ll1<:rrs 6rr 1¡'i¡1,<:d r:ir,<:ui1,

lroa't'rìs. 'l'lte stttcì¡, ol'tltr.lsr: tr'v<> as1;r:<:ts. ilr a,r.lcl itiolr 1,9 ¿r,ttç¡¡a,1,i9¡ ¿¡rtì 1,ii¡c clcl¿r..r,.

<:all lr<: r:alricd orr1, rrsirrg SPì(.1 I'ì [;tE] lrrrrrl><:tì-clcllr:1r1. rnoclr:ls ¿ul<l 1,lrr: t,r,¿ulsrnissiolr

Iinc ul<><la,l ¿ur¿rlvsis [,-r0].

Pauì [60- 6l] ltrc:sentccl a, tla,nsnrission liir<., rnocìel lol tlrr:1rr.ecli<:tio¡ ol'<:r.ossta,lli

invoiving trvistecl-rvile ira,ils. 'l'hr: rnoclel is rr¿rlicl lbr lorv [r'<:clu<.:ncies lvhiclr s<rpalertes

tlre tot¿r.l coupling into incluctive arrcl lesistive couirling. yen eú at. lrj2l rep_,.'esentecl

the skin-efl'ect beh¿rviol of tJre lesist¿rnce in tirne-clornzrin ìry sirnuJzr.ting its ph]rsic¿rl

belt¿u,ior lty a luinpecl-cilcriit. '['llis nrociel ¿rcconnts lbl t]rc fì.eclriency eflèct ]ry

ìncìucling ¿rclclition¿r.I inc]uct¿l,nces ¿rnc.l ¡ra.r'allcl resist¿nces th¿rt Jr¿rve a total rr¿rl.e

ec¡ual to the clc resistance. Poltz et ul. 163,6rt] clevelopr:cl a, cornputer-aiclecl clesign

erlgolithnr for the a,nalS,sjs of pr:intecl cilcuit bo¿rrcls rvith pzu'ticulzrl cmphasis on high-

speecl transmission line pt'opzrga.tion ancl closstalh elfccts. Iih¿r.n ¿r,ncl Ciostache [65]

moclelecl crosst¿rll< on ¿rncl r¿r.cliation frorn 1:rintecl cilcuit boa,rcls using the finite

eletrrent method ¿r,ncl the tra,nsrnission line analysis. Dinh ef at.. 166,67] ¿na,ìr,zccl

the skin effect in time-clomain using the partial elerrent ecluivalent circuits methocl

in tlt'o-clilllen¡;i6rr to ca,lcul¿rtr: thc input inrpecla,nce. Also l,¿r.clcl a,nc.l (-jost¿rchr: 
[68]

stucliecl the eflèct of the aclclition¿r.l tr¿rclcs grounclecl ìry vias o¡ rec¡icing c'osstalli.
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Âclditir¡nal r'<:f'r:r'cn<;<:s <:¿r,n b<: li>uncl in [69. 5g]

2"L8 Conclusion

l\ r'<tvict'v o[' rturncric¿l,l rnoclellirrg tec:hnic¡ncs lol rrrulticonclu<;tol strnctulcs is

<:a,r't'ic<l ottt. (.lonrl¡¿u'c:cl lr,itll tlr<r lil,,\'[ a,ncl I¡l)\.1. 1,ìl<: l],,\,I llas lnur:ll sirrrPì<:r.tla1,a

1lt<:1ra,t'ii,tiotts a,ltd t'<:cltiit'rls lcss <:<>rrtlxta,ti<xral tirn<: ¿lrr<l ìtìoìtìot'\¡ stolag<:. ll<:n<:<r. i1,

is 1-l<tssiìtlr:1,o tisr: rttott: solrltisl,i<:¿r,1,r:d <l is<:r'ctiza,ti<>lr sr:ll<:nlcs. srlr:lr as ¿r rr<>¡lirr<:a,r.

<:l<:lrl<:rlt, siz<:, rìciLt'<:ltat'gc', sing-rrìa,r'iti<:s [70] . In ¿rc.lditior.ì . oporì r'cgiorrs ¿u<: a,rr1,onl¿rti-

c¿rlh, lt¿rrlcllr:cl in the IltlN,I \'r'lÌer<-r¿rs tllc li'llN,t ¿rncl tire l¡Dùl tercluirc tlun<:¿rtion <>f tlrc:

Itroblem slr¿r.ce ancl other spcrcial tleatmcnts ['ol thc r>pelr r.egion ploblenrs. 'lhc: IllM

provicles the same ¿ìccur'¿ìcy as the FIINI r,vith fèwer elements [71]. For incluct¿r.nce

calculatiorts, the PlllìC nlethocl is the rnost cfficient tcchnicple ¿rs it conlbines the

vcrs¿r.tility of the illlNi rvith the sirnplicit_r, n1 circuit zr,nalysis.
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Chapter 3

The Capacitance of Ferfectly Conducting

Structures

'l'llis <;lrzr1tt,ct'prcscttts ¿rn ef ficir:nt two-stage apploa.ch lbl tlle capacitancc,'cak:¡l¿l-

1,iorl. 'l'lris tìc\\r a,l)pr'o¿tt:ìr. lr¿isr:d orr 1,lrr: Irrtcgra,ì l,)c¡ua,1,i<>n \,lr:tllr><l (ll,l\l), c:aì<:ulil1,<rs

tllc capit,citan<:<r <>1' tlrr'<'re-dillrr,rrrsi<>n¿ll iclca,l collc.lnr:tols irr trvo st¿gcs.

l:br ¿l stntc:tut'cr consistirrg of rrz ¿l,rbit¡e¡'y s|elperd conclncrtors, t[e solutio¡ p¡o-

ceecls in tr'r'o sta,ges. In the filst stag<1, e¿rcir inclirriclu¿rl concluctol is consiclerecl sep-

¿r.ratelv. The surf¿rce of the i¿r' concluctor is cliscretizecl into small patches. lfhe IEiVt

is then ttsccl to sohre for the chalge c.listributiolr on the ri'l' corrchictor. In the seconcl

stage, the multiple intelactions (coripling) among the concluctor.s are incluclecl by

applying the IIJNI to the whole structure. lìot ea,ch concluctor-, the charge clistribu-

tion ol¡t¿rinecl in the first stzr.ge of the solution is usecl as ¿r cliscretizecl entire clom¿r.i'

b¿rsis lìrnctiorr. ifhe or.cler of the inter¿r.ction ma.trix is thus reclucecl to tJre nurnber

of concluctors in thc stlucture. This applo¿rch results in a,n accur¿¡,te capacitelnce

rn¿rtrir in spite of tJre possibility of lzrrgc elr:<>r in thc <;hzrr:ge clistribution. In gcnerzrl,

the orc.k:r'o[ ¿r<:cur¿rct' fol tlte charge c.listribution ck:pcn<ls on thc l'ci¿l,tirre lrositioning

of e¿lch conchictor rvith respect to the othr:rs. An ¿r.cr:urate chzrrge clistribution c¿r.lr b<..

ollta,inecl using itela.tir¡e nethods. LIsing thc nerv approach to solve tor,¿1, s_r,stcnr ol'
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<l<>rlr,]tt<:ttlt's.tllr:rll¿tritì]tìlì'lÏì'ì()ll'ì(¡1.1ls{-1;1..¡o¡.r.ct1ltit.r:<l

Ior tll<'r soìution of'tlre ìalgest concluctol in th<,r s\,stcr¡l. ll'll<¡ <:onrp¡tzr,tiorr cgst ¡s n9t

rllrtcll la'tgct'tll¿r'll tllc tota,l <:ost of's<>l ving f'ol r:a,<:ll <:onclu<rtor.sr:irri,r'atr:ìr, or.s'ìr,i.g

['ril'orlc: <:<lrl<]tt<t1,<lt'<>l'itlcntic:a,l s.r,stcln of'r:ollrlur;tor.s (1.c,.. ¿u'l'ar, <ll r:<lnrrc:<:1,<>r.s).

'1.'lle st¿rl,crllr':nt of'tht: Pt'olrlr:rn is givr:n in tlle nert sr:ction. 'l'lre int<-:gr.a,l ec¡uä,tiri'

rtlctltorlcntpìcl'1<ltìirlt]l<:cir1lircitirrt<:tlcal<:trl¿t,ti<lilsfbt,tlll'rl<:-<-iirllr:

tol s-r;str.rn is c.l<:s<:ril>r:tl in s<,:c1,ion ì1.2. Ncxt, scr:tion.1.,1 illustr,¿rtr_rs ¡1,., pr.oltos<:<.1 trlt_

1>t'tlar:ìt. 'l'llrllr r;<lrtt1;at'isolt l><:tu,<:<:n 1,lr<: <:lassi<:¿il II,l\,[ anc] llrc: tr.r¡.-s1,¿i,gr: r.a<:tlr<>rl . r,vitlr

r<.:s1r<:cttotll<l<:orrl1ltttit,tiona,l<l<lst¿ul<Lrrlc:rrl<ll',\/S1,()l.a'g()t'<lc¡tit'<:rrl<:rlts.isirlclltl

sitoivs tlra,t tll<.: cr>rnltuta,tion¿l,l tirne ¿nrcl rn<rrnot.)/ stor.¿l,gc are signifir:zlntl¡, r.{:)(l¡¡;¡,¡11 .

ììinally, sec:tion iJ.4 clemonstr¿r,tes tlre lesults obt¿rinccl nsirrg th<.: nelv rneth<¡cl. .1.¡e.v

¿r.re then comparecl rvith those obtainecl usingthe IllM ancl I¡ASTCAP [l].

3.1 Statement of the problem

Consicler a stÌucture consistin g ol nz icleal concluctors embeclclecl in zr homoge-

neotls clielectlic m¿r.teri¿rl. lfhe ob.jective is to clcterrnine t¡e ca.pacitance m¿rt.ix of

the svsfsr¡t lC¿¡l' lCo¡) i" a syurrnetric nz x r¿, matrix where the positive cliagona,l

entÏies C;¿, represent the self capa.citances ¿rncl the nega,tirre off-cliagonal entries, C¡;,

rcplcseut the coupling beti,veen concluctors i ¿rncl j, i, j : 1,2,...nt, j I i.

TIte ijth elernent of the capacitance m¿r.trix is the [r'ee charge on the irå concluctor

r't'herl tltr'-: llotcntizrl orl thc':.7¿l'coltcìnctor is l\,'¿l,nc.l a11otile¡ conc.l¡cto's zr,lc, g.orilrcle¿.
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3.2 ,A.nalysis

T lt r: ( ! ¿tp ¿t r:i f ¿l ri cr: o I P ct' [t: ct, !.t, ( l on cl u c ting,5ti.r l r: t r i ir:s

(.iorlsiclel a, stt'ttr:tttr'c consistiltg ol'rir. i<.le¿rl condrr<:tots r:rnli<:c.lc.l<:<l in a llolrrr¡-

g(ìrìoous rl i<rlcr:1,r'i<: lrlr:cliuln i.r'itlr <:r>nstri,nt p<rr.rrrittir,i1,.\, r.. Its c¿1rl<:ita,n<:<: nra,1,r,ix

c¿r,lcttl¿rtiolt is cclttiva,l<':nt to s<ilving 1<>r'thc: concluctor'<:ìralgcs in ln p<>t<:ntizrl plob-

lr:rlls. 'l'ìt<: lrotr:rt1,iaì ir 1,lrc <:on<lri<:t<>r's is spcr:ificrl in 1,llr:s<'pr.olrìcrrrs anrl it lrnsl

s¿r,tis['r, ì,rlpla,c<:'s <:c¡utr,tion in th<: r'(:ìgioìì of int<:r.cst.

3.2.L The Equivalent Charge Formulations

'l'lrr: <':xteliol l)ili<;lllct 1l'oì'lìem lot the pot<,:rrtii,ì ó is

v'þ(,') : o, r' € v; (3.1)

ó(,"):r(r), re 5'"; (3.2 )

lim /(r') : 67+æ'', (3.3)

lvher<l V is the clorn¿r.in of interest, 5'. is thc sulf'¿r.ce of the concluctors, v(r) is forcing

lunction orr the concluctols ,,vhich has ¿1, v¿rlue of either one oï zero.

For the capacitance calculations only the total char.r.ge inclucecl on e¿rch concluctor

is reqtiirecl.

By using the ecptiver.lent charge f'olmrila.tions, the concluctor surfaces zr¡e r-eplzrcecl

lry a, srirl¿l,ce clta.r'ge 1¿r.r'<"'o. il,'ilc ckrctlost¿rtic potential ¿r.t arlr, point jn tlre spacr.. is

thcrr givcn b¡, Il;ì]
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(3.4 )

tìr<: rlrlilr<;i,r,rr r:llalgc: <lcrrsitv

conclitions. 'fhc potcrrtial oI

o(r')
rl ,5" . r' € ,9.lrr, I r' - r't 

I

itlrcr'<:,S',- is tlr<: sulfil<:c of'tlrc: <:<>nrhl<:1,ols a,n<ì ø(r.') is

lvlticlt trtzr.lr l¡1' dct<tllninccl ìtl, irr,truring th<: ltonncl¿l.r'\,

1,lr<: <:onclu<:1,ots ¿,(r') irr (;Ì.2). is gii'<:n lri,

t'
,j,, : I

.t ,q,,

ì- |, .ls.
r'(r

o (r'' ) tl.,\", r' € ,5'.lrrlr-r'tl (;i.5 )

'l'lris is tlrr: l¡r'cdlroìrtt irttegt'it,ì cclua,tion of'tlre [itst liincl [72] l'oL thc unlinou,n sur.f'¿r,cr:

<:herrge clensit.y, ø. 'I'Jlc solution of (3.5) f'or ø giycs the rn¿rtrix crrt¡ies, ìry iirteg¡a.tion

orret the concluc:tol sulf¿rces.

3.2.2 The Integral Equation Discretization

lfhc integlaì eclnation mr:thocl (ìornn'ìeïìc:es rvith the discretiz¿ltion of thr,: sur-['¿rcc of

thc conclttctors into N small patches. The unkno'vvrì (r is appr-oximatecl as a line¿rr

cornbination of a, set of N linezr.r'l;' inclepenclent expa.nsion functions I,I/¡(r) rvith the

rveights A¡,

N
o(r) : I ilJAr¡þ)

J=l
(3.6)

r,r,lrelcr Irll; ar:e non-z(Ìlto <lllh, cIl t,lrc jtt, 1>a,tch,
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(
I I r' € pat<:lr .j;ll'r(f) : 
{
|. 0 ol,h<-'r'tt,isc.

Subsl,ituting tlt<: <,rx1ra.nsion (.1.6) iîìto (;l.li) g-.ìr'r:s tlrr: r'<rsiiluals.

ÁÌ¡(r.) : r,(?,)- t Ë ,-t¡!,1.¡(")r,,t,;' r €,5'../.\,. l¡ir | ¡' - t't I.l=l | |

(ihaptcr:ì

A¡:

rvhere gy ancl rl; ale the cha.rge ¿r.ncl area

Applving the point ma,tching testing

result in a sysfsm of N line¿rr ecluations

cluctor" potentials

T h c ( i a¡s a t:i t¿r n c'r. o I P r:r fr: c: t, ] t, ('l on tln r:t ing",5t nl r:f u lr:s

(;ì.7)

(:ì.8)

rr 
(3.9)

Q,j

o'f the jrh patch, respectirrellr.

on (3.8) ancl substituting fcx 1t.¡ fr.onr (3.9)

for the patch chzrrges ill telrns of th<,¡ con-

,\ got><J apltt'o.xirtta1,c soluti<>r irlli<:lr r:arl llinilnizc,1Ì¡(r') c:an lrr: ob1,¿rirrccl using tlr<:

¡-rc.riirt rrratr:ìr ing tcst irrg.

3.2.3 Foint Matching Testing

T'lte 1><iiltt rnatdting t<:rcirnic¡ner plo<ìucr:s ¿r lin<,:¿¡,r svst<:rn lbl tlre urrlinorvlrs,rl.i's

forcing (3.8) to holcl ¿rt the centroicl of the concluctor patches. 'Ihe r,veight

represents ¿r const¿r.nt char-ge clensitv on the y¿1, pzrtch, such that

l.r.l,

Å
,"r j

'rr (r'¿) :

ol irr ¿r n¿rtri-r folrrr,

q.i t L | | - ,,
o, J,, þ' - rt ,ttcL 

?'i e '¡''
tN'\-

,I.rr 2
J=l

(3. t0)

(3. r I )

3l

Pq: v



(!lt\tter'l

r't,ltcr'<: P is a s(l1ra,r'o lrr¿r,tl'ix r>l'<>l'clr:r' ,'\:. ir,lli<:lr ìs

¿u'(:ì 8i ven J)\/

Tltr: (!¿tp¿tr:it,¿tr¡crc o{ Pcrfrct,lt, (,irnclucting' ,5tl'rrr:rtui'r's

tlrc nunllrr:r' <tf' pa,tr:lres. I1,s r:ntlir:s

(:1. l2)

q zrncl V ¿l.r'c colurrut t'c<;tols (cäclr) of oldr:r'Ài. 'fllcrir crntlics ¿ìl'c, rcsPc('¡i1,1rl¡r, tlr<:

ttnlin<>u'n t;lr a,r'g<:s ¿rnrl tll<: <:rr l'c>r'<:ctl p<;1,cr r 1, i aì s.

'l'llc tlcrlsc lirl<:a,t's.1'st<:rn of'cc¡ttit,1,i<itrs (:]. | |) <:a¡ lr<: s1;l r,<:<l lì¡ 1,llr: su¡la<:1 <:ìta1gr:

cl isl,r'ilnrtic>r lì'onr it giictt sc1. of'1ra,t<:lr 1ro1,<:rrtiir.1s. 'lir <;orrrputc tlr<:.7¿i' r:olrrlrrr o['tlr<:

<:ilpitc:il,ilrt<:<: rna,tlir. (;ì.12) rnrrst lr<: s<>lvr:cl l'<>r'r7¡ gir'<:r ¿r V r¡<:<;1,t)r'r.r,lrcr'<: ¿,¡ : I il'tlrr:

A¿l' pzltc;h ìrr:lortgs to thr.:.7¿l' concluctor'. c:lse rr¡ - 0. 'l'lr<: zi.i 
¿i' t(:rlrìì ol'thr: ctrl>acitarrc<:

m¿rtt'ix is computccl ìry surnuring erll the pa,tch chalgcs on the z.¿l' con<.lnctor', th¿r.t is

ui.i ! Áit? (3.13)

Thtts, using the integrzr.l ecluation rnethocl, ¿lrr ÀI x Ài s;'s;fçrn oI ecßrntions (3.I2)

rnust be solvecl to c:ompnte the ca.pzr,cita,nce matrix. The storage ancl cornllrtation

time for this system ¿ìre proportional to N2 ancl 1V3, r'espectively. Flence, attempts

elt using lllNd to soh,e I'or corupli<:ated structnres arc Lrslrally a.ì:anclonecl.

| [ ' tltl)i.i :, L 
-t(t(t.

l7i ( (t.; ,l p.r.t, l, t I l'; - t" 
1

:Ðq¡,,
k

.tÐ
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3.3 The Two-Stage Method

In 1;Ìris s<:<:tion. ¿t, ttr¡o-st¿igr: sr>lution is rl<:r,r:lo1rr:cl arr<l rrs<:cl to <:a,lr:ula,1,<: tlr<: <:a.-

1;a,<:i1,a,rt<:c lrta,tt'ir 1,o <;r'r:r'<:<;nl<:1,11<: lirrita,tioll <>f'tlr<: inl,r:glaì <:c¡rra,1,i<ln ln<t1,ìr<lcl . 'l'ltis

lilllit¿rtion is rlu<: to tlr<: r'cì(luilecl nì(ìrì.lor')¡ st<;r'¿g<.r ¿rrrc.l c¿rlcnla,tic¡n tirnc.

I'Ìlr' ¿r s1,t'tt<:1,irt t: <:ortsisting <>f' rir <;<lll<lu<:tr>r's. tllct s<tlrrl,ior 1tr'<lr'<:<'<ls in tr.r'<r

stag<:s li;1. i l]. In tìrr: fits1, stag<:. ea,<:lr in<livirlua,l <:orrrlur:tol is <:onsiclr:r'<:rì s<:1>a

l'at<:1.r,. 'l'lr<: sru f'ar:r: ol' 1,1r<: ¿¿l' <:on<ìu<:1,<>r' is <l is<:r'r:tizr:cl irr1,<t r\i; srta.ll 1;a,l<:lrcs. 'l'lr<:rr

tìl<r Iìil{ is ttscc.l 1,o solr,<: lol tllc <:lriu'gr: <listlilrution, r¡l¡, u¡ll<:Lr: /.: : 1.2. .....\i¡:

rtr:glr'rc:ting'' tllc c'rfli:t:t of'¿rll othr:r'concluctols. In tlrc sc:c:ond sta,gcr, tlrc irniltiltlc in-

tcr¿r.ctions (cou1rìirrg) ¿ìrnorìg the conclrrctols are incluclecì by a1>1;l1,ing tlrc: IIINI to

the r,vhole stluctule. Tire IIJNI is then appliecl by corrsiclering etrch concluctor as ¿r

singk: partdr ancl using thr: r'esults of the lirst sta.ge, rTol^ as ¿r. cliscretizecl entilc clorna,irr

b¿rsis hurction lbl its lespective sulf¿rc<-: orr the ¿¿l' concluctor'. il'hus, thc orclel oI thc

inter'¿r.ction matrix is reclucccl t,<> t¡zx nz instr-:a,cl of ( Ð3r 
^rd) 

x ( Ði\, tV; ). It is

¿rssumecl th¿t th<': shape of the charge clistribution on each concluctor is iclentical to

th¿rt oI an iclentical ìrut isola.tecl elenr<;nt.

illo illusttate the rnethocì, consicler a. structure consisting of trvo iclentic¿r.l icìe¿r.l

conclnctingpla.tes,i.e.tn:2. ifheclirnensionsofthepla.tesa,re(l0xt0rn)locatecl¿r,t

Z : 0 ancl Z - ) nt, respectivc,'l)i lfhe Il,,lNI cornbinecl rvith the mr:thocl of moments is

usecl to solve lbr the char-ge clistribution on the tlvo 1:lates as one strricture (classical

Il-ùt\,I solution). '[ìlre lcsult ['or the chargc c.listlil;ution on tJr<,: tolt platc is shorvn irr

I"ig. 3.1, eurci the colresponclirrg charge clistlibution ft¡r arr iclentic;¿r.l isolatecl plzr,te is

{) r)
,),)
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slrou,n irr l"ig. ì1.2 (fils1, sttrgc solrrti<irr).

In gcnclill, tlic cìralg<t tlistlibuti<>ll ¿lncl the tot¿rl clttrrg<: stolecl t>rt r:¿rclt <rctrlclu<:1,<>t'

dr:1rcnd olr tll<: f ollou,ing I'a<:tot's:

I) t,ìr<: gr:orrr<:tlir:iiì (slra1><r) f'a,t:tot of' ca<:lt t:<>ll<ltt< 1'c¡t ¿t,lld

2) thr: rr-.1¿l,tivc positionirrg ol'<r¿t,<:ll c:onclu<:tol r,vitlt t'es1re<:t to the otJlels.

'l'ltc tcsttll, irl ìrig. .J.2 sltot't's cìr-:¿t'l.1' tllc c:[[<:c1, ol'tllc Iilst I'a,<:tol orl tllr: clt¿t'g<:

ilistlilntion. Orrc c¿ul ¿rls<> s<:<: fr'orn l¡igs. .j.l ¿rnd;1.2 tlrc cf[ì:c:t of t]rc scc<>ntl I'¿tc1,i>r'

<>n tlr<: ìrìaßïì itu<l<: of 1,lr<:1,ota,l <:lralgc stolr:<l olr <'acÌr t:<>r<lu<:t<>t: atr<l its tlistlibutit>ll.

'l'llrrs 11, is <:lr:a,r'tll¿r1, tìlc slra,lt<: <>l tìl<: clra,r'gc: <listrilxrtiol is not strortgì.r'rì<:r1t<,rrttl<:rt1,

o¡ tIr.r pt'oseÌì(:e of't,lle scl<:<>nc.l conc.ìri<:tor'. IIoiv<:r,r:l'tlr<: tot¿rl <:lta,t'g<-: stolc'c.l orl <:¿lch

conchrctor clepends on thc plc'sencìe ol tJrc scconcl conclttctot'. 'llhus ¿rn Lrrtknorvrt

lveighting factor, a;, is usecl ¿rs a first orcler approximation of the effect of the

second l¿rctor on the totaì charge stored on the z,¿r'concluctor. llhis trssurnption is

r'¿rlicl onìy rvhen thc: sep:rrzrtion of the concluctols is lalger th¿rn thc closs section.

Il<>rver,<,'r, bv c.nforc"ng the bouncla,r'l, conclitiorts zrn<1 using tltc ch¿l,rge clistlibutiorl

obt¿l.inecl in the Êr'st stage, the accur¿l,cy of the cer.pacitzrnce m¿rtrix is insurccl. This

ch:rrge clistribution is consiclerecl ¿rs entire clom¿r,in b¿rsis function.
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(ilt¿tptcr il Thr: ()zt¡titr:if¿lrir:r: of Perfect,l:, (.i<¡nrluct,irtg,' ,Stlrrr:furr:.s

ìrigrrlo;J.;J: ''l s!.t'tt.r'!tt.ra t:ortsisl,i,rt.r¡ o.l'lturt contlu.clo¡'s

(.1<lnsi rl<:r' a, stlu r:trrlc: con sisti n g of' 1,r.r'o con c.lut:tols

cl i<:lcctli <: rna,teli al s. Fig. .1.ì1. tlrc 1>o1,c:r t i¿r j at a,llr' poi n t

1,ols is tlrcn givcn l>y

crril>eclclccì irr a lrorrrogorìooìlri

on tlre sirrf'¿r<:r: <>l^ 1,lrcl <:<>n<lu<:-

I./ _ll-

t/ _v2 
-

fo,¡ 1¡( I .

lalF(2,

I ) -F o,z /¡( I , 2)]

I) + azF(2,2))

r'vhct<:, f<>r' [, [[: [,2,

(3.14)

(3.15)

(3.1 i)

:Ì (i

!,Q,rr):+ Ë 'y qjp;¡
"/;=1,iecontl. I j=l,i€co¡td. II

a"ncl ¿r;; is giverr bv (3.12).

Ecluzr.tion (ll.l,t), fol rn coir<.lnctols? can lre rvlitten in rn¿rtrix forrn ¿rs

Acr : V (3.16)

.',vhele A is ¿1, square rnatlix of orcl<;r rn, ancl cy ancl V is column m¿r.trix of orcler m.

'llie lesulting lineal svstern of ec¡rzrtions (3.I6) c¿r.n thus bcr soh,ecl, typica,lly ìr.i,

sorne form of Gaussian elirnination, to compute a. lbr a tr,vo concluctor. system, the

citltitcita,ncc"s C11 zrncl C'2 1 ¿1¡6: glrrcn b.1,

tV1

Ctt: orÐqo
À



( llt'¡lttct"l

Ú,'¡2 tì,rì{ì (122 t:it.tt ì.)<r

tlr<: lirt<:al s.\'stoìn of'

'lÌ> <:<lnrputc tìrr,:

sr>l vc<l I'ol a; .r..ir.cir a

T h r: (.i a p a c: i t ¿t n c:r, o I P r:r [r: ct l t, ( ] on cl u c t ing S ú r'i r cf n lyrs

L'2I - (3.1,s)

1,ll<: r,a,lrrc: ol' l.i1 anrl I,! arr<1 solving

<:tr¡ra,cittrl<:e rn¿rtlir. ccluiltioit (il.l6) rnusl, bcr

(1 ) )) qt.

lr

dra,ngirrgol>t¿rinc:<.1 lrv ilrtcl

r:c¡ua,1,ions (.1. I 6).

.7rl' colurnn of' tlrr-:

V r,c<:1,or'. u,ll<:r'<'

Ilr
r./ )¡/ - ì

lo\
'l'lr<,rl 1,ll<: t.i /i't<.:t'rtt r>l'1,llc <:tr1ra,<:ita,n<:r: rra,1,r'ir is <rc>rnprrtci.l r,r,itll 1,lr<: rrrrrì1,i1rìir:a,-

ti<>l of'n¡ ir-r' thr,: Q; r,vlriclr t'esults lì'onr tìrc fir.st stag<r solution.

The trvo-stagr: rnethocl girres rrerv goocl lesults for the capacitance mzrtrix; horv-

everT it cloes not calcul¿lt<': it,ccura,tely the cltzrrge cìistrilntioll on c¡¿rch concluctor.

'Ihe rn¿l.in gozr.l of this r,volk is the lecluction of the computtr.tion¿l.l cost alncl rrr<:rnoly

stolzlge lecluirecl ìr1, 11',, IìlNrl; fo¡ the c¿l.lcui¿¡.tig¡ ol tlte c¿l.p¿tcit¿l.ncc nr¿ltrix rvhich

is in greert clern¿r.ncl bv inclustry. An ¿rcc;ula.tc cha.rge clistlibution, cluc to ¿l.n en-

fbrcecl potcntia,l, c¿rn be ol¡t¿r.inecl using an iter¿rtive rnethocl b¿rsecl on the lbliorvirrg

eclu¿rtion:

]V
r,\-

.JA : P.,'l'q',- + )_ P*.¡t¡.¡
j=1, i+k

(3.20)

i:.j

<¡1,l lcl u, i s<:

rV

Ç'r : (.f* - I PLiq.)fpt{k
j-1,:i+k

(3. te)

(;1.2 I )
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(ihaptt:r:"Ì

is tlrr:1rotcrr1,ial a1, 1.lr<:

zilrpl ic<ì using cclueltion

Thc ( |apar:it,¿tncr: of

l:ri' pa,t<:lr rluc 1,o <'ìralg<:s

(:1.21) ¿urd the t,r¡l<:r'¿lnc<;

P c t' f r: r :t I v (.1 on cl n c t, itlg,5 t lu r: t r r lr:s

ol ¿rlì 1,ìrr: pa,tr:lrr:s. 'l'llc itr:r'ation

(toì) to tcrrnina.tc thc iteratiol,is

r.r'l r <:r'<:

lk'ì'-ktn)')l<tol, (3.22)

,'\ssunrittg all tll<:1;it,l.<;lt<:s lta,r'<: i:<lrttlr¿t,r'a.lrl<: goolììc1,r'\,. tllc lna,in <:orr1,r'illrlion 1.o /).

(:oìììos lìcxlr tlrc pat<:lr<:s n<:a.t'1,lrr: Å¿l' ¡>al,<:lr. Sinr:c 1,lr<: s1><:crrì of r:olrr,<:r'grlr<:<: tl<:-

p<:ttc1s stt'ongì-r, oll tllc irritial assirntlrtion <>f'tll<: r:lra,r'gc clistlillll,ion. a, go<l<ì gu('ss

t>f'1,11<: initia,l r'¿lìu<:s of tlrc <rlralg<:s l<:a,r'1,llc /,://'1:a,1,<:lr r.r,orrltl srrlrsl,a,nti¿r111,.1¡<'<'<ì rr1;

convor'goìì(-:c. 'l'Jr<': l>r-lst irriti¿rl r,¿rlu<,rs o1'tlrc: r:lra,r'gr:s [bl t]rr: itera,tivc rn<:thocl is th<:

clta,rge clistribution ol¡t¿rincd usirtg tJrc trvo-stngc rnerthocl, sincc thc r:oupliug oI all

the charges on a concluctol is incluclecl in the filst stage of the solution for each

conclnctor. In ¿r,clclition, thc: seconcl stzrge o[ the trvo-stzr,ge methocl ¿rccounts fol the

totzrl coupling arnongst the concluctors.

Tllc iter'¿rtivc rnctho<l is testecì lol r'¿l,rious geornetlics, usirrg the lesults of tllc:

tr,vo-sta,ge methocl ¿rs the initial value fol the charges. It usualh, converges after

¿i. number of iter¿r,tions, rvhich is rnuch less than the nurnller of unknor,vns. Thc

charge clistribution obt¿linecÌ bv the iteratir¡e rnethocl corilcl ¿llso be usecl to obtain

the capacit¿rnce matrix, by summing the cherrges on e¿rch concluctor in the system.

lt-or the ite¡r'ative rrtetho<l, thr:rc is no ¿l,clclitional uìcìlltot\/ stora.ge lccluirerterrt ¿urrl

the computation time requirecl I'or obtaining the clesilecl accur¿ìcy is roughly of the

oldel rrÀ,'2. whele r¿ is the nurnber of iter'¿l.tiorrs.

3,S



(.lha1:tcr )ì T h e (..i ¿tp ¿tc ita n c'r: of P r:r k: r: t l.t, ( l on tl n ct,i ng,gt lu ct r i rr:.s

&"4 Computational Tirne and lVÏemory Storage

lï,equirenlents

hr olcl<:r' t,o usc¡ tlrr: 1,r,rrcl-s1,¿rgr: rrrcl,ìr<l<l 1,o corrrltut<:

1,lr<: lils1, s1,u,g<'r soìutiorr is r'<:1t<:tr,tctì r¡¿ tintr:s: r.vllcr'c rn

1,lrr: s<:r:<>rrrì sl,agr: is a1;pìir:cì to tlrc r.vlrr>lc s1,r'u<:1,rrr'c.

bìor:li, tlrcr coulltut¿rtion¿r,l cost is ltloportion¿rì to:

¿ur rl¿. x rrr capar:il,nn<;<-'rntrt,tix,

is tlr<: nrrnllr<:r' <lf' l>lo<:lis. 'l'1lr:n

Ässrrrrrirrg N 1ra,1,<:lrr:s <¡n c¿rr:lr

2r¡i,\i2 * rni\¡:l + r¡i2À2 _l_ (rrr)'r f (rrr)2 (;Ì.2;l )

'l'ltc <;ost oI rrsirtg Iltlù{ a.s aplrli<:d to the rvhol<: sl,r'ucrtur'c (cl:rssici,rì IIù\4) is lrropor'-

tion¿rl t<;

nt,2 N2 + rr¿3N3 + rn2 N2 = ,r,3 1V3 (3.2,1)

'lltus, the two-st¿r.ge methocl gives er rninim¿rl computzrtion¿l.l time sarring of orcler rn2.

'l.'he rnerrior)r cl6t'l,t.' leqttilecl l¡r, thc' tr,vo-stitgc utet6ocl is 1r.o1ro.tiot¿rl to t¡<t

maxirnnrn TncÌ-noÌ\¡ recltiirement by the cl¿rssic¿r.l IEN4 in soh'ing for a single block of

tlle structure i.e. maximum of lVz. On the otllel ha,ncl, the rnemory stora,ge recluirecl

b;' 11,t" cl¿rssic¿rl ItrNI is ploportion¿ri to (rnlV)2. Thus, the rnernor), recluilement of

the tlo-stzrge rncrthocl is much less than the rnernor), recluirernent of thcr cl¿rssic¿rl

IllN,f .
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3.5 Results and Cornparison

'l'alrl<:s il.I and .1.2 ar'<: inclucl<:<l to plc:s<:nt a, <:ornpä,r'isor ol'tlr<: <rorrrl;uta,tiona.ì

l,itllt: ¿t,ttrl ìtt(llììot \i st<>t'ag<t t'<:c¡ttit'crrt<:lts <ll' tlt<: tt.t,<l-stit,g<r ttt<:1,ltcttl . r,r,itll tlra,t <tf' tltr:

cl¿r,ssic¿rl Ilì\,1 and lrÂS1'(.lAP a,ìgolitlun u,lri<:ìr is b¿rsecì on thc: cl¿rssica,l lLlN,l ¿rncl

1ìtc rnrrltipol<: r'rpartsion l ll ,'\ll tlrc <:orrrprr1,a1,i<irrs ìr¿r,r'c ìrr:<:rr lrcr'['olnlc<] <;n ¿r

SP;\R(:10/,1I u,olltsta,tion. 'l'alrlc ì1.I plcscrrts tlr<: <:ornlnta,tiona,l tinr<: a,nd rnc:rn-

or'.\'s1,<ltagr: r'<:c¡rrir'<:d 1.<l sol t,t: f'<>t'1,lrc ca1;ac:i1,alrc:<: nl¿r,1,r'is <lf'r'¿r,l'iorrs g<:orrrr:1,r'i<:s tlra1,

alc 1>r'cscrt<:<l in tcl'rns of'tlrr: lrrlnrl><:r'of'c:r¡rrtlu<:tols ilnc.l 1,c>t¿i.l urrrlìir:r'of'patc:lr<:s irr

t,ltc gcornett'¡, 11"i¡.¡o'tlt<: cl¿rssical ììli\,1 ¿ncl tltç tt,t'<>-st¿rgc¡ rrlr,:tllocl. In ll'¿rltle.l.2, tþ<:

<:omlnta,tirin¿rl tirne ¿rn<.1 lnc:rn<>r'r¡ storrge of lt'ÄSl['CjAP ¿r.ncl thc trvo-stage nrethod

¿rre plesentecl. As sho'',vn in these tables, the total courputir,tion¿rl tinle zrncl rnernoly

stora,g<: clepencl mostl;, on tlt<.r r{:rclui¡ç¡¡¡,¡,rts o1 thr; fitst stage soìntion. It is ¿rlso

<:leelr, Ër'onr the ta,bles, that the tlvo-st¿rge rrrethocl represents ¿r, consiclelable savirrg

irt memorl, ¿rncl cost in comparison to the classir:¿r.l IIJN¡I ancl to IIASTCAP algo-

r:ithm. I'urthelmore, aclclitionzrl savings in comput¿rtional tirne c¿¡.n be ¿¡,<;hieve<l, in

the solution lor ¿r syst<lrn ol iclentic¿r.l concluctors, b1, sohrirrg for only one concluctor

in the systern. As ¿rn cxzrrnple, consicler thc cl¿r,ssic¿r.l ItrNI in solving for a system

consisting o[ six iclentic¿rl conclnctors; eac;h clisr:retizecl to 400 patches. 'l]hese patches

recltrir-es a rn¿rrirnrul storage o1 2.85i,1ó ¿r,ncl ¿r coml>uta.tion¿rl timcr 2.2l.n¿. Ilorverrel

the computational time of a non-iclentical svstem of concluctors, eerch cliscretizecl to

tl00 pa,tchr:s, is 6.46ri¿. In aclrlition, the nr¿rxinluìn rneilloL.r'"tolr,ge lecluirecl is ¿rlso

'2.85.tV1b.

't0



(!h¿\¡tct't-l T l rc: ('l ap ¿t r: i t ¿tn r:c: o l' P er k: c:t l t, ( l rn cl u c't, ing,5ú r'r r r.:f u lr-s

(rlr,.otnr,.t l'.v Ilìl\,,f Trvo-s1,a,gc

/f o [' r:on d u cl ols ff of pat,chr-'s tinc þn] rrLcnrr-rr.v [rVl3l tinrc. [nr] ,u.,1¡e¡r, [tVIÌ]

I 100 0.02ir 0.2,1s

,2 200 0.1 0..5fJ8 0.065 0.,151

5 ir00 I.3ìl 2.5 1 1 0.1ss 0.t9s

I 100 0.85 1.,S,1

'¿ s00 7.;ì6 5.96 l.s6 2.i6

I 1600 63.7 20.6 t. t,1 2.1,S

(i 2400 ;110 15.8 (.) 76 2.,S1-r

I'alrle 3.I: C'om,parison l¡etu¡een tlte tuo-storte rn,etl¿od antl the lEÀ[.

Geomctry lì¡\fiTC.,\P Trvo-stage

f of concluctors f of patchcs tirne [m] memory lùfB] time [m] rnernory IiVIB]

t '¿65 0.025 2.412

4 1060 0.246 7.80 0.r:t2 :\.2r

486 0.07 3.llir

2 972 0.31 ,1.83 0.167 4.05

I 437'l 3.621 34.28 1.45 4.26

816 0.26 6.137

f) -r896 .1.16 28.45 2.10 7.62

I 73'14 9.66 76.90 1.01 7.97

4l

T¿rìrle 3.2: C,lot¡t,lturiso¡¿ belu¡c:ett, Lh,e, l,Luo-sl.ru¡e nte:l,lt,rttl untL I¡A,5''1.(jitP.



('ltapt.ar :) Th<: (ial¡¿tr:lt¿tnr:r,r of Pu'fr:r:t,lt, (.!rnrlnct,ing 5f l'tir:f trl'r':s

ì''igrrr'<: ì1. I sltou,s tllc: totaì r:a,pa<:itarr<:r: ol'trvo id<:n1,i<:a,l tt'anstttissiort lirtcs as a,

function ol' tlrc cclgc-to-eclgc scparertictt, l),1¡ctrvr:clt tlre lirtc:s. 'l'lt<,: l<,:rtgtlt ol c¿rclt lirl<:

is l5 crrr' a'rld tltr: cross sr:ctiort ol'c¿t,<:ll <;oltcluc:tt>r'is 20 l>r' l0 rr¿rr¿. 'l'ltr: <:a'1>ar;ita'rlr:<:

<>f i,ìl<: t,r'¿rnsrnissi<ln lilrc: <;lrt¿r,ilrc<ì rrsirrg tlr<: tu'o-s1,¿rgc: soìrttit>tt is <:<ltttpittt:c.l rr,i1,lt 1,ll<r

r;lassic:al IIì-)\4 nleth<>cl rr:snlts. As sllr¡u'n ilr th<.: figur'c. lirt's<,:pilt'it,ti<>ns grea,tet'thart

')0¡ntn.. ir.l<:lll,ic¿rl lcsults a,r'<: obt¿lin<:rì usirrg tlr<r tu,o-st¿rg<: soltttiort ¿rncl <;l¿rssi<:¿l Iì1,\'[

lttr:1,lt<>d,ltclt,t.t:t'<]1.,1,-lt<.:¿r,t:<;uL¿i,{]1l.,¡1,lt<:tt't,<¡.stit.g<ls<l.lr.tti<itlc]<..t:r'<l¿ts<,.sìl1.1.1'..¡.-,.'irrg1,

s<:pala1,i<lr l><:tr.r'r:<'n tlt<: <:r>lrlrr<:1,<l's. In g<:ttc:t'itì. tt,ll<'lt tìr<: st:1tat'atiort ltc:1 t,t,r:<'tl 1,ll<:

g<;ntlu<:tols is srn¿rllcr'th¿rn tlr<-. i:r'oss s<r<:1,ion¿rl clirn<:nsiort rt, 1,lr<-'<:la,ssic¿Ll Il')\'l rttcrtltt>tì

slrould lle usr.,ci lol tll<-'crrtr'¿l.ction of'<ra,1rit<:ittlnc:e rtt¿rtt'ix ol't]rr.: tu'it c<lndtt<:t<tt's.

T'¿rble 3.3 1:rcscnts a. cornparison ol tlr<r czr.lra.cit¿ìnccì llt¿rtlix lbr ¿r 2 x 2 ¿lrt¿ry ol'

right a,ngle pins, obtainecl using the trvo-stage methocl ¿rncl FASTCAP. The pins ar<:

cliscletizecl to Llrt7 pzrtches <-:¿r.<;Jr. lt can l¡e se€ìn hoïlì tbc: t¿r.ltl<-: th¿rt the tivo-sttrg<:

mcthocl is ¿rccur'¿r.te irt contpzrlison with IASTCA,P.

'[]¿rble ìJ..[ ltlesents a comp¿rrisolr <>.f t]re ca,lritcita,nc<-: ln¿rttir for ¿r 3 x 2 art'a-y

of pins, obtainecl using the trvo-sta,ge methocl ¿rncl FASTCAP. lì¿rch pin hzrs the

climensions of (z : 0.508, g : 0.,508 , 2J -- I7.78nun) ¿rncl the spzrcings between

the lrins a.re (r/r : 2.2511, rL'y : 2.25rLnurt); r'vhert'e r/r; ¿r.nd cL'y a'^e respectivel), the

spercings in the X ¿rncl Y-clirections. The pins a,re <jiscletizecl to 498 patches eaclt.

It c¿rn be scc:n I'rom the t¿l,l¡le th¿rt tlrc trvo-st¿rge nrr:thocl gir,<'ts rrer'1, accur¿rte lesults

in comparison to IrASifCjAP.

'l'o sh<lrv tllcr ¿rr:cnr'¿rc,¡' a,ncl croil\¡cr'B(:ìn(:cr o['tlte iteta,tir¡<l lrtctlro<1, it is ilsecl to solt¡e

for the charge clistribution of trvo pzr,rzr.llel plates ancl two co-plarnar plates. 'Ihe size

'1',)



(ihapte:r il T h c, ( i ¿¡p a r:if ¿r rr r.'r: o I P u' ft., r:t, ] l, ( l cn c! n ct ing 5 t I't I r:t t r I'r:s

of <'a,<:ìr 1rìa,t<: is l0 x l 0 rtt<:tct's ¿t,ttd it llas lrc<:n tlis<:t'ctiz<:<l to.l00 1;al,<:ltcs. 'l'lltr

sepa,r;rtiort ì¡ctrvecn tltc pìa,tcrs is l. lttr:tets. l'bt thc trvo 1rarzrlloì lrlatcs, tltc citillg<:

i1,<:r'¿ltiorr Ài, : 0, ,'¡.20 ¿rncl .ìil; alc sltolt ltrlistlillltiorìs ( olr'cìponding to tllc nurtllrr:t'of

in lrig. ìì..). I1, is <:l<:al f'r'oln 1,lre l'<:suì1,s 1,lla1 1,lrc soltil,ion (:orì\¡cìgos a,f't<:t'a rtttlttlrr:t'

ol'itr-'r'¿rtiolrs tlrat is rrruch lr:ss tha,n the nurnbet'ol'unl<nor,t'rts irt tll<-'stlttctul'c:. l'Ìrr

t,lr<r co-plarrar'plill,cs. tlrc clralg<: distlibutiols lot'iV¡ - 0,ii, L5 a,nd 20 ¿rrc sll<;tvrl iil

l¡ig..ì.6. 11, <.¿rn Il<: sc<rn tlrat thc: solrrtion (:orì\¡clgc'¡i lastcl tlt¿nl tlt<r solttti<>rl lc¡r tll<:

lralaìlr:ì ¡:ìa,tcs lr<:<:aus<: of'tltc <:ouplirrg l<:r'cl lr<:1,tt,r:r:n tltr: pìa.1,cs. IIcrtr:c. fi'<>lll 1,ll<:sr:

l1,1re q;¡f¡<;:rìì(ì (:ascs. i1, is <:l<:¿u'1,lrat tll<: itcla,l,ivc'ln<:tllocl coìì\¡or'gos 1,<t tltrt <:clt't'r:<:t

solu1,ion ¿rlt<.,r' ¿1. srn¿r,ll nilurbcr o[' it<-'t¿l,titxls.
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Figure 3.4,: Th,e capal:itarr,ce oJ' hno trr.¿nsTnission lir¿es u,s u |tutcl"ion, o,f tlistan,cr: bel,tuer:,r¿

tl¿e li¡ze.s obtained usitz(t IE.lvI tnzrl the two-.strLge n¿eth,r¡tl. Th,e length oJ th,e line'is lScr¡z
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(.lh¿tpt,er .l 'l h r: ( i ¿tp ¿t r:it, ¿tn rrc o f P u' k: ct l t, ( l r¡n cl n r: t ing,,9t lr l r:f ulr,'s

o.5ou l

All lh0 (iìnrcrìl¡orìs sllow|r ¿ut irì rìrìr

ì I z .l tI

I FASTCAP 16.1.0 rô tÐ -55.62 -21.66

'I'rvo-stagcr 163.26 -52.07 -55.321 Ð | Kr)-LL,rtL

¿ T'AS1]C]AI) -52.i\2 l()ó.1 -21.64 -55.44

Trvo-stage -52.07 t63.26 -21.52 -55.34

Ð.l IIÄSTCÀI) -5'¿.62 -2r.64 I8,1.,1 -6r.69

Trvo-stage -55.34 -2r.52 183.17 -61.19

,1 F¡\STCÄP -2r.66 -55.421 -61.69 184.2

il'wo-stage -21.1¡2 <li.),t -6 1.19 183. r 7

illable 3.3: Compurison betweetz the

u,boue, ol¡l.ained u-si,n,g tlrc htro-sl,age

is ¡t1;'.

cctpctcitatzce nzatrir of u
'metl't orl und ltA,S T CA P.

systenz of /¡ pins, as shount

The u,nit oJ the r:apaci,tu,nc:es

4i>



( iltapter tJ The (l¿¡p¿tr:it¿rrlr:r: of Pr:r :r:tll, (!r¡ncluc:t,ing- ,5tl'rrr:f ril'r:s

AII the dimensions are in rlnr

Ta'[lleìJ..|i('i¡,¡¡77¡¡¡1,ri'stl¡l.bel,uern'l'h,e-t.:rt'pu'r:i'l,rt'n,c:r'nl,n'l'r'i'l:

n,bouc, r.¡bLa,i,n,ed, u.sin,rl l,he Luo-sl.u1e ntel,h,otl a.n,rl Ftl,JTC..lAP. The. ut,il, is I'It.

I z 4 t)

1 IìASTCAI) 296 -75.77 - 16.35 -80.95 -27.16 -9.263

ïrvo-stage 294.4,1 -76.53 - 15.74 -81.51 -26.60 -8.675

¿ IIASTCAP 7 5.77 323.6 -76.2,1 -27.12 -60.94 -26.97

Trvo-stage -7 6.1:i3
.)'1 I 'lrÐLI,LI -76.53 -26.60 -6t.26 -26.60

ï$
0.503 ,, ,/ta-11 I({) 'fl,,l 

,r,l-l::,:::::l':,::::lI
/.-- 1,,,",,1,"1 |

[î..,..l [.¡...¡ |

1,,,,,1¡l:...|i.ll

l........l:..l [.i...li[.l I

l, ,l llÜ/ {

1,,,...,|..l,/<Dlj),/ 2s4

.,
r) FASTCÄP - 16.35 -76.24 296.4 -9.238 -26.98 -81.18

Trvo-stage 15.79 -76.53 294.+ -8.67 26.6 -81.51

4 F¿\STCAl' -80.95 -27.r2 -9.238 296.r -75.86 16.4+

Two-stage -B 1.51 -26.60 -8.675 29'1.'14 -76.530 - 15.79

5 FASTC]AP -27 .'16 -60.94 -26.98 -75.86 1.)') ( 75.98

'I'wo-stage -26.60 -61.26 -2ti.60 - / o.ðJ 321.28 -76.53

t) FASTCJÂP -9.263 -26.97 8l .lB I 6.44 75.98 296.3

'I rvo-stagr,. 8.675 -'26.6 -81.5I -r.5.79 -76.rtil 29,\.tL¿l
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3.6 Nurrrerical Considerations

'l'lrr: risc: o1'tllr: intcgla,l cc¡uati<>rr nlr:tlrorl lì¡r'1,Ìlr: <:u1>a,cititrtc<: c¿tl<:ttlation t'cc¡trit'<:s

tll<: rlis<:r'ctiza,l;i<>l of'r:on<ln<:tor sulf'a.<:r:s irrto srta,ll patt:ltt:s. l'olntrrl¿rtion <¡l'tltr: pot<rn-

ti¿rl cocrflici<:nt lu¿rtlix, ancl solution of the rn¿rtrir s)'stcrn. il'his scctiorr rvill cliscuss

r:¿i<:lr of tlr<:1,lrr'<:r: st<r1rs il tllc tl<:r,clolrrnr:rt1, of'¿ul <'Ifi <:i<:rtt. algotil,lrnt.

3.6.1- The Surface Ðiscretization

'l'llc ilt<'r8l¿r,ì <rc¡rration rn<:tlrorl Iol tlrc r:¿rlc:uì¿rt,ic>lr ol'tlrr: <:¿Pa,cita,rt<:c: ll¿1,1,t'ir r'<:c¡rtit'<:s

the rliscletiz¿rtion of'tlrc surf¿rcc: of th<¡ <:onclu<:tors into snr¿rìl ¡ratch<;s. Pla,na,r' sulf'¿r<:<:s

a,re usri¿rlly discretizecl to lrlanar pertches rvith c¡uaclril¿r,t<-'ra.l ol trizrngulerl sha,lr<.,s. On

the other hancl, culvecl surfaces coulcl be cliscletizecl into planar or cnlvecl patches.

Ilor'verrer a la,r'ge nurnber ol pla,na.l pa.tchcs erre lccluired to ¿rccur'¿rtelv simul¿rte cuLved

surf¿rces rvhich lesnlts in vely costh, solutions. Though culvecl patches ¿rccur'¿rtely

lelrlesr:nt t]re currrcrcl sutfetces, rvith rnucll fetver c:lelnents, zr, s1:ccizrì tra,nslorrn¿rtiort

is requi.-ecl to evaln¿rte tl-re integr'¿rl in (3.12) over c:ulvecl srilfzlces [22]. Generzrìly,

the ¿rccuracl, ol the rr,:sults, the colnput¿l,tion¿rl tirrle ¿rncl th<; mernory stora,gc rr:-

c¡rilements c.lepencì on the number of patches usecl to cliscretize the surf¿rcc of the

concltictor. IIence, the Jrest cliscretiz¿rtion is tJre one tll¿rt minimizes the rlrtmber of

lrzrtch<:s tll¿rt ¿rle t'ccprilcci to pr-ocluce ¿tc:(:ttr¿tte lesults.

t9
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'l'ìrc g<-'nclal lrrlcs fì>r' sru'la,c<: <lisr:r'<:tiz¿rtiort ¿rr'c:

ø 'l'he aspc<:t tatio (th<r ra,tio of thc longc:st to tlrc slloltest si<lc) of'r:a<:lr pa,t<rlr

slloulr.l g<:nr:r'aììr, rr<;t <:r<:e<:tl fi rr<:.

ø ll'he pa,tchcs shou'ltl llc ¿rs closc to ¿1. sclu¿u'o ol l¡c as r':cluilater'¿rl ¿rs possibìc.

e ( lulvc:d sull'¿l<:<:s sìr<lul<,l. lvìrcrt 1><>ssilrl<:. b<: tlis<:r'<:1,izcltl usirrg (:ur'\/(ì(l 1;n,1,r:ìtcs.

ø 'lhe 1>a.t<:h ìavorrt sllould cìc1>ict thc clralge clcnsit-r, on tlrr: sin'f'¿r,c:<ls. rl.r,. rlcnsr,rr

rncslr lrcal tlrr: crlgcs a,n<l 1,ìl<: cor'rìors.

E I,Ì>r'¿r stlu<:tulc: ccinsistirrg ol'rrrultipl<.'<:onclu<rtols, rTìor'o rl<:ns<: rrrcslring is r'<:-

cprirecl on the snr'l¿rces th¿l,t ¿rr<'¡ ne¿rr t<> othel c:oncluctols.

ifhe above five rules produce the most efficierrt snrlace cliscretizatiorr a.lgorithnr.

3.6.2 Evaluation of the Integrals

'I'he potential coef{icients matrix (:}.9) is [illecl by evaluatirrg the integrai given bv

(3.i2). The cornplexitv of this integration clepencls on the shape ol the patch.

1) Square Patches [13]

lfhe potr:nti¿l,l ¿r,t the crertt<;r'c>1'a, scluitl<: patclt o[ ¿r.l<;¿r ø¿, clue to ¿r rurit c]ralgr:

cìcnsitl, orrer its orvn sulface, is girren b-v

/b
\/''¿r tt , /p;i: ffilLt(]. J t/'2) (3.25)

ir0
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'l'lr<: lrotcnti¿rl a1, tlrr: <:cn1,r:r'<ll'tìr<: l.¿i'1ratr;ìr. clrrt:1,<> ¿r ruril <:lrargr: clerrsil,r, i>r,<:r'tll<:

j¿l', patclr is given l>1,

P;¡:;l¡ (;i.2(')

t t) ,¡
rvlr<:r'<: Ål¡, - /(.,'; -.¿,.i)2 + (y¡ - U¡)t + (:r -:r)2.

'l'lr<: nraxilìr1urì olr'ol in 1,ìris trl;11'orirrrit,1,i<>n is a,lrou1.,l.8% 1ì>r'tlrc a,cl.ja,<:<:1t1. r:l<:-

ItIc:ttts.

2)Rectangular Patches 175]

ll'he potentia.l ¿rt zrnl' point clue to ¿r urtit crherrgc, c1ensitl, o\/cìl'¿:ì, rect¿rngular'lta,tch

carr be evaluatecl using the lollowing closecl form integral.

Let thc irrtcrgra.l eciua.tion (3.i2) ìre represerrtecl bl,

P(r, u,*) : ìro | f,a"a,

r,vhere R: \/u2 + D2 + LDz.

.P(u,'u,to) is therr given by

P(rt,t,,,r) : --L- {r|ouþ* ") - I) i utog(, * A) -,uter,r:7(lå + uta,n-tç!7- \ ':"'- / ,LTCA; (-L-J\ ' I r ' J\ ' t t.Lt¡R ..Lt)

rrl
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3) Numerical Integration

'l'ltr: ltcit<:rr1,ial at ¡,11 1' 1;oinl, r'. rlri<'1,o ¿r ulrit <:lralgr: tl<rnsi1,.-r,i>tt a pil1,<:ll <lf a,r'ìti-

tr'¿l,r'r, sll¿rpe. c¿:Ììì llc crra,lua,tecì using ('l¿rttssi¿rn clita<lrzrtitt'e f'ot'rrtttla a,ncì gr:orrtr:tli<:¿rl

tl'¿l.ltslblrn¿ltion o[' tlrc lcgion of irrl,cgi'a1,iort . 'l'lr<: irrtcgt'¿t,tiort o\¡(]t' (.r1tt'\¡(r<ì ltatclt<rs

r;¿rrr ll<: f¿rcilit¿rtccl r,r,itlr t,lr<r us<: ol'1,1r<: ¡lcorrrctlic¿rl tt'¿rnslc>trn¿rtictn ¿lssoci¿ltc<..[ i'r'itll

tlr<: ll<>un<lar'.-r'<:l<:rn<:n1, rncl,llc>tl . IIor.r,<:r,<'r'. 1,lrc rtsr: of'(llt:crr's lìln<:1,iott t'<:stll1's itl a

singrila,r'irrl.<:glnl <:cluation r,vll<:n tlrc: Íjor.1r'c(ì ¿rrtc.l ol¡s<:t't,¿rtiort 1r<>in1,s <:oin<: ic.l<,,. S1t<:<ria.ì

tr<,'¿ltrn<,.nt is n<recjecl lor tlre lra.nclìing ol this singuì:u'it¡,. N,I. L<:¿ut ¿rrr<ì i\. \\''<-'rlel'Plr':-

sentecl an eflicicnt erlgolithin fol h¿rnclling thc singulzrrity of C,llecrt's frrnction [22].

Generally, numelic¿rl integration is more costlSr than closecl form ¿rnalvtical integr-a-

tion, since filling the ma,trix is of orcler n2 operatiort, r,vhete r¿ is the tot¿rl nurnl¡er of

pzr.tches. An efficient zr.lgolithm lecluires the czrpzrbilitv of selecting the methocl for

the integlal cv¿rlu¿rtion ¿r.ccorcling to the cost. 'llre cost of filìing the rn¿rtlir conlci bc:

rninimizecl by:

e Using the scluare pa,tch a.pproxintzrtion rvhen possible.

ø Using the anaiyticai closecl form solution for the integra.l.

Allolving thr: nunilrcr of Cla,ussizrn points to be clrosr:n to bc lrroportionaì to

the inver-se clistance, betr,veen the observation ¿l,ncl sotllce points, r,vhen the

G ¿russi ¿rn cluzrclrat trr'c i n tegration i s u scrc.l.

Using the multipole zrpT:roxim¿rtion to the lrotential, presentecl bv R.okhlin [76],

5',2
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to spccd up tlr<: fiìling of'tìr<: nrat.r'ix.

Soh,ing The \datlix Ec|r¿ltion

'l'Ìlc <lolllilla,rrt <:<lst in tlr<: soluti<irr f^cir'1,lr<r <:a1ra<:ittr,rr<:c: rna,ttir (:onì(Ì¡i fi'orn sol ving

1,ll<: rlr¿rtlir cclrra,tiorr. ll¿l<:toliz¿r1,ion <>l'1,Ìl<'nra1,r'ir lrr, (l¿ru*.ia,n clilrina,i,ior is pr'o1;or'-

tion¿rl to rr.3 <>1r<,rr'¿rtiolrs. Ilolcrrcr', the conrlrr-rt¿lti<ln¿,ll cost of sohring tllc rn¿rtlix c¿ln

lr<: r'<:du<:<r<ì usiirg a,n itr:r'¿r,1,it,cr lrasc<l rn¿rtlir solvcr'. Saa,<l r''1 u,l 177) ancl [7,S] <lcsr:r'ilrc<l

zr sirnpìr', uliliunrlrl r'<:siduals a,lgolithrrr (G\,fRlìS) lbl tlrc solution of'¿r lin<':¿n's)/st(:)nr

ol cclrizrtions. lfhis lccluccs the cornput¿rtiorr¿rl tirrtc to louglìh oI olclcr ??¿r¿2) \'vlìelc

rn is the nurnbel ol concluctors.



Chapt er 4

T'he Capacitance and Conductance Matrices

'l'llc 1.u'o-s1,trgc nrctlrod 1;r'<,'sc:rrtecl irr <:ìrtrptcr'.ì applics ottì¡, 1,o sttttcrl.utcs tt,itlr

<;ollr.lu<:1,ols irr lr:gion fillr:<l u'itll ir lrornogcrìoour.i rtt¿r1,ct ia,l . 'l'lris cltal>1,ct tlcs<:l'ilrcs

1,llc: r:r1,r:nsìorr r>f't,lr<: nl<l1,lrr>rl lil l,lr<: <:rtr'¿r,t1,i<;lt <>f'tlrc <:a,tr¿t,<:i1,a,n<:c lr¿t,1,tir f'<>r'1, ltt'<'c-

rl ilnc:nsiona,l stlrrc:1,u1.<:s r,r,itll rli<:l<rctr.ic 1¿ì,_r'<','". 'l'llc rli<:l<-,<:1,r.ic rn¿r1,<:r,ia,ls ìt<:ìng c:on-

siclcl<,r<.I ¿ì.r'c P(:)r'l'cot di<-:lectlic a,ncl 1r>ss1, di<:lecttic. In this chapt<.rt', tìtr': <:¿1ra,<:it¿ln<rc:

m¿rtlix rvill be generzrliy le[L:rre<i to ¿rs the cornpler capercitance rn¿ltlix. '|.'lte lrles-

enc<; of the lossy c'lielectric rvill result in a capercitance m¿rtrix being representecl by

the re¿rl pzr,r't of tlre complex ca.p;r,cit¿urce nr¿l,trix ¿rncl ¿r concluct¿t,nce matrix lr<':ing

representercl by the irnaginalv pzrlt.

'llhe proposecl nrethocl rninirnizes the corrlxtation¿rl cost ¿rncl rn<.:rn<>r1, t'ecyuile-

ments of the solution oI threre-climensiond multiconcluctot stmctnres. It c¿r,lcul¿r,tes

the cornplex czrpacit¿l,nce in trvo stzrges, ì:asecl on the Integla.l lìc¡uittion Methocl

(IlìN,l). In the fìrst stage, the structurc is c.lividr:d into bloclis. E¿r,ch blocli consists

of a singk: <:oncluctor ¿lnd a,ll the clielectric-clielectlic interl¿rces. 'lhe IEN4 methocl is

then usecl to solve sepa,rzi,tel¡, lbl tlle <:hzrrge clistlibution on e¿rch blocl<, neglccting

the effect oI ¿rl1 other blocks in the structure. In the seconcl stage, the rnultiple

intcr'¿r.c:tiolrs (r:r>u1rìing) errnong thr: concluctoLs ¿ur<,r inc:luclecl rvith tlre zrpplication of

the IEM to the lvhole structure [79]. The ch;rrge clistlibution, obtzrinecl in the first

it,l
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s1,agc. is <:onsicl<:r'<:cl as a <l isr:r'ctiz<:rl <:rr1,ir'<: tlonlail l'lasis {ìln<:tioil f'ol tìr<: t'r:s1-r<:<'tir'<'

colductor'. '[']rus tlt<: orcicl of tllc intcr'¿rction rn¿rtrir is lccluccc.l to tllc nnrnì¡ct'<>f

i:r>n<luctols in tll<: s1,r'rrt:1,ur<:.

4"L Staternent of the Froblern

(.ionsi<ì<:r'a. sttu<:tulr: <:rlrrsisting <lf'tli. <:<ln<lu<:tclls r:rnllc<lcl<:tl irt a pic<:c i.t,isc lrttrtl<t-

gorìoous nla,tclia,l r'r,i1,ll i:olll-llcx ¡r<:r'nri1,1,iviti<:s. 'l'lr<: olr.j<:<:tivr: is 1,lr<:n to <l<:tr:t'llill<:

1,lr<-r <:onrl>i<,'x <:a,1ra,<:ita,n<:<: nla,1,r'ir of' 1,ll<: s.1'stcrìr. 'l'ltc <:orrt1-t1<:r <:it,1>tt.ci1,¿r,n<:<: rlta,l,t ir

o['sucll ¿r stlu<:tur'o rri ¿ur ???. x ?l¿, s.\'rrrrxrtlic rn¿rtli-x C. 1.'lt<,: r'ca,l palt of tll<,: corn-

pler rnattix, Rc(Ô), is thc ca.pa,cita.nce rn¿rtrix ol thc s,vstem; tlre irnaginzrr';, lritlt,

Irn(Ô), r-e1:r'esents the concluctance matrix of the system, or the clielectric losses.

N4orc specificzr.llv, the i¿l'rolv ol Ô Lr,l,r a positive entr'¡r, i'¿¡, rvhich represents the

self complex capacita,nce; a,ncl negzr.tive off-cliagonal entlies, i';r, r,vhich tept'esents

conplirrg betlveen concluctol z. ¿lncl ,i, rvhere .i : 1,2,...ut.,,:i I i.Tlre r..i¿å elenlcrtt

of the capzrcitancc m¿rtrix is the fr-ee charge on the irå concluctol rvhen the potential

on the.i ¿/' conchrctor is lu ancl ¿l,ll otl-rer concluctors a,re grounclecl.

4.2 Analysrs

Consicler the cornplex capacita,nce rnatrix problem statecl in the previons section.

'fhe ca,pa,cit¿l,n<:e rn¿rtrix c¿rn ìre olrt¿rinecl ll"r, r'a,i"irrg olle conc.ltir:tor tcl unit potcittiaì.

glouncling the rest ¿r.ncl ca.lcular.ting the hee chalges on each conciuctor. 'I.'he free

f-
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<:lrtr,r'g<:s in on<: <>l'tÌlclr¿ conrlu<:1,ols is tlrc intcgral ol tllc <:lra,r'g<: lrcl rrlìt ¿ì.r'o¿ì, o\¡(ìr'

thc cntilc sur[¿rcc: of tlle cr>nclllctor'. With <:oncluctor'7 nt l\i ¿urd tlrc rest grouncled,

("'¡.¡ is 1,ltc r:cliriva,lcnt to 1,llr: fì'r:c <:lra.r'gt: on 1,ìl<: <:<>nclucl,or'¿.. ¿ : lr'),...rnr.. Rr:pr:a,tirrg

tìr<:1-rr'o<:crlur'<: n¿ 1,inrr:s gives 1,lrr: r¡¡ <<llurrrn ,rr'(';.i. 'l'lrus. tlrc r:r>rrr111cx <:a.1ra<:il,a.rrr:<:

rna.trix r:¿rl<:ul¿rtiolr lìll rn r:onr.lrrctots is ercluiva,ìent to solving lìrr tlre c<>rrclur:tor'<:lrtr.r'gcs

in rn 1;t>l,<:rrtia,i 1l'olllr:rns. in tlrcsc llolrl<:nrs, 1,lr<: c<lrrductor'ltot,crrti¿rls ¿u'<-r sp<:cifi<:rì

a,rrd tlr<: ptitcrtt,ierl rnust s¿r.tisl'\'ì,¿rpl¿rct:'s cclttatiort in 1,lr<: r'cgiorrs of inl,clr:s1,.

Dielctric-dieictric interfaces Conductor-dielectric interfaces

Irigure 4,.1: A structure consisting oJ l,'wo cr¡nrlttclors

4.2.L The Equivalent Charge Formulations

The exterior Dilicillet forrnul¿rtio¡r fbl the potenti¿r.] ¿a is

v'd(") :0, r €v;

ó(r'):r(r'), r€s',;

linr ó(r') : 0
r+æ' ' '

('1.1)

(4.2)

(4.3)
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0cl¡,,(r')-
Ô,ì,1¡'

r,vhere dn ancl

^Òò¡,(r) , i)çí,,(r')
t4 ., - 

\rl ;\
t) tl.¡, () I l t)

?'t¡r

,Lneo l r' - '¡'' 
l'2

' l' h e (.1 a ¡ t t:t r:i f ¿l rl r.:r: ¿t n cl (.l on cl tl r:t ¿t n r:c,\'/ ¿l'f I'i c'r:s

(t..1)

*,llt:r.. ¿l ¿rncl lr <:<>r.r'<:sponcl to ì>or<ìr:r'ing di<:lc<:tli<.. \i ìs 1'lrc rogiorì <;l'irttt:l<:st-,5'.'. is tll<r

r:ori¿rr<ltot,s'r.l'¿lr:.s.,5'rrô ¡. tllc irrtct'l'a.c:<: sur'1'¿r<:<: ll<:1,t,tcr:rt <li<:l<l<:1,t'i<: a altt.l tl ir:l<rt:1,r'ì<:

l;. the rlirection o['tlle nolrn¿r] fi¿, is into rnr:<ìirtrrt ll, ô,, : r,"(l -.i1nnó,,) ancì

ît;: (t, (l - .jtrtrt r)r,) a,r,r: t,lri: 1-r<:r,ini1,1,ir'ìti<:s ol'lnctliuttt a ¿ul<l li. ¿r,lltl /.øriri is 1,ltc loss

ta.rrgt:rt1,.

Iisi¡g tìrq <:c1uii'a,l<'rrt r:lrillgc fblnlul¿iti<>ns Il l]. a 1c>1,tr,l <:lralgc il<rnsì1.\'o'r'ìs as-

srtrl,lt:tlorltìt<.:t:<llttllt<:1,<¡l._di<:]<:t:i,r,i<:irtt<:l'|.a<ltls¿

On <.¿rclt c.¡rl¡<:1,or.-cliclr:ctlic: inl,<:t['rlr:<-:, thcr tota,l <-:lta,t'g<: is t]l<: surn of'tlt<r ft'cc <:llii't'g<:s

¿rncl tli. poìarizzrtion cha,r:ges. On e¿rch clielect..'ic-cìiek:ctricr intetf:rcc:, th<¡ tot¿rl charge

is only thc irolarization cll¿rlgc. T'he concluctol potentizr.ls ¿rre firecl using the follorv-

ing integral ecpizrtion:

¡r I o,ì 
-

I

J,
o'r(¡'') .t r,l

-¿_--:|LJq|rtlr-rtl
l.l frl

where 5 is the 'nion 
o[' all the clielectlic interfaces, S"b, ancl the concluctor surfaces

,5's, zr.ncl oL'(r') is the nnknorvn chzr.rge ciensitl''

,I.hc nor*l¿rì clerir,¿rtive of the potential ¿rt the interface suÌfaces, ,S'ub, alÌe givert

1

DY

W : ;r"t.t¡,) _ 
1,,o,.(,,,

r:o-*(?' - r'' ,'îL¡) .,
E; | ,,- -,r 12"'

5", r'e ,ï'ub (4,.6)

î¡¡o,,,t,,) - |",o.r0')
c:o-r(r' - r'' ,ft¡) - ç'altc,./ (4.i)t1,,5" . ?'

in the c.liclcctlic regions./¡ a.re the limiting free-space poterrtizr'ls



(!lttpt¡'r I

Sul>s1,i1,utirrg <:c¡ra1,ions ('1.6) antl (.1.7) in ( l.'l) .t'icìds

' I' h e (.'i ¿tl¡ ¿t r:i t ¿l n r-'r: ¿t n cl ( i on rl u r: t, ¿t n c r. t\4¿¡ t l' i r:r:s

o't'(,'')
cos(r' - r'r'ñ¡,)

r1 ,5" :0 (,r .8 )

r r l ¿r.1,r'i -r <:r r 1,r' i <:s

I r' - ,'' 1't
[,,

'l'lrc sirlull,¿ìnoourì solutiorr rif'(.1.5) and (l.E) f'ot o7'gir,<:s tÌrc <:ortpì<:r

l l-rt in t<'gr"' tiort orr<,rt' tlt<,r concluctol sur' f¿rces.

4.2.2 The Integral Equation Discretization

'l'lrc: in1,<:gla,ì ec¡utr,1,iorr rrrcrl,Ìr<>d st¿r.r'ts lrr' <li"<'l'r'1 'zirrg 1,lrc ilrl,c:r'l'¿r<:<:s inl,o srn¿rll pa,t<:ltc:s.

'l'lrc: <:onclu<rtor'-cliclectric int<:r'l'¿ì.cos ¿l,r'o dis<:r'ctizr:d t<¡ /V,- snr¿rll patchr.rs a,ncl tlt<:

clir':l<':ctric-clielcctlic interf¿rcrers ¿rlcr cliscletizecl to À¡,¿ srna.lJ patc:hes. 'lhe unlirtor,t'lt,

o7., is approximatecl as a line¿rl combination of ¿r set of N, lV : 1V. + /V,J, linear-ly

inclep<;rrclent cxpansion functions I{(r) r,vith the r,veights .rlr',

r,vlrere lV¡ a,re non-zeÌo

N
o.,,(r): Ð A¡W¡(r)

a-1

ollly on the 7rl' patch,

(,i.9)

VIt¡(r):

Substituting the ex¡ransion (4.10)

Ï e p¿rïcll .l ;

othclrvise.

('1.5) ancl

rl¡I,l/¡(rr )

('1.8) gives tr,vo resiclua,ls,

I,
ln
into

(4,. r0)

(4.r r )/5-
u' j=!

.5'.Alr(t') : '¿.,(r') - 'I¡rî.lr'-r't ¡r1'5'', 
r' e
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(!I¡¿tt:t,cr 4

,12(r') : î,, I î¡
.t,
¿( ()

ì Jcit,ll r'<:si <lrtals a,r'<r

irn¿ltc solution c¿l,rl

l¡ll',(r'') -'+f' lñl¡
\-/¿

z<:r'r) u'ìrcn ( l.f)) sa.tisfics

bc obt¿linecì cicpcncìing

' I'he ( | ¿tp ¿t t:if ¿l lt rr,¡ ¿r t rJ (l on d n ct ¿vl c(:) 

^i/¿ì 

t t't (lcs

.l;l'1"¡(r'')
r:os(r' - tJ .'ît¡,) d,,\". (t.12)

lr-t''12
r e ,5'u'

(.l.ir) lncl ('1.(i) <:.ra<:tl)'. ,\ good al)pìo\-

on thc tcsting rnctltotl ttsccl.

/+
,Jr,,3

4.2.3 troint Matching Testing

Pclillt tlt¿'t<:ltittg pt'<ltìtl<;<:s a' lilt<:al s.\¡s1'crtl [<l' tllc tlltlillott'tl ''1.,'s llv fìxc:iilg (l'l I)

arrcl (1,.1iÌ) to holc.l ¿rt th<: <.<-rnt,roicl <i1'tlr<-: concluctor'¿r.ncl dic:lcctlic-intcr'f¿rcc patclles,

¡es1>ectirrr:ly. 'llhc rvr:ight ./lj l<:prcs<.,nts ¿r const:rnt chargc clensitl, on thc,7¿r'irzrtc:lr.

'rl¡ - Çt ('i'13)
uj

wlrelc qr, a,ncl Qi ¿\,re1r'<.rs1tectivel1r, thc cha,rgc,.t-,,.[ ¿rcråI ol the.i ¿À pa,tch.

The ir.pplication of the point mzrtching testing on (z{.11) a.ncl (4.13) ancl substi-

tntion for A¡ from (zl.l3) result in

0- (t 
" 

-r ê¡)
qi 

z(tiÇl¿" 2.1 ¿ .
t'b ) .i=l

-Ð

'fhe line¿rl s)¡stenr of eclu;ttions

rn¿l.trix form

,,(r¿) : #=äi1",
L

;--: utlu,,¡ i'¿ € ,5'.

lr-ï" I

¡ cos(r' - r',ñt) ,L----,--- , - ú4.¡,
Ju¡ l r'- ?'" l'

('l. t'11 zrncl ('J,. 1 5) can

(4.Izl)

ri e S"b (4.15)

be rcprcscntccl irl

(.1.r6)

q:i I
e,j tLT(t,.jeo

givcn ìry

0
l"l
LEI

[q] :
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lrlPt¡: ,L | ; ,,1u.¡. ('1.17)' li(t.¡( ¿ Jt., I t' - ¡" 
I

and E is a,n -rV,rx1V rn¿l,tt'ix of'tJtr: rtot'rrl¿r,l ele<:tt'ic fi<-'lcl r:oeFficierlts

t,;ii :-Ll':ll-!;pa,,,, if .¡, (t.ls)
I tl(1.;(,, .t t, | /' - /" l-

L'| Gt'*í,) 
'Ltn': 

zu,r.,(¿.,,_ î;t 
I:'J 

'

'l'lr<: unlilr<)\\,Tì r,r:(:tol q is th<': r,c<:1,or'<ll'N pa1,<:lr <:lta,t'ges tlta,1, t:¿ut ltc stll t'<:cl fìrr rrsirlg

¿r sta,nd¿i,r'cl rn a,tli r solrt<,rt'.

ì3v rerising concluctor.i to LV art<l gt'ourrding the r<':st, d'e' 'u.i : I a.rrcl ¿.'i : 0,

rvitlr ¿ f .j, z,rncl solving (4.16) for the unknorvn charges, a c<>lumn ol tlle complex

capa.citance m¿rtrix can be obtzrinecl [26]

(!ltapt,ayI ' l' h r: ( | ¿t p ¿t r:i t ¿l n r.:c ¿t n cl (.1 o t¡ du r.'ìf ¿l.n r:r''\4 ¿r.t I'i r:r:s

n'll<:r'<: \i is a vr:(:1,ol of'lcngtìr ;\,,-. P is a,rr À,. >< ,'\i r:<><rf [it:icrtts rlla1,r'ir of'tìrc ltot<;ittia,ì

¿ulcl is givcn lry

('¡i:Ðqu ('1.19)
È:r

l['he erlements cif the cortcluct¿r.ncc ut¿rtlix zrrr: giverl ll5,

lG¿¡l : Rr'-l.i uC ¡¡) : - I rnl'uÔ ;.¡)

ancl the elements of the capa,cita.nc;e rn¿rtrix ale giveu by

('1.20)

lfl ..1 
- R-lt'l ..1

L\r¿yl - t"t [v¿./l (4.21)

4.2.4 Galerkin Testing

Point matching is a,c.lec¡rate lbr' lrroblcms r.vitllout clielc<:tric; ltow<:r'cl it procltrccs

lzrr-ge errol for ¡leornetries r,vith la.rge perrnittivitv changes. 'Ihe Galerkin testirrg
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(ihapt,cr 4 ' l' h r: (.1 ¿tD ¿t r: i t ¿ut r : r: ¿m cl (.1 on tl ti r:t ¿t li r:c Äy' ¿l f I'i ¿:r:s

),i.lrls rììor'(Ì à(:(:ulat,r: r'esults a,1, a ìrighcr'<:orttittttit,ti<>rl¿r,l <:os1, [80]' 'l'lrrrs it ìs suIlir:icllt

to.sc:1,lrc lrig¡er.¿rccur'¿ì.çy Cl¿rìclliin rrrcthocl for testing (4.13), ivlril<: still rising tlr<'r

('orììl)rìt¿r1ici¡allt'<:f-[ic:i<:trt 1;oirt1 rttat<:ltittg lìr1 t<'stirrg ( l.l I )'

'l'lr<: appli<:ati1¡tr <>l'tlr<: (lalcl'liirr tr<:tlrod to ('l.l;l) fìrlrrrs itlrtct'1-rt'odtt<:ts lrr:trt'<rrr

R,r(r,) a,¡cl the /Vr¿ cxp¿ì.îlsion l'unction I,14. '['his t:<>t'r'eslronds to lrit't<:lles orr the cli-

<rlr:cti'ic illl,<rt l'¿r<r:s such tlta,1,

la r î \ ,, ,\'

1¡ _ \(,,._1- '¿,/ l-W nç,.¡Ð ,l,l,l,¡(r,)r1,\'
'2r ,, .l ,s j=l

co.s(r' - t'' .'ît¡,)
r|,\'t d.S'. r'z € ,5"'r' ( 1.22)

l.,{.r,¡1.,,, I t'- r'r lz

'f'lrc: crpzrnsio' u,eigllt,,Ili¡, ca,l be ivlitten in terrrls ol'the tota,l <:Ìra"r'g<: orl <:¿r<:ll Pa'tt:lr

sincr: tlrr: rvc;ight is n<>n-zcrro only otr thc r.¿À patch. Ecluer.tiort ('L'z',)) tltc:n l ecornes

-(ä,, - t,,) lrl,l,l(r )/r, È it¡t'1"¡(rr)

o:ø+!ll,,n'',

- (ê,, 'ri e ,5'"t' (,t.23)

ifhe inteer¿r,l in the first ter.m of (21.231 over the surface of the i¿r' pzrtch is ecluivalent

to its area. 'I'he ecluation then becomes

n_u-

-\-Zr
¿-l

Tlhe lile¿r.r.system of ecluzrtions given bv (rt.i,t) ancl (4.2r1) c¿rn lle f(ì)fesentcd in

rn¿rt'ir 1orr¡ sir¡ilzrl to (4.16) zrncl the solution proceecìs in the $ì¿ì,Tr-l(:r rì-t¿ìlìnet'¿ls th<:

point matching testing.

]ìr, u"illg tlrc,: ilrtcgl¿r,1 erqua,tion nlcrtlrocl, ¿rn /V x ÀI s\¡stc:nt o1'trc¡rzrtioils (l't(;)

rnust be solvecl to comp¡te the complex capacit¿rnce m¿r.trix. This requires storage

(ê,, -l- êi,)
qi 

zqf,t.- - ê;)

qi t t cos(r'-,'',ñr,)

, ,lr, lr, ,or, | ," - ,+
¡1,$i¡tIS';, r'i € ,5'"b ('1.24)

()l



( ilt¿tl¡t,er 4 ' l' l t c (.l a p a r: i t, ¿t.rt rrc' ¿t n cl (.i on d n r:t ¿t n c e i\4¿l t l'l c:r:,'-

a,rrcl t:<tirrllltatì<trr 1,inl<: l'ol tllis svst<'nr to ìr<: ptcipot'ti<lrtal to À 2 <:t>ntpìcr rlttlllll<:l's

atcì À'1 , r'{:lspc{ttirr<::l)¡. Herrce: ¿rtt<,:rrUrts trt usirtg I.þ,rV to sclhr<: <:<>ttlltlic¿rtccl stlttc:trtr<;s

a.r'r: rrsually aba,nclrlnccl . TTou,r:r<:r', tlris liiuit¿t,1,iort <:a,rt lrc r'<:rtt<tvr:d. ìl¡' rtsìttg 1,lt<r

1,u'r>-s1,tlg<: solu1,iorI 1tt'<rs<:rI1,<:cl irt tlt<: Iìcx1, s(ìctioll .

4"3 T'he Two-Stage iWethod

'lÌl rlr,<:r'<:orrc linril,¿1,i<llls of'tlrc <:l¿issica,l ittl,cglilì rrr.¡tta,1,i<ltt rltr:1,llctrl (lì1tr'l) as a

r'<:srrl1, <ll' tll<: r'<:c¡rrilc:rl lììolììor'.\/ st<>r'agt: ¿lncì c:illt:ttl¿i1,i<lt 1,iltl<:. a, 1,ivtt-s1,¿rgt: s<lìtt1,i<lrt

is uscd 1,o c¿rl<:ula,te tlr<: r:orn1rìer capercit¿rncc: uta.tlix. Ilbr a. sttu<:trtr<,r c<>rtsistitrg o['

rn conclu<:tols' ¿ì,s showlr in ll'ig. 4.2(a,), where rn,:2, the solutiott plocr:ecls in trv<r

stages. In the first stage, each incliviciuai concluctor is consiclerecl sepzrrately. l'he:

s¡r'I¿rcc of the ¿¿l'conchictol is discr-ctized into t\¡; sm¿rll pzrtches. ln aclclition, all

the clielectric-c]ielectlic interf¿lces ¿ì.re cliscretizecl into ¿r tot¿r.l of À¡¿ ltatches. An

erzlrn¡rle of the clisclctiz¿rtion is sholrr in Fig.4,.2 (b) zrncl (c). Tlle lormul¿rtiorr

presentecl in section ,1.2 is then usecl to soh,e for the charge <listlibution on the z¿å

concluctor. ¿rncl the entirc ciielectric-clielectric interl¿rce. t\otice th¿rt the r.':ffect of'¿rll

otl-rel concluctors in the strricturer h¿rs been neglectecl in this stage. Ilolerrer, in the

seconcl sta,ge, the multiple inter'¿l,ction (coupling) a.mong tlre concluctors ìs incluclecl

by erppÌ-r,ing the IEN4 to tbe whol<l strncturc. 'llhen th<,r rncthocl ol morncrlt is a.plrlied

ì:y consiclering each concluctor as a single patch zrncl using the results of the first

stage, ¿rs ¿r dis<:retiz<:d <'rntilc clorna,in b¿rsis lìrnction. f'ol its tes¡rcctirrc suL['¿rc<.r ol t]rc:

i¿l' concluctor. 'ì.'he bounclarv conclitions ¿rre enforcecl on each conciuctor.
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(.iha¡ttu' 4 ' I' h e ( ! ¿tp it c.:it¿i ri r.:r; ¿trt rl (.1 on clt¡ r'f ¿r n cc 14 ¿ttr i r:c: s

Fignre a.2: (a) Art er:tt,n'r¡tle o| Luo cond'u,ctor. (b) und(c) D'iscretizul.'ior¿ l'or t,l¿e rtrst ,cl.u{Je

solut'ion,.

(¿l)

(b)

(c)
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(ihapt,er 4 ' l' h c (.l a¡t a r:it¿r n r:r: ¿tn cl ( i on cl n c:t. ¿t n t: t, Àr/a Íl'ir.'¿:s

In gr:nr:t'a,ì . tltr: <:lra,r'gr: <listliìxrl,iorr and tll<: tota,l <:lra,r'g<: s1,or'<:tl <xl <:¿r,r:ll <:olrrlu<:1,or

clcpcrtcl on tlrc: f'ollorving ['¿r<:tors:

a) tlrc g<rorrr<rtrical (sÌra1;<:) f'¿rc:1,o1' o1'ca.c:ìl <:onclu<:1,<>r'.

ì>) tlrr: g<:orrr<:tli<:a,l l'a,c:tol ancl tll<: <:lc<:tli<:al 1>clrrrittìr,itir:s <>l'1,1r<: rli<rlcrc1,r'i<: nra,1,cl'ial

in thc stl'ucturr:. a,ncl

c) tlrc r'<:l¿rtivcr 1>ositiorrirrg o[ <:¿lr;ll conr.lu<:tol u,it]r lcspc<:1, 1,c> tìlc otllcrls.

'['1lc r:ff<-'cts <;|'¿rcl,<¡r's a) a"ncl ìr) a,r'<: ¿l"cct>unt<:<l I'ol in tlic fils1, stäg<: of tllc solution.

'l'Jlr: tlriltl I'a<:tol is a<:t:oun1,<'cl Iìrl ir tlr<: sc<:on<l sta,gc: ol tlrc solrrl,ion. i\s a lils1, or'<l<:r'

a.ppt'oxirna,tiorr, tltr" <:ltitrrg<,r irr tlr<: clrtn'gt: distlilrul,i<>n clu<: to 1,lr<r <:<>riplilg o['ol,]r<:r'

conclnctors c¿tn l¡r.r cortsiclct'cr.l as ¿ln nnlinoivrr rv<,:iglrting fa,ctor'¿r,; . 'l'llis zrssurnption is

r,¿l,licl onl), rvh<;n tlte sepitltrti<>n b<:tr,v<-'<':n the <xrncluctols is la.r'gel til¿ln the conductors

closs section. I-Iowerrer, enforcing the bounclary conclitions ancl using the charge

clistlibutions obtainecl in tlre [ilst stzr,ger, ¿rs ¿l,n entile <]orn¿rin ìr¿rsis functions, ensure

tJre ¿rcr:ulacv of the complex cerpacìta,nce m¿rtrix.

'I'hus the potc:rrtizr,l ¿ì.t ¿uì,v lroir:t on the sur'l¿rce of't]r<-: croncluctots, lol th<,: systerrr

sìrown in Fiø ,l ? iq tlron rtir¡r'n lrrt,,,'.ö.."..Ò''...''-.J

Vy : lrr¡F(l, L) + a2F(t,,2)l

V2 -- lcrlF(2, I) + a2F(2,2)l (4.25)

wlì(.:r'(.r l.z¿ is thc potential r.¡nfbrced on thc rl¿l'corrclrr<:tor', zrncl fol I, II:1,2

F'(t. t) : .[([, t) + .f (1,d,)

tt([, t I): .l'(l,ll) + .l(l ,rl,) + .[(t, I I)-.t, .l'(t I,rt) (4.26)
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(il¡apttr 4 ' l' h e ( | ¿tp ¿¡ r:it. ¿tn r:t, an cl ( i rn d ti ct¿ì n rtr,r M¿l f l'ir.'r,¡s

cl lclcls to all 1.Ìrr: clir:lc:<:1,r'i<:-<liclr:<:tli<: intcllìl<:cs. an<l

t
i.=1.ì,€ctnul. I ì=1,i

\-
LJ
lett)tt.tl. 1 .l=

I

f ( I. tl.\ : --J\ 7 ' N,

Ð
€ iiúTl

\-
/J

l'.i €

q.i Pi.i

rl .:ì'[) ¡ .i (4 .',¿7 )

(,1.28)

(,1.31)

grti,

P,; is gi\roìì l)\f (l.li).

Et¡u¿tiorr (,1.2';) (:arì l)('- \vlittotì ilr ln¿r,1,1'ix Iotrrr ¿ì tì

AB:V (r.2e)

\vlìcr'o A is ¿r" s(llra,r'e nl¿ì,tïix o{'orclcr'2, B: frr'c2]7', a,lrcl V a,r'o coluïìììr rLla,l,r'i<:r:s ol'

oÌcler 2.

i\otice that the v¿ìhre of tlle cliergoner,l elements .4¿; zìre krrown; tl¡¿ is ecpr¿ìl to

the irnpressecl potenti¿r.l on the z¿å' concluctor. T'hns in using the irnpressecl potential

\¡¿ìluc l'or: the ciia"gonal elements ¿r. rr:clnction in thc comilrtatioÌì cost is proc.lucec.l.

The resulting linear systern of ecluations (rt.29¡ c¿rn be solvecl for cv1 ancl û2.

'Ihen the capacitances Crr ancl C21 aïe given by

&
()tt : ctll 11¡ (4.30)

l.- I

)\rìL
A\-Uct:(I'¡) QL.-u t-

Cr¡2 uì.ììcl C22 <'.t\n Jre obt¿rin<;d ìr-y intelcfizrnging thc r'¿l.lrie u1' [2, and lr, zrrr<ì soh'ing

the linear svstem of ecluations (4.29).

À syst<.'rn of tr¿ lirte¿rt'ec¡uations, sirnila.r to (4.1), is oìttzr.inccl for ¿r, svstcll of

m, r:oncluctols. To cornpntc thc .i¿À colnmn of the complex ca.pzrcita.nce matïix,
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(lh¿tpt,cr ,l ' l' h e (,'l a¡t tt.r: it' a rt rx' ¿t n d (l on cl tì r.'f ¿l n ('r.: ù1 ¿l t l'i cr:s

<:c1rra,1,iort (1.29) lnts1, lrc sol r,<:<.1 fbt' n; giverl il vt:<rtot' V t'vllr:t'<: l'l : l. r : .i alrrl

l, : 0 cltllcllise. 'l'h<tn t,lrc i.jrl'terrn of th<.: caPzrcit¿i,nc;<: rrl¿rtlix is c<llnllutccl lly

rruìti1>ìr,ing û,r l)\, tlr<: sunr ol'tlrc: r:lra,r'gr:s r'<:sultirtg ft'ollt tlt<: filst stag<: soltitiolt.

N<11,t- tllat f'<n a s-r's1,cnt r:<tnsisl,ilìg ol'lìì (:oîì(luctols t:tltltc:cl<l<:tl <ltl a. llclltl<lgolloolls

rna,telia,ì. ec¡tttt,tiort ('1.26) is tt'a,nsf orrns to

lr(l,l): .f (l.l). fi(|.11):./( I.ll) ( l.:12)

'l'lrc s<;1u1,ìoîì l)r'o(ioo(ls as d<:s<:t'il>ctl allovc Iì;r' 1'lrc gt:rl<rt'a'ì <:ilsc'

\\lltilc:1,1r<: 1,r,r,<l-st¿rgct rrr<:t,lro<ì givr:s ¿r<:<:ula,1,<: <:orrtltl<:r <:a,1>a<:ìtart<;c rlla.tl ir. it tl<lr:s

n<>t ¿r<:c:rir:¿rtr:lr, <'¿rlc'ul¿lt<: thc r:lta,r'g<,: c.listlilluti<>rt ttll c:¿rcll <tortc.lu<lt<lt'. 'l'lt<,r rllairl goa,ì

oI tþis rvor']< is tlte lccluc:tion oi thc cornprit¿rtion¿rl cost ¿rncl rlìerìol')¡ stora,gcr r:ecluilecl

'bv the IEIVI; for the calcul¿rtion o[ the complex capzrcitzrnce rn¿rtlix. This c¿llculatiorr

is in glezr.t clern¿lrtcl b1, itt.1.ttt.u.

An ¿rccur¿ltc cha,r'gcr clistribution, ¿ì.s ¿r rcsult of ¿l,rl cnfolcecl 1>otentizr,l, c¿rn be

oltt¿li¡<tcl using ¿rn itcr¿rtive rnethocl. \4/itlr this rnethocl tlte sp<,x,:cl ol corìvcrgelì(re

cleirencls stlonglv on the initial estirn¿rte of the charge clistribution. A goocl estirnate

of the initial r,¿rlue of the chalpçes rvoulcl spcecl up convergence substantially. llhe

best i¡itial v¿rlues of the chalgcs I'or the iterative methocl, is the charge clistr:ibution

ohtailecl using the tlvo-stage methocl since the coupling of all the chargc's on a

concllcto¡ is incl¡clcc.l in t|c first st¿rge of thcr solution for e¿rch conclttcrtor'. illhe effect

of the clielectric on the char.ge clistlibution of each coucluctor. is also incluclecl in the

filst stagr-:. In ¿l.c.lclition, the sccond stagr: ol'the ttt,o-st¿rge ìì'ìcìthod ¿r<:counts [br th<r

total conplirrg arnong the concluctors.

oo
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4.4 correputational T'in-re and lVlernory stonage

l' .r'clr:t'1.<t us<: tllc ttvo-st¿lgc rll<:titt>cì tcl <:<>rrlilttl'c arl nr' X rtl t:il'1)à<: i1'a'll<:<: lIì¿Itl'lx'

1,-|1. fi.st s1,a.gq sr>ìrrtigll ruust lr<: t'c1;ca,1,<rtl rr¿ 1'ìrtlc:s. Noi,c. tltat l'<>r'pta<:ti<:a'l (riìsos'

l,lrc: 
'urrll<-:r.ol'pa,tclcs 

on tlr<: c<>rrcluctor'-<lic:lectlic illter'l¿rcr:s ¿ìt(:ì rtsu¿lllY lllucll làr'gc:r'

1,ll¿r. 1,llrt rr't'lt<,'<>f'1tit,t<:ltt:s oll 1ll<'<li<:lt:<'tli<:-tli<'l<:<:1,r'i<: itll'<:t'l'a<:cs' '\sstttttiitg <rr'1ttitì

lt.ltrlt<:t'<tl'1;a,1,clrr:s <tn <:a.r:it <:t¡rl<.ltl<:tclt'. 1,lt<: <:<>s1, t>['<:tlrttpttl,irlg tìrc c:rttt'ic:s att<] st>lVillg

<:ar:lr nra1,t'ix ìs 1l o1'>tll'1,icllt¿l 1,<r

2rn.(rV; a À,r)2 { rn(r\i¡ +.\i,,¡'' (.1.33 )

while the cost oI the seconcì stàge solution is proportion¿rl t<>

(nzt\)2 +n¿3+nz2 (4.3,1)

patches on e¿rchlfh<¡n thc: total computzrtional cost for ¿l.n eclttzrl nttntbeÏ of

concluctor, is proPortional to

Zrn(N¿+ N,r)t -l m(N¿ + Nr)* + (tælv;)'? + tn3 ¡ nt'2 ('1.35)

The clornirr¿r't ter.r¡ in (.i.35) is nz(tV,*l\¡a)3 since, [or'1tt'erctictll ctrses, the nurnber

of co*cluctors i' the systenr is much iess th¿rn the nunlber ol pa.tches usecl to clisclr:tize

a single concluctor.

il'lte cornput¿ltiona,l cost of rising

sttucture, is ploportional to the cost

Lt-l c.lecoutposition a,ncl thc solution ol

thc: cla,ssiczr.l lllNi, as ir.ppliccl to thr: u'llolc:

of computing the entries of the ma,trix, the

tlr<': ck:con'tpose{.l lrl¿rtrir nt tirrt<"s; th¿rt is

(,1.36)

t)t

(n'tN¿* 1Vp)2 -l m(n¿lY; * Àrort I m(mN¡ + l/p)2



( lha¡ttor '1
' l' |rc: ( l ¿u-¡ ¿t r: it, ¿'trt r: r: ¿tn cl ( l cnt du ct at t r; r' À'/¿t f l'i c¿rs

'l'll<t nr<:lrr<;1'1, cll¡1"1o¡: r'<rclriilr:rl llr,1'lrc ttt'<t-st¿rgc lttrttlt<ltl is ¡;r'o1l<llti<lllal to 1Ìl<:

rrÌ¿rxi¡¡¡rìï¡c¡rory lecluilccl |-t, t|e c]¿rssic¿ll IEt\I irr soìi,irlg fot'a sirrglc: corlclti<:tot'irl

tlrcstl¡c1,¡r'¡¿r¡cl 1,llccì ir:l<:<:tli<:irrtr:t'['a,<i<]s: ¿..r,,.¿r.rtt¿trillttltltol'(À¡tl1i.t)2.'l'llcrlttllllr<:t'

r>l'1;trtr:ìrr:s rtrr 1,llr: <tclntìrr<:i,<l-rli<:l<:r:tt'ic ill1,<:t'l'a,<;<:s at'r: ttsua,lì.\'lìttt<:l t ìitt'gcl tltalt 1.Ìt<r

nurnber <>l'pa,tr:lres on tlre tlir:le<:tlic-tlielert:tri<: interf'a,cr:s. On tll<', <>tllet'll¿rncl, thc:

rììcrììor..\¡ stoÌ'iì.g(-ì r'<:c¡uilr:<l ìr.r' 1'll<'<:l¿rssi<:¿rl IIr.\'I is ¡rto¡r<>t'1,iortal to (¡11r l\',)2. 'l'lttts,

1;lrr: ¡rc'lll<tr'), l'<:c¡li1c:l¡<-r¡t o['tltc ttt,o-stagc rttc1,ltod, is rltrrcll l<-'ss tlt¿ut tlla1, of'1,h<l

<:lassi<:al II'l\'l .

4.5 Results and Comparison

A gen<.,rell cocle w¿rs clcvelopc<l using the forrnu'l¿rtiorl ol thc' tlo-stage nethocl.

'I'his zr.lgorithm lvas testecl for va,r'ious geornetrìes in cornpalison lvith thc cl¿rssic¿r.l

IEN4.

T¿r,l¡le t[.] presents zr cornpalison oI t]re capzr,citance ¿rncl corrcluct¿r.nce lnatrices

obt¿rinecl using thc trvo-stzrge lnethocl ancl the classic¿r.l IEIVI. 'I'he structurc is shorvrt

in Fig..i.ì1. It co¡sists ol trvo tr¿rc<ts ancl a fjnite grouncl plane. '['he clielectric

pc.:rrnittivity is ê,. : 3(1 -.jtarrä),tan6:0.001 ancl the stt.uctuÌe \,v¿ìs discr-etizecl to

252rl snta,ll pa.tcùes. 'Ihc lzrrg<; nurnber of patches results lïom the neecl to s¿r.tisfv

th<t criteri¿r oI nurneric¿r.l conrrelgr:nce by using p¿tcltes rvitit ¿rn as¡lect l'¿rtio lcss tlt¿rn

5. In ¿rclclition, tlre concluctot suLf¿rcr:s th¿rt a,r'e (loîrìuroll to the clir-'le<:tlic rlr¿rtet'i¿rl

,ec¡uire a lzrrge numbel of elements to acr:nrately c¿rlcul¿l.te the charge clistributiorl

nsiug tlrc lDN,I. il'he cor¡1tut¿rtion¿rl tirne ¿rncl tlìtr rtlcrrlory rcclnir<.rcl bY tllc l[lM ¿irc

6,S



( !lt¿Ll.¡tar 'l ' l' h c ( l ¿t.r¡ ¿¡ r.:if ¿¡ ri r:r.r ¿m d ( i on tl n c:t, ¿tn t: t:,\,/¿¡ t l'ices

.l(i,Il¡l arrrl f)S N'l lJ. r'csl>c<:1,ivr:1.\,. Uor'r,<:r'<:r'. tìtc <:ornpttl,ati<>rral l,irrtc ¿lntl 1,ltr: rtt<:rrttx'r'

rcc¡uir<lrrrr:nt of tlrc tr'r'o-sl,¿rgr,: nlctltocl âf(:ì ïosptìcìtively 90.,h¡¿ ¿l,lld 161,1 .8. I"ol sttcìt

a, stl'u<:1,ulr:. r'crìucirr¡5 1,h<: s1ta.<:irrg lrr:1,r,r,<rrrt tllr: tla,<:t:s <tt'irlr;t'r:asing tlrc cli<rl<:<:tli<:

p<:r'rni1,ti1;j{,.1;¡'¿11s<'rinr:r'cas<rilr1,lr<:olr'olsof'1,lrc1,ur<¡-sl,agt:rn<:tltotl.'['altlt: l.2pt'<:st:tt1,s

it,t:<lrrlpat'ison<if'the<:it,1la,<:itanrlern¿rtt'ix[bt'a,rrlict'ostr'i1lstt'tttltrtr'e.,l.]ltl

tlrr: s1,r'i1; a.r'<: ( 1.ii,0.0ir,0.02)rri,rn; tlrc gloun<.1 pltrrtc lr¿rs clinlcnsiotts ol' (2,2,0.02)rnrrr

¿lntl 1,lrc diclcctlic tlliclincss is 0.0f)r¡¿n¿. 'lla,lrl<: l.il 1-li'cs<:rtts a, (ioìtìp¿ì,r'isr>rl of tltt:

<apacitarr<:<: rrr¡tlir lclr'¿r 2r2 ar'Ìa¡, q,¡l <:<inn<:<:l.<¡r's. sllou,rt ir l''ig. l.l. <tìltairlr:<l rrsirrg

tll<: 1,r,r'o-s1,ag<: rrt<:tltt>d a,rtl tlr<: classical ll'1tr'l.

It c¿rn be seen flon tll<,: t¿rl;lcs tll¿rt tlrr: l'esults obt¿,lilccl r-isirtg 1,ilr: tl<,:\,t'rrt<:tllocl

¿ìïcì ¿ì,(-ì(ìur'¿rte in conrP¿l,risorl rvith tlrosc obt¿rinr:cl using tll<: classic¿l,l IIÙNL
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l.2mm

0.35mm

0.05

lrigule ,l .lJ: Ttt¡o lttrc:r:s ot¡r:t uti llt î,. = :J( | - llrtð). !o¡tt\ - 0.00 l.

1.5mm

' rt tliclcr:l,t'ir

Ta,ble,l.l: Con'¿porisor¿

shoun¿ in Fiç¡. 4.2. The

be|ucen Lh,e cu¡tac'ittrn,ce unrl

u,n'it o.f the copttcitttnces is lF
contl'ucl,trtzce nt,ntr-ir:es ol Lhe sgsLent

uzrl the conthLctunce'is nt,,S.

I '2 Ì I
,2 ì

Ct ItrT,I. 5t.72 t2.21 r)r) r) |-.).) . trl (-r 
I

| ¡)l"
L . Lt.) -0.37 -0.78

T'rvo-stzt ge 49.79 11 .33 -.1 I . f i) l.)|,L -0.36 -0.76

v2 IEIVI. 1.) .),l
-LL,L't 5r.72 -33.34 Gz -0.37 | .)É

I.Lr) 0.78

ilìwo-stzr.ge -IL:ì3 ,19.79 -J1. I ð -0.36 1.2 -u.f0

tja IEVI. ÐJì ,I ?-JJ.+ ¡
,ì'ì ,r7 102.75 fJ -0.78 -0.78 r.85

'f rvc>-stag<: -ót.tt) -31.76 96.72 -t.,.10 -0.76 t.2
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(1
O IENI. 169. I 275.4

'f rvo-stage 168.5 271 .1

Table 4.2: C'orn,parison between the capuc'itance ntatrir oJ u microstrip structure' The

tmits oJ the cuptLciltLn,ces ure fF.

I o'Õ

IENI. tnt II I '),J 169. I

Trvo-sta.gc: 170.3 168.5

7l



(lh'¡pft'r'l ' l' h e (.' l aD ¿t r: i t, itt"t c:e a n d ('l on cl tt r :t, it t t c: t: Ä4 ¿l t l'i cr'-s

lrignle ,1.,1,; A .s'y.sLun' o.l' J'otu' ¡t'in r:on,rr:r:l'ors

4 IT]M. -30.9 -100.5 -100.5 325. r

Trvo-stage -30.6 -99.7 -99.7 320.8

'Iable 4,.3: Comparison

.shoutz in, Fi¡1. 4.3. Th'e

bejween tlr,e capncitunce n¿Q,trir oJ u systen't of /¡ connectors,

units of the cupttcitrtnces are fF.

72

l//

I
iì
L

r)
J 4

1 ItrN,I. 325.1 - 100.5 -100.5 -30.9

if r,vo-stzrge 320.8 _o0 7 -99.7 -30.6

2 IIJN4. -100.5 Ðr)t: I¿L,J,I -30.88 - 100.5

'Irvo-stage -99.7 320.8 -30.6 99.7

q
.) IIlN,L - 100.5 -30.88 325.1 -100.i;

Two-stag<: -99.7 -30.6 320. B -99.7



Chapter 5

F requ.eTrcy Ïlependent lnductance and

R.es ist arlce lVIat rices

In this <:lra1ttcr,, ¿rn r:ffici<tnt tlvo-stcl> aplrroaclt is usccl to ca,lcttl¿rtr: th<-'irlclu<:t¿rrl<:<r

¿rn<i r.r:sis1,¿ln<:<: rn¿r,tli<:cs ['r>r'tltrc<l-clirl<:ttsiort¿rl lrttlltir:<>rt<]u<:t<lt'stt'tt<:1,ltl'<ls' Irl 1,ll<:

fi¡st step, tlt<t pzr,r'titrl <lr:llt<rnt ccluivalcttt, cilcuit trtt:tlt<><.ì is us<-.d to c¿r,l<rtrl¿rtc tlr<:

scrll incluct¿rncr: ¿r,ncl lesista,nce of ea,ch conductor. E¿rclt concluctor is corlsiclerecl

sepa¡ately ilr isolatiolr of all other concluctols ill the stlrrcture. T'he concluctol is

cliviclecl into straight sections ancl each section is cìiscr-etizecl into thirr fil¿rrnents.

ifþese fil¿rr¡elts a¡e thcn assernblecl into thc: clesirecl ecluivzrlent imp<;cìancc: rn¿rtlix

using netrvor.lc theory. iVlesh analysis is then usecl to solve fbr the complex li'ecluency-

clepencient impeclar.nce of the concluctor. In the seconcL step, The mutual incluctances

amoilg the concluctots ar-e estim¿l'tecl b;' ¡t;tt* the filaments approxim¿l'tion' Thc

trvo step a.ltprozr,ch gives trccnlater self irnpecizrnce. Horvever, the ¿rcctlr¿rc)¡ of the

app,,-oxim:rtion of the rnutn¿r.l incluctance clcpencls on the sep;rration betlveen the

c.onclnctors ¿rncl tl-re concluctor cross section¿l,l climensions lel¿rtive to the sliin cleilth.

I¡ the next section the PEEC zr.pploa,ch is clesclibecl. It is b¿rsec.l on the integlal

r:cluzrtion formnl¿rtion ancl n<':trvork theor'1'' The proposecl tr'vo-stcp solution is pre-

se,ntccl in scction,.5.2. Rr:sults a,ncl contp¿r'ison ale girren in section,5.iJ. Irinzrlìv, a

.7:t
1,.)



( ihit¡:te:r 5 /ii'r:q r i r:tt c-v- D r',p r:n cl en t I n t! n ct, ¿tn r:c: ¿l n c1 llcs is t¿t n r:r: À'f ¿l t l'ic'r:s

rl is<:¡ssi<;ll <>1'tJl<: q<:rtct'aliza.tiorl ol'tìr<: algolitlllrl is givr:rt is s<:<:tioll i=l' l

5.1- lntegratr Ðquation F ormulations

N,I¿l.xlvcll's <:c¡uzltions for th<: sinus<ti<..la,l stczrcll, st¿rtc <;¿ls<: ¿lt't:

VXtr--ju ¡r}J (;.t )

VxH:.itrrrE*J (r.2 )

V.(ctr) : p (5.;Ì)

'fo ¿l.llorv 1ut i¿|<tzrl cuttertt

V.(pH) : o

[../: o

eclua,tion (5.,5) ltecon'res

I,(r') r € thr: fbc,cl point;

0 otltcltvisr:.

(5.4)

lfhe lbllowi¡g folrnr.rl¿r.tion assumes cluasi-st¿rtic concìitions rvhich imp]v th¿r.t tlr<:

size of the str-ucture is small comparecl to the minimurn ,,vavelength of intelest ancl

retarclation efTects can be neglectecl. fhe clisplacernent curtent (7tocE) is negligible

comparecl to the concluction curLents (J) since th<; concluctivity is very high. T'his

ems¡rlptio1 implies that the curlent in the concluctor h¿rs zero clivergencc,

SOtl

I:l
I'CeS,

lð.').1

(5.6 )v.J

7,1
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'l'li<: l'<x'rnula.1,iolr c>l'tllr: rra,gn<:ti<: clnasi-s1,a,ti<: lttobìcrtt Iol tJtc <:¿rl<:tlla,1,ioll t>l tll<:

induct¿rncc is irrclcltctrclent o1'tlrc cliclectric ploltr:r1,i<,'s <>['thc surt'outtcling uta,t<.:r'iaì.

'l'lrclc:lì>r'c. tlrc <:l<:<:tri<: [i<:l<l E irlsidc tllr: t:orlcltl<:1,ot'is givert l>r'

þ:-jtoA-Vd (Ð.f J

r'r'lrc:r'r: c.r is 1,llc: <:l<:<:tt'i<: 1to1.<:rt1,ia.l tt,tr<ì

lising OJlnr's la,tv ¿rnd rt<rglcctiitg

(:oilì(-'fi

In the cluasi-static limit, the magnetic:

A-

r,vher-e'¿;' is the rtolume

Substituting (5.9)

r; is tlrr: itrtgttìa.t' f t'<:tlttctt<:r,.

tlrc <li s1tl a,<:cttt<rtt1, cltt't'(rtì1,s. (t(lri¿ì,1, loIl ( il. 7 ) llrr

-.1 Lt:A - Vç) (,.s )
J
-:o

r¡ector lrotentizr.l A is girren by

J(r') 1 !-:------------- .Q,'l)lr'-r'l
ol ¿r.11 concluctols.

into (5.8) yielcls ttre following integi-al ecluzltion

hl.,

,|,,

(5.e )

(5.10)
J(") , iu¡t
;- 4"

J (r')
;*d"t--Vd(')lr -T" I

Llsing eclua.tion (5.10) ¿rncl the cnrrent conselv¿rtion, given by ec¡rzr.tion (5.6), th<:

concluctol cLu'r'cnt clerrsit5, (J) ancl the sc¿rl¿l.r potentia,l (ç5) c;zr,n be cornputecl.

Cher.rge, a.ccrimul¿rtion on the snlf¿rce of the concluctor is ¿rssulnecl to be negligiltìe.

This implics th¿rt the component of'the culrent tlr¿r,t is normal to the snLf'¿rce of the

concluctor is zero at the surface. Thus the concluctor can be cliviclecl into vely thin

[il¿rrnents rv]l<-:re thc c:utrent is ¿rssurncrd to floi,t' ¿l,long the length of'the fil¿r.rnents.

The structLrïe cân then be representecl by a plana.r graph rvhele the nocles in the

I ;.)



(,'Ìrapt.ar i [irr:r¡tc,¡r:t, Dr:penclc¡t Inclnct.¿t¡r.<' .,,r6J 1{r:sist,¿tnr:r: À.1¿ltl'ir:r:s

gla,plt ¿rlr: asso<:i¿r.t<:<.1 r.r,itlr cotìtìo(i1,ioIt 1-l<lints lt<t1,it cr:rt Ii]¿trtt<:rt1,s altrl 1,ìtr: ltlart<']lr:s.

'l'hc br¿rnclres r'<-:ltrcsent 1,lre fil¿rrnents into rvhicll <-r¿rcll conchrctor is clisclctizccl. 1\

sitrlplc <:ilcuit lbl a, singì<l (:orìdu(;tol is sllou'rt iit ìrig. ;r.l(rt) tr,ilÌl its cit't:uit rtto<lr:l irl

Fig. ir.l(ìr). 'l'lris <:ilcui1, rrrotìcl is olrta,irtcrl al't<rl tlrc rtto<l<:l <il' ;l-r.l(a,) r,r'as tlis<:r'ctizr:cl

into fil¿rrrtents.

T.

---ô--
Node

1L

o-,, \-'- ZJ

I*
Io

---=:- ----rl^\-
L*--^LrIldillerlL Dtdllcil SOUTCe bfanCh

\qi (b)

I¡igure 5.L: (u) A tuo-straiç\lr,t scctionerl conductor, (b) circui't'rnorlel

By clefining zr, wcighting function, the ttnkuorvrt cuu'cnt clistribution carì be zlp-

ploxirnatecl ìry

J(") I¿W¿(r)l¿ (5.11)

thr: length of' th<:u'hele l.is tlrc cutLont insiclc filanrent i, /¡ is ¿r urit r'cctol zrlong

filament ancl

-t1Ì e l)aIClì r:

otherr,visc.

(5. r2)W¿('') :

fo



( ih¿tptcr 5

<¡l' fila,rn<:n1,s r. arr<ì .7.

Ii)clr.ration (5. |3)

t'crsl)oc1, i \¡cl.\/.

<:a,n ¿.r,ls<> b<: rvrittclr in rna,tlix lblut

I7r'cctrir:rir.:-r' DeDenclcnt [rtr]ur:t,¿tttc.:r: ¿ln11 llr:sist¿lncr'. À'l¿tf i'ir.:¡ts

u,llclr: ¿, is tìr<r <:r'oss s<:<:1,i<;n¿rl ar'<:a ol'tlr<r ¿¿l'fila,nrc:lt.

ìì¡t folioivirìg tlìe rrrethocl oI ruorncnt forntul¿rtiorls ¿t s-t¡stctrt of'eclrta.tions c¿ur l.lc:

olrtairlr:cl lx' t''l-'n'tìle inn<:r'1r'r>du<:1, of'tilr: u,ciglrting fìrnc1,i<>n. ccluill,iort (5.12).

rvil,ll tlrc irr1,<:glal <:c1rrit1,iort. git,<rn lrr, <'cltt '1''<;ir (ir. l0).

f ]"1 I;+.i,,T.eL [ [ , 'o'', ,,rt,ttt,,)t,: ! [ k,,- cip)rl..t (;.r;t)
6(t..; ' " ¿-J'l;rt tt.¡ .l ,,.l ,\|,'-,'' | ' (t ;.l ,,;"

ru'lr<:r'<: /; is r'<r<:1,ol r'<:1;r'r:s<:rrtirrg 1,lrr: lr:rrgtlr <¡l'Iila.rlr<:nt 1.. ø¡ is t]r<: t:r'oss sc<:ti<ln- r,'r,1

an<ì ci7; ¿u'c tJle ltotentiaì <>n thr': [il¿rrnent cnc.l fa,r:c:s artd Lt; and Vi a,t'e the volurrl<--s

where I¡ is a vector of

lt¿: |rto - óo,, R is ¿r.

ol'e¿rc;h filarnent,

(R *.7tul)/¡ : P

l¡ filarnent cuLrents, P is ¿ colurnn vector

clier.gonaì ln¿rtlix of orclc,r' b r,vllich consists

(5. I .l)

oI fii¿rnrcnt voltages

oI thc clc lcsist¿n<:e

L is ¿r clellsc symrnetric m¿rtrix ol olclet' b,

L, #, 1,,1.,

Ilcluatiorr (5.14) can also be r,vritten as

Rtd: ]'
O Cti

(5.r 5)

(5.r6)
I;'li 7 7 t. ---QL|(IL)lr'-r'' 1

ZI¡, - lu (5.17)

rvhere Z:R*.ituL is a branch impeclance ma.trix of o'-cler'ó ancl V¡ : ót - Qn

is tJle vcctor of ll'¿rnch volt¿rges. 'l'h<.'uretlrod th¿rt is nsccl to obt¿rin the circuit ¿rs

clescribecl above is c¿r.llecl the Partial Element Bc¡uivalcnt Circuit (PEtrC) [7].
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5.1.1 Noclal Analvsis Formulation

i\ccorcling to T{itclthoff's curLeut'[¿rrv (I{CL) ¿r,nc,l volt¿rge l¿r.rv (I{Vl,), t]rr,: nocl¿rl

rrolta,gcs a,rrd <:ulr'<.'nts <:¿r,n Jtc l'cl¿rtcrl to tll¿rt of'thc lrra,n<:ltcs Ì1.\,

AI¡, : f* tt,n.fl A''Vr, : Vb (,-r. I I )

H<:r'c:. A is tlr<: inc:i<lc:ncc: rn¿l,ttix of'tlrc <:itr:rrits a,rrd I" is a. rrostl.-i,t(:l'o r'<:<:tol ol'

soltrc:(:r cutt'crìts ¿¡.t tlre noclc':1<¡<;¿rtions. O<>luuln z, in A h¿rs twci rìorìzet'o entt'i(:rs:

rttintts on<: in 1,lt<: tott colr'osporì(1 irrg 1,<l 1,lrr: norì<: fì'olll r,r'lricll tlrr: lil¿un<:lll, i.'.: <'ullr:1r1,

lr:¿Lves ilnd 1rìtrs olrc ir 1,lir.r lor.r'(:or'r'c)ril)orì(ling to tllc: iro<.1<: in1,o lvlriclr 1,llc fil¿rrncrnt

tl'.s <:ut'rcrnt entc:r's. lfhe supelsr:r'ipt 7' <.icnotcs thr: ln¿l,tlix trilnsll<lsc. Clornbiniug

ecluzrtions (5.17) tr.n<.1 (5.18) l,iclds

^Z-7 
AV^ : Is (5. r e)

'fhus colunrn z. ol' the reclucecl irnpeclzr,nce nr¿l,tlix 2,. c.an no.,v be cornputecl by

setting the soulccr crttt<:nt ecluerl to r¡nity (unit crun'c:nt through concluctol i) ancl th<:n

solving ecluation (5.19) for the nocle voltages (V"). The cliff'elence of erpproprizrte

nocle potentials girres the volt¿rges ¿ìcross <l¿rch of the concluctors. ll'hus l'orming

ecltration (5.19) recluires a rrìcrnory stolage of orcler'ó2. The inversion of the Z

m¿rtrix costs ¿r CPLI tirncr of orclel ó3 rvhere 1¡ is the nrimber o[ crrlrrcnt fil¿rrnents into

rvhich the s\¡str:m of concluctols is cliscretizccl. In aclclition, solving (5.f 9) recluiles

er computational time of orcler n3 (rz is the number of nocles). The comput¿rtional

cost c¿r,n b<,, tccluc<-:cl lr\, ¡t¡t'* tllr: rnr':sh ¿ul¿llvsis lornrul¿rtion lvhiclr clor:sn't rccßrilc:

the inversion of t,he Z ma.tlix.
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5.L.2 Mesh Analvsis Formulation

'L'hc ncc:cl for tJrc inversion of thc irnpecltrnc<r rna,trir, (Z) in ecluation (5.t9) c¿rn l;r:

a,r'<>i<lr:cl b.r'r'<'folrnulating tlrr.- ccJua,tion rrsing a, rncsh ¿rna,l i'sis a1;¡>r'ozrch. In ¿r. rrr:t-

wolk, ¿r nlcsll is <]cfincd ¿rs ¿rrì\/ loop o1'br¿utcll<:s in tll<r graplr r,r,hic.lr clocrs no1, crrclosc

iì.n\j otlìcr ll'¿rnclrr,rs [8 l]. 'lììrr: unltn<>rvns ¿l.r'<: tlrc <-:un'cnts llolving ¿u'ouncl rìrì.1, ¡¡1,'"1'

ilr 1,lr<: n<:1,ir,olli. Fig. ;).2 sllclu's a,rr r:rarrrpìr¡ of'olrc <:<lnrliir:tr>r'.

(a)

ìrignr:e 5.2: (,a,) A tuo-slra,iç1ht

(b)

sect'ion,erl c:onrluctrtr', (tt ) circutt nzorhel

Accorcling to

e¿rcJr mesh in the

the l{irchhoff's volt¿r.ge 1elr,v,

nctr,vol'ì< must bc zaro- i.c..

the sum of bra,nch voltaees aronncl

MV¡-V":0 (5'20)

tu'hert<-'V" is the rnostl-v zero vector ol'soutce¡ br'¿urclr volt¿l,ges, V¡, is thr: r'e<:tol across

e¿r.clr l¡r¿l.rrch exccpt the source J¡ra,nch ¿rncl M is ¿r rna.tlix o1 olcler r¡z x b.
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N<>tr:: t¡t.: lt - ?¡ + r'. 1.,is i,lt<: nurnli<li'ol'fila,nlcrl1, ltt'¿irtt:ll<:s. it is tlt<: lltlrrlll<:t'<ll'

cronclur;tor sc:ctions a.rtc.l c is the rltrrrtbr:r'of coltclttctot's.

'l'ltc Ir'I r¡¿r,t¡ix llas tìlg 1:r'91tc:r'1,1; tlla,t rnc>s1, ol' i1,s <:olulttrts (trt. - r:) llai'<: lìo lÌìol'o

1,llal 1,tt'o rìorìzor'o <'lttti<:s^ a 1lìtts orlc: a,rltl tltitltls t>rtt:.

'l'h<,r <:ul'Lettt ¿tt'oiln<l c:a.ch l<>o1l s¿rtisfies liir'<:Jrh<>f['s (]11l'l'ellt l¿ì,\v:

M'/'I,,,-I¿,:0 (¡.Zt)

u,llcr.<:'l'(l(ìîìotcs tll<: nlatlir tlarrspr>sr: a,rttì I,,,. is tll<: t'r)(:1:o.t <lf'tllc rllcsll <:ttt't'<:rlts'

'l'lrg ¡clla,ti<lrrslrip ìtctrr,<:<:n ltlall<:lr <:ulr<llts a,ncl t,<t11,¿rg<:s is gi\¡orì ì));

ZI¡, : \,, (5.22)

llolvever ¿r c<¡mbin¿rtion of ecluzrtiorr (5.20) rvitlr (5.2i) ancl (5.22) tcsults iu

MZ,M:|I,,, - V" (5.23)

Thtrs to compute the ith column of the reducecl aclmittance matrix (Y" : Z;'),

ecpration (5.23) is solvecl in terms of a V" lvhose only nonzero entries cor'.-esponcl t<r

¿";. ilþe e¡tries of I,,, zrssoci¿rtecl rvitl-r the sourc<'r br¿rnches c¿ur then lle crxtl'¿rctecl.

'I'he solution of the system ol ecprations (5.23) rcc¡tiles ¿r. rneillor)¡ stolel¡5ei of

or.cler m2 ancl a comput¿rtio¡al time of orclel m3 . For- a complex structtire, m. coulcl

bc: rnoLe th¿rn ten thouszrncl, r,vhich presents ¿r limit¿r.tion to thc a¡r¡lliczrbility of the

methocl. In the next section, an approach is ploposecl to overcome this limit¿rtion.
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5"2 The T'wo-SteP Solution

,l.o or,<'..or.. tlr<: ìirlri1,a1,iorl ol'tlrc Pa,r'tia,l lillcrlrrlt l:ìc[iiva,lcnt (-]ili:uits (Pl'll'l(i)

l'r:1,.11<>cl. ¿r 1,i.r,<¡ s1,r:1.1 s<>lrr1,ì<lll is rrsc<l tcl <'a,l<:rtl¿r.t<:1,ltt: ilt<lut:tâ.1ì(:o ¿tlttl t'<:sist¿ì'rì(Ìo lìl¿ì'-

tri<:es [82] . In getrcra,ì , 1,lr<,: incluc:t¿ulcc ¿rni.l t'c:sist¿ln<:<r rrl¿r,tli<:es o1' tìl<: ccirtclrtc:tol's

<lr:lrrrrt<l on:

l ) tlrc iratlr <if' tllc <;tlt't'<rrlt in 1,llr: <:orltlu<:tot'.

lr) tlr<r gqa¡ttt<:1,t'it:¡ì (sìra1;<r) la<:1,<;t' 9f c¿t<:ll <:1¡rttlttc:1'9t , a'rt<ì

<:) tlr<: spa,t:irrg arrcl 1,h<: positiorrirrg ol c¿r<;lt <:ontltlc:1,<>t it'itìt t'cs1><:t:i, 1,<> tllr: o1'lt<:t's'

,llhc fir.st st<,r1> ol' tllc solutiorr t¿li<'rs into ¿rc<:ount 1¿rctots a,) zrrtd lr) r'r'lriìc tllr.' sc<:orlcl

st{,:p of'the solution gives apil'orirntrtion to thc ef['cct of the t]rircl factor'

For ¿r st¡ucture cunrirting oI I\ corrcluctors, ea,ch irrcliviclu¿¡.l concluctor is corl-

siclc'e¿ sc-rpa.r'ateìy i¡ the first step of'thc solution. Iìadr con<luctcil is diviclecl iirto

sections ivhiclr ¿¡'e then incliviclu¿llly cliscletize<l into v<;ry thirr fil¿ulents' 'llhe PlìDC

rnetlrod is then usecl to solve for the inclucta,ncc ancl rcsista.nce (t'heZ irnpeclance) of

each concluctor- r,vhile neglectìng the effect of all other concluctors. Hor'vever in the

seconcl step, the nrutu¿l1 inclncta,nc<':s arnong the concluctors a,r'e zrpploximatecl using

the filaments trpllroxirnzr.tion [30]'

ilb ill¡st¡ate this approach, consicler ¿r stmcture consisting of trvo concluctors

(N:2) sh<>u,n in l'ig. ,5.3. In thc. fjrst step of the solution, cach concluctor is consicl-

erecl separately. The first concluctor is cliscretizecl into lV¡ thin filaments ¿r,ncl then

lcplr:scnted ly a cir'<;uit rnoclerl ¿rs sÌlorvn in Fig' i>'4'

'I'he incluctalce (,L11) zr.ncl the resistance (-R11) of the concluctor ¿rre solvecl for
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I'igur:e 5.1\: lLt:urt1tle o.l' I'rrtrt t:or¿tltLcl't¡t's

(a)
Figure 5.4: One conrluctor tl'iscretizecl to filanzents,

(b)

(b) n-r,odelletl o,s n c'ircuit
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rrsirrg tllc PIr,l'i(1 nl<:tlt<><l ¿t

rep<,'ateci lol the secon<-l <;<tr

inclu<:1.a.rtcc is olrt¿t,in<:c.l trsin

(Z) I'or 1,lris s1,r'ii<:1,ut'c is tlr<:

[r'r:r1 ricn cy' I) r:7.> ett cl c rt t, I n cl n r:t, ¿t t.t rr,: ¿l n c1 1l r:s is f ¿l ri c'r' r\4¿i tl'ic:r:s

is tlrcl

lnutrt¿rl

rr l a.tlix

lrl tlrc lncsll a,rr¿rl-\,sis apploa,<:lt. '['ltis 
1tt'<>c:<:ss

rductor'. ln the secortcl step of titr: solutiolt, 1,h<;

g tlr<: iil¿ulr:nts ap¡l'oritnation'l'ltc intpetlart<:<:

rt gir'<:tt ìi.,,

IArr-l-,juL11 ,ito[,12 ItlI jrrLzr fr:: i jtt'L¡: )
lz): (').2 r)

'l'ìrr: rlia,g<irraì <rl<:rn<:n1,s <;f'1,lrc (Z) rrratlix a,Ì'o <;lrt¿r,int:tl f'r'orrl lllc [ilst s1,r:1t of'1lr<:

s<rlrr1,i<>n. 'l'lr<: of[-<lia,gorral <:]r:rrr<:rts ([,,.r: L2¡) <:arr lrc cstiitla,tr:c1 ttsirtg t]r<: Iilaltt<:rrt

tlppr'oxilration [.10]. ln tlris i,l1t¡l'orirrrtrtion, tltc rnuttt¿rl irl<ltlct¿rncc lr<:tr't¡<x:tl thcr ttr¡o

conclu(-:toLS is girrc"n 1.r¡,',

¡ 1V" N,t,

L.nn, : L.r,..n: ñ;il Ð.\Lrru
o-r ./-r

,,vhere /y'.,' ancl Ä/,, zr,r.-e the nurnber of filaments corresponcliirg to concluctor

rrz, respectively, the subscript / clenotes the filament approximation and L¡;¡

putn¿rl incluct¿rnce betwer:n th<,r z. ¿rncl .7 liia.rnents; rvltich is given by

(5.25)

Lro,:Lri¿:+ t[ ,41""!,i, Ø.26)/I7i JiJ.:¡ lT'-r' I

Tlre ¿rccur'¿rcv of er'¿1,1u¿l.ting [,,,r,,,. l<)Ì fixecl {, ancl Àf, clc¡rc'ncls orl the rerl¿l.tirtc:

position of the concluctors. The number of filaments usecl in the fir-st step of the

solntion c¿rn l)<., usccl agzrin to obt¿lil /,,,r,,. IIott'r:r'el tlrc ¿rcc:lr:¿ì.(t\/ ztnd cornlttrtatioll

time can b<-: irnprovecl bv choosing the numbel of fil¿rments to Jre ¿rn inverse lirnction

n ancl

is the
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,l'tlr<: <l ist¿i,.<:r: ìi<:t*'.cn 1,llc c<>ndu<:1,<ll's. 'l'.lris r'<'sul1,s irt ii <:t¡trsìtlcl'alll<l t'<:<ltt<:f i<lrl iil

t¡<.: col'put¿rtro¡ tirrrc, since orllV ¿r sltl¿1lì rttttlll-r<:r ol corlc'luctol's c¿I]ì llc pltVsicirllv

c:l<;sc t' <:a<:ll .1,lt.l i¡ ¿rnl¡ìticort<ltlt:t<>t'sl,l'tlc:1,ttt'c' Àn aìgoti1'lìììl (ra'lì ìl<: tl<:r'<:loìr<:cl loÌ

tll<: s<:ì<:<;1,ic>tr <>l'a,lr a,1t1tto1tt'ìitt<: ltttrllllt:t't>['lilarll<:lrts fìlt'<:a,<:ll $r:<lilttrl't'r:' Ill a<ltìifi<lrl'

IlìOl'c¿ì(](]1ll,¿r,tr:lrlrlttl<..linc]rrcta.n<:c-'llr:ttv<.'r:tlttvoc<lncjttt:torstlla,tll¿l'r,r:srrt¿r]

(:o.ì'¿tïos t<t tll<:ir'<:r'<tss-s<tctiolì c¿\ll llc: ol>t¿riltccl llv solvillS I<lt t'lt<:1'tt'ti corl<lut:tOt'

l,ogct,ltc:t irr th<: firs1, s1,c1l of'tll<: solutioll'

5.3 H.esults arLd CornParison

.1..o clr<:cli the r¡a,liclit), <>f'the present ilir¡l'oach, a. tlansrnission line l'ourlecl ]rY trvo

coppeï concluctols is consiclerecl. '.fhe concluctols are of rectangulal cIOSS section 2

l;ty 2r¡¿r,, a.ncl sepzrreìtecl by 2tï¿¡Tt. For cornpzrrison with ¿r'v¿r'il¿l'ble trvo-<limension¿ll

¿ln¿rlysis r<tsults [5], the length of the concltictol's lv¿.ts clloscn to l;e 100 m<:tels ¿rncl the

'esults 
sc¿rlecl applopliately. p,..¡ conchrctol is tlten diviclecl into 100 tllin [i]¿rrnents'

ifhe total incluctanccl ,l[, : L1¡l['z,t-2L¡2),iucluctance ancl resista'nce, 'R : Rt*R'z

r,¿r.ri¿l,tions r,vith the fi.ec1uencl, oÌ¡t¿rinccl using the cl¿rssic¿r,l PllllLl nrethocl ¿rncl the

trvo-step methocl ¿rre shor,vn in I¡ig. 5.5. The eÏl'oÏs in th<l incluct¿rnce ancl resist¿rnce

rr¿llues obtainecì b\r using the trvo-step mr:thocl ¿rre less than 5% ¿rncl l%, respectivclY,

in comlrarison rvith those obt¿rined using the cl¿rssi<;¿l.i Pllllc methocl'

At high frecluencies, the clc resistance rePresenta.tion in the formulation is not

r,¿rlicl si'ce tlle resist¿rncc inclc¿rscs rvith the scluzlrr'r root of'111s [j¡6:11u<]ncv [6]' FIow<"r'cr

tiris aspect can be incorporatecl in the algorithm, as clescribecl in section 5'21'2, to
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l'ultl lr:t i rtt l-rt'ovc tlt<: ac:r:ttt'¿t(1.\r of' tltc ll l<:tlt<ltl'

-big.r.c,I;.6 slr<>ws thc tot¿rl induct¿r.llce of tivo icl<':nti<:¿rl tr'¿lrtsrllission lincs ¿rs ¿r

l'..<:tio' t>f'tllc crìg<r-to-ct.lg{r s{:rl)aliìti<ln. D. lr<:tr'r,<:<:ll tllc liilcs' 'l'lrt: lcngl,lr ol'1'lrc lin<:

is I irr:lr a'<l tll<: c:r'oss s<r<:1,icln r¡f <rat:lr <:on<lttc:tot is I.i lr.r',-; lllils. lìa,<:lt <:orldtl<:1'ol is

diviclc:cl into ilO tlrin lila,rnents ¿r,nr] tlt<: fì'ecßrcn<:r, of opet'atiort is 50 Mllz. 'l'lr<: tota'l

i¡duct¿ur<:<r r>f'tlr<: tr'¿l¡s¡lissicin lirtcs is olt1,¿rirlctì usirrg tll<: cl¿rssi<;al PEI-(: rrr<:tllotl

a,lrd 1,lr<: tl'.-st<:l; solul,iou. 'l']tc-, nnrnctic:a,l t't:suh,s ¿rl'(-'(:oIììp¿ì'r'c<.I rvitll 1,ìr<: [o]lor'r'iil8

it,1;1-rt'ositrtit.1.c <:l<;ss<:<i l'orttt cc¡ttati<lrt [8;l]'

(¡r,Ll lin) (5.'27 )

*,heL<., /, tr., n¡<1 I ¿l.r.e tlrc ]e¡gth, rvidth, ¿rnil thicl<nc,ss ol e¿rch concluctot', r'r:sPectiVely'

As sholvl in the figure, lesults ol¡t¿l.inccl using the tlvo-step solutiort cornpare .',veiì-

rvith those oþt¿rinc¡cl using the classical PIIEC rnethocl. On the orllel hancl, thc'

closecl for-rn ecptation gives ¿rbout [5% elror'

T¿r.51e,5.1 ptcserrts a. comlr¿uison o{'the incluct¿rncer matrir lol a 3r2 ¿rrt'¿1,\' of

right zr.ngle pin connectors, obtainecl using the trvo-step methocl ¿rncl the classic¿rl

pDEC met¡ocl. lfhe lrec¡renc5r el' o¡telation is 1 iVII-Iz. lfl're pins ¿r.re cliscletizeci to

200 fil¿r.ments e¿rch. The memoty s¡o.r.t" reqnirernents ¿r.ncl the cornptttational tirne

rrsing tlre classic¿r,i PEEC arc |IùIb anc|272 nz, respectivelv. On the othel hzrncl, the

stoï¿ìge Ìncrroïy ¡ec¡rirecl by the tu,o-stcp nrethoc'l is t.8Mô ¿rncl the cornprrtatiortzìl

time is i¡.1m. All computations have l¡een clone using SPARC10/'1I r,vorkstatiou.

'll¿r.lrlr:,-r.2 conrltar'c:s the in<.luct¿rncr': rn¿rtrir ol'¿r nricr'<>strill structttÌe ollt¿r,inr:<l

using the trvo-step methocl ¿r.ncl the cl¿r,ssic¿l.l PEEC rnethocl. 'I'his structure con-

l
L

7
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(.'ihapter .5 I¡r.r,rrlrierrr:"i, Dt:prttck ttt, htclttrt¿tttt.:r: ¿ir¡rl 1ìcsist¿lrlr:c À'1¿ttl'ir:r:s

sìs1,s.l'tllr'<:t: itl.rttical 1,1'¿tt:<:s a,ll.i'<r a gt'i,tttttl llla'ttc' Ilr a<lclitiorl' tltt: lt'<lc1tt<:tt<:\'1¡l

irlreÌirtion \s LÀ,lHz ¿l,ncl the tl¿tces ¿l.ro cliscretizccl to 210 fi'l¿unertts c¿rcll rvitlr tlr<:

gÌorrnil pìilrt<: lr<:iilg dist:r'ctiz<:tl to 660 fiì¿rrtlCtlts' '1.'lt<: nlcrrlol'5r 51tt)To'*t: t'<:clttit'<:ttl<:ttts

íEÀ,//¡ ailrl 1,ll<: <:orn1;utâ1,ioil¿ll tirttc:.Jllrt¿. usirrg tlrc <:lassi<:al Plilù(l at'<: rlttl<:ll ìatg<:t'

thail th<-. 1.rìc,Trìot'\/ stoÏzr,ge l,I .ltÃ,lb ¿rrlcl tller cornlltrta'ti<>n¿l tirnc 'll'ilrn Ìecluil'e<l b'r'

tl r. 1,r,r,o-st<:1t rLtc¡lrocl. it c¿ri lrt: s.ctt 1'rorrl tll<l ta,lllcs tllat tll<:1'u'.-stt:'ltt.1'ìt<:<1 gir'<rs

\:(ìr,)r ¿rc(j11r.¿rtc ïCsull,s irr i:orripzu,isOn 1,<> tlrc classic.rl Plilì(l ilrctltocl.

l,.ig. i¡.j slr<;r.r,s 1,lrt: iirdur.t¿¡n<:r: o['1,r,r,o icl<:nti<:al Palalìci c:orttlti<:1'ot's as a Iìtrt<:f iolt

,f'tllc r:o'c.lur:t<>rs 1<:rrgtll. /. Io' ttto ili[[<:r.rlt <:'rt<'ltlt:1'ot'sr:1).t'zt'tions (/-))' Äs sll<>tl'rl

ill tltr: figurc:. tllt.Ì l'<,rsuìts ollt¿r.irlecl using tllc-: rl<:i'r' a'pllroa'clt ¿ì'r<" irl gclod a'gt'c:<:rnc'rttt

rvitll thos<.r oltta,ined rising thc cl¿rssic¿1.1 P]ìll(l rncthocl'
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(.iha1tter 5 lr)r:''erir-'\, Dr.lpendtrtt ïncluctanr;t: ¿lnr/ I.tr:sisf¿trlr:r: ,\'fatl'ir:r:s

Conrìector nurnbers
642''''''''''*
531

P4

0.1x0.1 mm

0.4 nìm

') t 5 (i

,-l
vt P]JDC] 20.56 10.(i I 7.71 1r.02 9.34 -.).1I .i).r

illq¡o-step 20.5'L r0.60 7.70 I 1.0 9.3,1 '7 '1.1

10.29 I 8.65if rvo-s1,ep

Trvo-step

'I'wo-step

'I'rvo-step

PDII]CJ

Turo-step

Table 5.|.: Con"t1tu,rison between the intluctance

shrxun,. ol¡Lu'ir¿txJ usirt¡¡ tlte /:uo-ste¡t ult¡tronr:lt' r'tn'd

llrc ir¿thtr:Lanrr:s 'is r¿II'

n'¿utrir oJ a s,tlstem of 6 connectors, c¿s

I|rc r:lrt,ssi,rttt PELC ntr:thorl,' 7'lte tnt"i'l o.l

89



( lhaptcl õ Fi'r:r1 t t r:n r.'r, D r: p t: n clc n t fn rJt r cta.n r:r: ¿l n cI /t r:s Is t¿l'n r:r: i\¡l¿l t I'ir:r:s

T1 T2 T3

G PtrtrC 3.94 3.20 ,),J't: 4.79

Two-step 3.89 'tr.34 3.89 4.80

.I.¿r.ble 5.2: C'onzpur-isotz between tl¿e 'inclucLtnzce n"¿utrir of u' núcrostrip structure, ns shoruTt

crboue, obtuir¿eel usinç1 the two-step ttpproach untl the clussiail PEEC ntrcthotl' 'l'he dinten-

s'ior¿s rtre nzrtz t[Tttl I'l¿e'Ltr¿'its ol thr: in,tltt'r:Lrnt'ces tre rt]L

0.

I T1 '12 T3 (ì

T1 PBtrC 7 .76 4.18 3.5,1 3.94

Trvo-step 8.06 ,t Ð.f 3.69 3.89

T2 PDEC t.1B 7.91 ,l.lB 4.20

'Iìrvo-step ,t'l').L, L¿ B.2I 4.2:i 4.34,

-L ¿) PDllC 3.5,1 .1. lB 7.76 3.94

Trvo-step 3.69 ,t Ð.1 8.06 :1.89
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0.01

0.001

Figrrre 5.7: Th,e intlt¿t:l,u¿t:c

length.

E
E
:E 0.1(-
:I

]71'(,rctir,¡r.tCy Dr,\x,ndr.nt Indut:t,¿ttt<:c ¿incl llr:sisf¿tricr' ,\'latl'ir:r:s

0.25

Dimensions in millimeters

o.l' Lnto pnrnllel conrJur:lr¡r.s us u .l\trx:t'iorr 0Ï ll¿e ct¡nrltt.r:tot's

10

I

Ctass. pEEC D=1.0
61urr. pEEÇ D=0.2S
Two-stage D=1.0
Two-stage D=0.25
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(.ihaptt.:r 5 Ii|r,rrlrir:rrct, I)r:pettclent, Inclur-:ú¿r,rtr;r: ¿lncl llr:sist¿¡.ncr: À'f¿ltricr]s

5.4 Generalization of the Algorithm

T' 1;lris s<lcl,ittn 1,¡e e[l'ecl, of a, gt'oilncl ¡lla.ne a'n<l the ca,lcttlal;ioll of 1'ìre lla'r'f ia'l l:esis1'a'llct¡'

crorLsicLet'ittg the sliil effect. ate pt'eserlLecl'

5.4.L Inclusion of Ground Plane

A g''.rr<1 
'ì*rre 

<:a,rr lie a,<:<:oulrl,erl f<ll'.lry orre of 1,tr,<t itllPt'<lat:ltes rvltit:lr rìePetltl oll llle I'eì-

a,tive size oI the glouncl plane rvith lespet:t to the co1rclrtctr:ls in the stlttc:titte'

Figur:e 5.8: Discretizntion o..f a.finite rtrot.Lnd plarte in a uidth scale of 0'5:1

r)Finite Grouncl Pl¿-r,ne:

The lila,melìt approach clescribeil previouslv in this chaptel ca¡ be applied to a finite

gl.uud pl*ue. This groulcl plane is discretized to srnall lìlarnertts as sltou'n in Irig'5'B' llhe

path of the current i' the plane can be specified accorcling to 1;he connection of the soulces

to 1,he conductors. A pìnnal gÌaph catl tltert be constLucted t,o lepÌeseut the groulld pla'rre

a,nc[ tlle concluctols in the stluctute'

'..h. . t'

HTT -l [ :T
r....I 'T

l.I

:t ï
:l

:ll
I n, .' I t.ïl .t] l t_l'

.t.
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(ihapter 5 Flr:c1rrrrrrr:.v' Dr:1tt.nck;nt [nclnctanr:r: ¿liicl llcsisf¿lnr:r' M¿¡.úi'ir-'r:s

z)Infrnitc Glouncl Pl¿-r,nc:

(loltsi<lel'a, st,l'¡c.l,t¡'e co¡sist.irrg ol't.u,o ct¡nrlttcl,ol's ovel'a,ll irlfillite gt'r,'ttrtrl lllarte' as

s¡orvn i¡ }'ig. 5.9a. 'llhe prel;ence of the gt:outtd pl¿lne c?l.lì be rnorlellecl ttsirtg inLa'ge theolY.

Tlre gr.oun<l pla,ne can [re le¡tla,ce<l lrv l,uto itna.ge cotl<lttct,ol's tltltlel' l'lr<-', t'otttt<ì lila,rt<: as

sltori,lr ill l¡ie. J-r.9b. 'l'he ellrl ol <¡a,r:h r:orrrlur:t.ol'is <:olnte<:1,etl 1,o i1s inra,qe altd bo1;lt at't:

sIt.ll(:t,il1e.

(o-l

/'L \

Figure 5.9: Tuo truces ouer

struclu,re by int'u,ge theorY.

h{irúte r1r'oun,rl pku"te. (a) Originul structttre, (b) etluiuulent

9;t



\\,1ìete. 1; arì{l (/?.,.././ iì.ì'e t,lre lengllr â,1ì(l t,lìe <'f[ê<:1,ive ¿lt'eâ of'1:lre ¿¿l' filaltt<¡ll1' a'tlt] o is lller

cr¡rLrluctivit.y. :\L lo¡, 1ì'ec¡renc:ies. Ihe eflec:tive a]'eA' is ecltrivaletLt to llte c:l'tlss secrtioÌt aÌeA

of t¡e fiì¿l.rnent. l.[orvever,, at high f'r'erluencies, l,1te t;tttt'ertt is cl'orvr]ed irll'o 1'lte llol'tion

nea,l'tlte sul[a'ce o1 tlte c:oltclttc:lot'. l,he so-calletl skin ellbct' l'hus thel efl'ec:Liver alea' ol tlte

<:''rl.<:1,,1, <ie<:l'eases su<ù 1,ha1, tlle l'esis1,a,rt<:t: illt:l'eases tll'a,nt¿11,i<:alht' 'l'he ef fi:t:tirte iì'l'ea

c¿'L 5e calculatecl b.y a,ssu¡ring the cuttlertt clensity cLeca¡;5 exponentia'll.y aloÌg flLe l'aclial

direction of the cross section [Ba]. Rv ileglecting the ltonunilbrrnity of 1'he crtrrent alortg

the periphery of the concluctor's sutface, the so callecl proximitV effect [85]. the efl'ective

are¿r is then approximated bY

(ihaptr:r 5

5.4.2 Evaluation of the Fartial

The partial resistatlce fot' a, straight segtneuts can

tioit:

R.i = - 
It-

ouieJ J

NOTII: e(.s) is 1,he raclial

rlepth ó, that is

When the filatnent's closs section is smaller than

the closs section of the filarnent. I¡ol recta¡r.qula'r

sholtest sicle of the lìlament, the clist'a'tlce fu[ctiou

cltt, : 2l2s + (W - T + zs)lds' The effective area is

I I l-a\..-^/r
I I - t+ãr:

i7)'r'rq t i ert rL, D e 7: ett tl t: n t, I n cl u ct ¿nt r: e ¿r n cl Il r,:s is t ¿t n r:r: .,\'f a'f I' i r:r:s

Resistance

be calculated using the foLlorvirÌg cìclua-

(5.2,s)

(,5.30)

the skin depth, the effective area is

filanents, Iet 'I' be the length of the

,:l(s) = T12- s a'ucl inclemeuta'l a'rea'

aeir=###!,r =u5ffi#! (52e)

clist¿urc.e tneasuled frollt the suÌfa,ce and uotlrla,lized to the sl<in

I

v1r po l

then given by [3'1]

'tn t -"-^ic f)
- l+fl ^tE I (5.3r)

| _ l-ã þ_2( _' I*a'
d | -e-2c1+â e

0"1.1.=2\W+f)6

f){



(|h¿tpt,r:r 5

wlìele

lt,ltete

r'
,t.a,il(l (.= 

-'2ò
(5.;13)

l(.s) = ¡r - .s att<l llte

(;.3'r )

( i).Jo /

f¡r'cq r I r:ri c..v' [) r:p en cl<: n t, I n c,l n ct' ¿tn c r: ¿tt t tl llc'sis tla n r.'t: À'1¿t f I'ir:r:s

(reil = l'l/Tll - f2(:l - e2)/ 18] if e (( l, (5.32)

1:l+.i T
w

llot,a, [ilaln<trr1, rvit,]l r:il<:ula.l'<:t'tlss se<:t,i<ltt, 1ìte <l ist,all<:e lult<:litlll

inclenrenl,al a,l'ea /r¿ = 2r,s¡1,s. Jlellce lhe elllecl,ir''e al'ea is girtell brt

(tr.l' 
.1' =

a"JI = rp2(r - ¿)lg) iI'e << l'

7 = t*7 a¡cl e : pl6.

5.5 Volurne Element Discretization

I'he partial element ecluivalent circuit method recluires the concluctors to be meshecl

into srna,ll volume ele¡¡ents. Generaily, these coucluctors shoulcl be discretizecl into stra'ight

sectio¡s or segrnents to fäcilitate the use of the filaments approxirtLation. Dvahtation of

the partial i¡clucta¡ce fol albitt:arily shaped filaments requiles the integration of sixfolcl

integrals. Therefore the cliscretization of the concluctors into nonstraight filaments is not

reconlrnendecl, altirough it is theoretically valid. Curvecl conductors c¿l,n 
'l¡e 

discletized

into straight segments as sllown in Fig. 5.10. Bach straight segment is then meshecl

iuto tllilr voluilìe elelnenl,s. Conductors ha,r,irtg cul:t,ecl <:ross-sections (l¿l,ll be discl'etized

irsing a stail'case rneshing. r\n ef{icielLt rneshing slioulcl ta-tie into accr¡uttt the lì'ecFrenc.y of

operation and the proximity oI another conductor in the stlucture.
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(.lha¡ttcr õ I 
;i'rl 

r,¡ t t c li r:.v I ) c: ¡ t r.' n ck' n t I n cl n r':t ¿t tt t: t,' ¿'ttt cl ll.cs isf ¿t n r:r' i\4¿l t I'ir:r:n

(a)

(b)

l..igrrt'ei¡'|():(tt')(,r¡r¡,i'tu:l,ol'ttl.i,!,l¿r:tt'r.ut.tl'sr'r1rrt,t.rt,!.

5.5.1 Meshing For I-,ow F requencies

At lorv [ì,eque¡cies, the con<]uctols' closs sections ale getterallY srnaller tll¿rrl tlte sliin depl'h

(ó). ll'h¡s the r:ulretrt {lorvs i.rlong the colductors througlt eaclt cl'oss section. llhe segrrlenl;s

<lf the conductor couirl be rneshed into lilaments by taking into account only the proximity

ol the other c<¡rr¿luctols. In adclition, the e[Ièct of the pr:oxilnity of otber coucluctols c¿t'l'L

5e tal<en i¡t<l ¿rccount by rneshing the nea,rest sicle of each conductoll' rvil;h t'esper:l; to the

other. into more dense volume elements, Fig. 5.ll'

I.igul,e|.¡'|''L:['r¡,tn.[r'equ.en,cyr¡¡'cs|l',i,n,r1Ll¿tt,|'trl:ou,n'Ls'|'orLltepr'o:t;'inti
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(ih¿:'r¡tr:r 5 [''t'ar¡tetIt:.\, I)e¡tencl<:nf' Inclnct¿tttt:r: ¿rncl Jl.r:sist¿lllr:c .À4¿lf I'ir.'r:s

5.5.2 Meshing For E{igh Frequencies

At hig[ li'ec1ue¡cies, the concluctots closs secl,iotts are getterally smzr,ller th¿n l,he sl<in clepth

(ó); ivith 1,he <:ui.l'eltt flou¡iltg alorrg t,he sul'f'¿L<:e of'tlle t:olt<ltt<;1,ot's. 'l'lle sìtilr <'fli:t:1, I'e<ìtlces

tlle eflêt:t,ii,e a.t.r,¿ì, of't,lle r:l'oss se<:t.itirr o['1,Ìle t:<>lttltt< 1,<>t's. 'l'his (:¿ì,ilses a, ltlt.qe illt:l'ease ill l]le

lesisl,ance ¿urd 1;he rechlcl,iolt of the intelrt¿tl inclttcl;¿rnce ol'e¿rch condtttll;ol. '1.'rvo scherrtes

of' disclet,iz¿r1,i<>ll < att l;e ttse<l :

l) l:sirrg sigrri[i<:a,rrt,lv rnol'e ilerrse filanrenl,s ltea,l l,lte sul'f'at:er of't.lre colt<lttct.ol's ( as sìlorl'rt

iil |'ig. ,5.l2tr ). lfhis is ilÌefer:ir,ble ¿rt rnediurn to high fì'ec¡ueucies.

2) Wlr<-.rr 1,.[it r:on<lu<:t,ols (:toss ser:t,iolls a.t'<: ttlut:lt ìa,t'get'l,halt á. t]le <list:l'et.izat,ioll t:all lr<'

rlole usirr.q ver'.y tlrin elernerrl,s sulr'<lttttìittg {,lte <:orttltl<:t,<lls [86] : as sltotvtl irr ìlig.,r¡'l2b'

(a) (b)

Figure 5.12: (o) fuIeclium to hiç¡h frequency meshing. (b) Iligh Jrerluency nteshinç1
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Chapter 6

Application

L tìris <: ¡a,1lt,e¡ t,he ele<:1,r'ir:al pa.r'arrret,els ¿ì.r'e errrPl<lr,etl in t-lle t:alt:tllal,iott <>l'<losstalli'

gt.<>urr<l-rroise a,¡rl l,a,<li¿rt,erl elrrissi<llrs lì<>ln l,t'4,<:es ort ¡rt'i ttt,e<l <:il<uit. lroa'l<ls (ì)(llls)' 'lllle

ill<'lusioltt;f'1,lleseaspe<.1'sa.l'e\:(ìì.yirnpot,t'a'tlt,ilr1'.hea,lta,lr'sisalt<l<1elsigllt>f'<:-ìet:t,l.orlt

ir a,lìv contlrit,t,illle pt'<ldtrt:1,s.

'l'¡e elec¡lorrt¿,gttet,i<: fieltls a'l'e h.ybt'id, in getlel'aJ' a'ltcl lt¿lve fiel<1 t:ornPolteltt's ill t;lle

tra,llsverse ancl lo¡git¡<ii¡¡r.l clil'ectiorts. llorvevel, zt clua'si-sLal,ic ¿l,tta'lysis c¡ur be àPplied

si'ce, fol the present lì'eq¡encies o1 intetest to the electt'oma.guetic corrtpatibility ¿utalvsis'

the cross sectional dimensions of the PCIIs are electrically small in general [65]. Ijnder the

quasi-static conditions, the iongitudina.i components ol the lielcl c¿rn be neglectecl' There-

fore coupled lines system on IICB can be mo<lellecl ¿rs rnulticonduct,or tr¿lnsrnission lirles'

The quasi-static analysis can be applied to obtain the electrical parameters of the struc-

ture. .l.hen vo ta.ge and rliflèrential rnode current clistributions on the transmission lines

can be calcul¿r,ted by rnocl:r.l analysis or lunped-element a,pproxirna,tions. 'llhe time-dorna'in

ïesporìse of the svstem c¿ln be obtainecl from the freqriency-clolnain lesponse using Foulier

tr¿r.nsformatio'. Ihe l¿rcliatecl emissions can be calculated using the cutrent clistributiorts,

obtained in the crosstall< analysis, ancl a simple radiation model.

In the next section, the solution to the nultic<lncluctol tlarismission lines irl the

frecluency-clomain is reviewecl. Lumped-element approximation is discussed in section

6.2. Irrequency-do'ail to tirre-rlorn¿lin tl:¿rnsforrlil,t,ion is given in section 6.3. CiÏossl;alk

a.ncl glouilcl-lroise ¿uri:llvsis àre giveu in sect,iort 6.4 turcl 6.,5' respectivelv' Ihe r¿rdiated
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(llt¿tl-¡tr¡r 6

erllissiotts ll'ctrtt ['l'¿t<:<¡s olt

gi vetr irt se<:Li<llt (j.(j. ¿urtl

l>(llls a,l'e <:al<:ul¿r1,e<] ttsittg a sitttllle

¿u'e coIItpàre rvith ot'her llttrrtel'ictr,l

,,\.ity,>licat'iort

r'¡r<liat,ioll ln<l<lc'1 . lìesillt's at'e

ti:clttti <1ttc's .

n4tf"-t Frequenay-Ðornain Transmission Line AnaI-

ysis

(.ionsidel. a r:ir'<:ui1, r:<tnsist,ing ol' (rr * l) t,t¿ttsrnissiotl litles, as sltorvll in lf ìg (j' l' alltl a

sorlr.(:(r that, llas a silrrs<>i<lal r¡a.r'ia.t,iolr ri,it,lr t,ilre'. i\ssrrtttittg t,lr<'lilre is ilt st.ea<lv st,ate'' t'lte

ilrul1,i-f,r'a,rlsrtlissiolt lirre (\'1'l'1,) e<1tta,t'iolls a'l'e gi t'ett bv Iirll]

Ð
--V(;,1)

U,':
Iu rl-. t¡-

-r\.J? 
r/ 

-Üi

- -RI(2, t1 - t!t12, L¡

-GV(2, i) - c!v1;:.t¡ (6.1)

0

I¡igure 6. 1: (o) A c:irr:tt.il, oÏ rnull'ic:onr]u,t:tr¡r' Lrrnt,.srniss'it¡r¿ linr:s

Tlhe tirne vatiation is assumed to be ej-¿. Assuming th¿t the per-unit pararneter

rn¿rtr.i<:es. R, L, G au<l C a.le inclepenrlent, of tirne, l, atrcl that t;he cilcttit lt¿rs ¿r'lilte¿rr

terrninalion Ìetworii, theil the clerivation with respect to tirne can be replaced by i w;
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( ll't¿tl,>t'cr 6

srrr:lr tllat,:

rvhere T,, intd T,;

ti<xrs between t,he

and currents, Vro

#1"': -zr(z:)

#,tr,rr= -YV(z)

i\pplictrtirtn

( (j.2 
)

rvhele

Z:R*.iri:L Y : G l.1rr:C ( ('.:J 
)

,|.]lelille¿u't,et.rttttta,1'i<lttlte1'ri,<>llta'll<>rvs1,ltee,rrl1l1ovrtl<¡ltt.of.a'sirtl1llet,el.l'ltilla]

er1ua,1.i'rr. 'l'llis <:9rrst,l.ai¡t. e<1ua.t,i<lrr r:on1,a.ilrs tìte ltrrrtpe<l t'<lltage alt<l <:ttlleltt' s<>ut<<'c'x< t-

1,a,t,iorrs a,lr<l t,lte I<>a.<1 irnp<-'d¿ììì(ìes'

,l'¡e co.ple<l fir.st or'<lel Iifli:r'elt1,ia,l ec1ual,iorr. (6.2), <rarl be plar:e<ì ilt ¿r f<¡'ut <>l ltrt-

couplecl secol<l u:de1 olclinary diflêren1,ial equation b.y cliflèr'entizrting both eqrtaf iort rvilh

r:espect to the line posil,ioll, :;, ilt the lolnl

rìL* "v(r) : zYY(z)
û:i"

^'2{"yrj = YZI(:i) (6''1)
¡la'!

The differentiation is perlbrme<l by assuming that the per-unit parameter mattices, R' L'

G ancl C are indePendent o:f z-

Dach e<lrration of (6..1) is a couplecl NITL equation since the parameter lrratrices a're

couplecl. lllhe lvl'fL equa.tions can be der:ouplecl by using the similalitv transfolmation

rvhicl1 cliz1gonalizes the parametel: matrices. A change of valiables is def'tned as:

V(.2) = T,,Y,,,.,,(;:)

I(.2) = T;I"'(.2) (6.5)

¿rle tnal,rices of oldel r¿xn. ll'lteY ¿lre s¿licl to be ¿r sinil¿r'ri tv tl'¿utsfol'trt¿l"-

¿rr:tn¿r,l pllasel'liue volt¿ges ¿r¡tl cr¡:lertts, V tr¡c1 I, ¿¡tcl the lnoc]e voll'age

an<l I¡¡1. In orcler for this to be valicl, the transformation matrices musl,
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(!h'tptcr (i i\pplir:ittion

lte rr.rrsirr.qrrìar'. 'l'lre sultst,it,rrl,ioll <lf' t,he situil¿rlit,.v t,r'a.rrsf'olrn¿rt,i<ttts irtt.o et¡ttat,iort (().'l )

gr ves

t l-

åv,,,(:) : T. tzvt¡ rv,,,(: 
)

U::'

- T;tzr;T;IYT,,Yn,(z)

¿rtt ti

= zyY,,,('. 1
( 6.(j )

(6.i)

plo<luct, ol trvo

'i.e.,

(6.8)

(6.e)

ZY. Ecluation

¡È

ht,,,(:): f . 'YZT;I,,,(.:l

- T, 'YT,,T;'YT;I,,,12 ¡

= yZIr,.rlZ)

Silce the pariltneter matrices ill'e sylnilletlir: ¿l,nrl the transpose of'the

ntatrices is the prclclucl; of the transposes of the rn¿rtrices in l:evelse or:deL,

(T;t ZYT,)' = (T,)t(\a )t ( z)t (T; I 
)'

: (TòtY Z(T;')' - zy = yz

Comparing (6.8) to (6.7) one can observe that

m-lr IÙ

'fherefore, it is suf'lìcient

(ti.7) can be diagona,lized

diagonalize the product YZ or the product

T!;

to

fi1,, t,,) :'r ; tv zr ;ru, ( ::) (6. t0 )

I0l

= E2Ir,r(z)



(lhtptct' '

rvll ele

E2:

'l'lre e.ìelneltl,s of' the rttat'l'ix D2

solut,ion ol' tltesc+ <1et;ottpled et¡ttnti<>tt

t\¡4;lir:ittiort

((j. r I )

es of t,he rnat,r'ix YZ. '['lte gettelal

(6. t4 )

1lo...0
0 ^tí :

t,

lì lì ^.)" lTt.

a,le 1,he eigertvaltt

S IS

I,,,(."; ) : ,,-E'I;I, - , E"r; ((j' 12 )

u'hele 1,he t:xponelll,ia] tna,t,i'ix is <lefitrt-'<l ¿rs:

( 6. r3)+t¡:=

a,nd the vectot'of ulrcleteurlilted i:o

o '" o til^i'"2

nst¿lnts ¿rre

--LLï, =

IÏ,,

\!,,

rl,,n

The colurnn vector correspouding to tl

of' the lrtocle cullent a.s:

I(z) = T¿le-^izl+ - e^t'I^)

lÌcluation (6.2) ca,n be rvri1,l;erl ¿rs:

Y(z) = -Y-r *trn

Ie cut' rent on the lines can be expressed in terms

(6. i5)

(6. r6)
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(lh¿tL¡ter 6 i\p¡:licat'iort

Sulrst,ìluting e<lttat,iott ((j. l2) in ((i. l (i) .vie1<ìs

V(.u) : -Y- | TiB(r:-^i"[+ - rf''L,,,)

: ZrT¡.(r,--'tl,j, - cj'tI-) (('. r7)

$'hele Z, is t,he <:lla,t'a,<'1.e1'ist,i<: irtt¡re<littl(:(ì TIIâ1,1'ix gì r'ell b.v

Z, :Y- rT;DTn 
'

(6. 1s )

I,ìq.a,ti'rrs (6.l2) arr<1 (6.l7) give t;he generill soìu1,ion ol'the Pltaser t,l'a'ltsrnissiott ìitte equa'-

t,ior r,'ia. t,lte sillril¿rli1.-v t,t'a'ltsf ot l¡Ia.t,iolls.

lì.'lre gerrer:n1 solutio¡ involves 2r¿ untletelrnilled t:ollsl;a,ltt,s <>f'tlle t¿ t¡e<:tot's I,+, arrtì

I;. lfherefbre,2n ¿c1cìition¿rl constr'¿r,int equiltiors a,re tleede<l ilt orclel to ev¿lu¿rte these

unknorvns. It should be notecl that these a<lclitional ecluittiotts ale plovicled by the terrninal

conditions àt, .;: :0 and .z = /'

6.1.1 Incorporating the Terminal Conditions

.l'he driving souïces ancl loacl impedances are containecl in the terminal conditions. For a

linear circuit letworl<, the relationship betrveen th.e voltage ¿nd current ¿l,t the tertrtin¿ls

is linea,r. 'I'he Thevenin equivalent lepresellta,tioll of ¿ polt is [59]

V(0)=V"-Z"I(0)

v(/) : Y¡ - z¡I(l) (6.19)

where V" ancl V¿ ale columns of order r¿ and they conta,in the elf'ect of the independent

voltirge ¿1.¡cl curlerrt so¡l:ces in the telrnirt¡r,tion net,rvol'l<s ¿"L ¡::0 ¿llcl z = i, resller:tively'

.l'lte n.xr¿ r¡¿:,trices Z, iutd Zt cotìt¿ritì 1,he c'l'[ect, of'the itrtpe<ìtrn<;es ¿ut<,1 ¿rtlV corlt,rcillecl

sources in the terrnination netrvorks ?t't z:0 and z: /, respectively'

r03



(ihtt¡tt,cr 6

Sulrs1,i t,u 1,irt g th<' 1'el'rtl illal <:t>ll d i tiotts. ((t.19), irr (().12) arr<'l ((j. l7) I'iel<ls

;\pplicatiorr

¿l"rt <.1

I,)<¡ua t,i<>rts

Oll<:e 1,lli-' rn¿r1

¿r,ncl curreltts c¿ut

transmission line

Z,.T¡(I.|,, -l- I- ) : V" -Z,T;(I.,1,-ç)

Z,.T ;(, -''tIl,, + (''/tI;,) : Vr - Zü ¡(,,-^'LIl;, - t,'LI;,7

( 6.20 )

(6.'l r )

¿ìs

(6.',22)

llerì1s. tlre line vtllt,ages

tituting irtto the Pltaser'

20), arr<l ((t.2 t) t'att lre u,t'it'1,<¡ll irt a rna.t,t'ix f ol'rtt

Itz, + z")T; ('¿, - z")T;l It'l 
.l 

Irr"lllll:ll
l(2,, - zt)T; (,2, + z¡)T¡ ] lr;, I L v¿ 

-l

,rix equal,iorr is solved lot'1,he tlltl<rloivll rtlo<lal <;tl

be obtainecl zr.t arty point along the lines by subs

equatrorìs.

(6.

6.2 Lumped-trlement Approximation

Lumpecì-element approxim¿r,1;ion can be a,pplied to a stlucture whose la,lgest dimensioll

is electrically small. 'Ihe n and the ? models of the iumped-circuit structules ale shown

irr Fig 6.2 (a) an<l (b), r'espectiveì.v [8î].

l,rir¡pec1-circuit ¿uriilysis plo.qrams such ¿rs SPICjìl ['58] can be usecl to atralyze the

lurnpecl-circuit as an alternative to soiving the phaser: NITìL ecluations. It also pt'ovicles a

metllocl of calcul¿r.ti1g the grouncl-noise artcl l,.he grouncl-botlnce rvhich c¿l.ll not be c¿lt:uiatecl

¡si¡g the phasel NllfL eqria.tious. ln aclditiou, nonlirte¿¡.1:1,ermirl¿rtiotl suclt a.s tl¿rnsistoÌs

ancl diocles can be reaclily incorporated into the terrninations since lurnped-circuit pro-

.qr'¿tilìs include sophis1;icated rnodel lol tltern.
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" rr't

(a)

h-
2

L-
f*HAfu-r

L.ln
x

(b )

['igrrr:e (i.2: (zt) Lunt,¡ted P'i r¡torlel, (b) I'urnperl T nt,or]cl'

L.Lnr2Þ.rll_
2

Þ.tl__
2

Þr.0
2
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2f-., Iv¡l+^
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(ilt¿tï¡ter 6 ,'\p¡.,licitt'iur

to Time-Ðorrrain Trans-6.3 F requency-Ðomain

formation

'l'h<¡ t,ìln<¡-<lo¡lailr ('l'D)t'esltolts<: of a llrult.i<:t>rt<ltlt: trlt t,l'a,rtstrlissioll lille st, ltl<:t.tll'e <:alt

be deterrniue<l fi.orn the fi'equeucy-clorn¿rin (liD) r:esponse using I''D Lo'llD tr¿rrlsfoÌrrt¿rl,iotr.

(.lollsi<lel t.lre sirrglc.-ou(prit, silgìt-irr1xrl, lurn¡tetl lìtteal'svsl,elrt sltotvlt ìlr lrìg. ().ìl

(b)

E(t)

(c)

Figrrre 6.3: (a) A sinqle-,itzpu,t, s'in¡1lc-ortlltut lin,ertr systcnt in tinze-tlontain, (b) A sitz-

(ile-.in¡tul, sin,¡¡lc-on!,¡tr¿t lit¿er.lr stlsLenz i,rt Jrerluen,c7.l-rlontrLirt (c) r'epreset¿ttt!"iott' oJ I'hr: t\ITI'

us rL s'irzqle-'irt,¡tt L t si'ngle- onl,put lineu'r' s'y s tr:nt,

I'he response of the circuit in time-domain can be obtained via the convolution integral

rL

tJU)= | tr¡t -r):t(r)dr (6.23)
../_-,

(a)

(6.2.t )

which is denotecl as

tl(,t):A(l)+r:(l)
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(llt\¡ter 6

ru'llel'r: ;r:(l ) is 1,ìte irrprrl.

(:r:(l) : ó(l), y(¿) : lr,(L))

'l'hc' r'esÌloltse itt t,lle

sigrral. y(/) is t,lte oitt,pttt

is denot,e<l by /r(t).

fì'er¡uert<:v-d<irrtairl is

t\pplication

sigrraì arlrl Llte ttttit,-irttllttlse ì'esì)olìse

callecl the 1,r'a,nslþr

(().2ir )

fìrnr:tion of' 1,lle

ca,n be <>bt.aile<l lrv a,1t1rìvittg rrrrit,-

lesÌ)orìs(ì usirrg t,lre lrltaset' (:olììl)ìl-

va,r'.virtg <tt'el t.lt<-' <lesiI'e<l fì'ec¡tterl<:\'

be ob1,a,irt<rd as the illvetse l¡oul'ìel'

)'(.i tr ) : /1 ( ir¿r)-\ (.itr:)

u,here Tl (:iut) is 1,lte lbtrrier 'lì'a'rrsfblrn of' h (i) and is

s.Ys t,eil I.

'l'he lì'ec¡uert<:.v-rl<>rrla,ill t,r'a,tlsf el fìlll<:1,i<>ll . lI (.iut)-

rrrir-grtit,u<le sirtusoids t,<> t.lter ittpttt, atttl (:olIìl)llt.ilrg t,he

t'a'liorral lllet llo<l rvil lt lltt-' fì'e<¡rtetlr:'1' <lf tltose silltls<>ids

r'â,rìge.'[]he t,irne-dolrta,in in¡ltlìse ì'espolìse <:¡l.tl 1,.It<¡n

transf'orrn o,t IIUtu)

h(t¡ = r-t{H(.¡u)} (6 .26 )

An.y tilre-<lonr¡rin rv¿lvef'orm c¿l,n be decornposed in1;<l its sintlsoidilì components rvith

tlie Fourier selies if it is periodic ¿ncl tlte lìouliel'1,1'¿tltsl'c¡t'm if it is tlot periodic. Ilor'

a perioclic waveforrn with a period ?, these frecluency components appeal at clisclete

fi'ecluencies tl'rat are rnultiples ol the basic repetition fï'equetìc), 'ü.,16 : 2tr -[. In addition,

:r(t) c¿,n be represented as the sum of these tirne-clomain sinusoicl¿l,l cornpotrerlts rvith the

I'ourier series as

NIl
r(t) = ro f Ð c,n.c:os(nu6l I lc,,)

n=O

(6.27)

'llhe series h¿rs been tninc¿r.tecl to N11 halnronics. As a,n ex¡l,rrtple, considel a periodic tl'a,itl

o['trilpezoiria.l pulses, ¿ì,s slìowlìin I'ig.6.4. 'l]heprrlses lta,vetrreal< milgtritnde,,'1 , dutv<;ycle,

D : tlr, where r is the pulse wiclth and ec1ual rise/fall times of r'. 'Ihe coeflicients of

equal;ion ((t.27) a.r:e tlten giverl bv

co: Al)
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A
A
; z

-J

lri gule 6.,1 : (l r: r¿e rrt,l. t,r'a¡te:io id'nl' ¡ntl s c l.r'n"t,rt

I

_71
T"

., , ^.sii 
ii( trrl)\.ri.tt(ttr fsr,.)
'rtt, l) ntt J'1¡r,

lc,,:-nr(l)t l'r:r')

T"

(ln =

'll.re fì:equencv clorn¿l.in tr¿utsf'er 1ìtlction is <:ornputed ¿l.t e¿rclt ol'the NII

then

( 6.2,s )

h¿u'rrtonic fì:e<1uen cy,

II(;jtztuoi) =l Il(,it"tw¡) | lH(:jrnus) (6.2e)

y(1) : co11(o) Ì r:,, | il (.j nuo) | r:os(n,uol I lr:,,, t lI{ (.inl¿Lo)) (6.30)

6.4 Crosstalk Analysis

Crossta.lk ref'ers to the unintendecl electromagnetic coupling between traces on printed

ci;:cuit boarcls (PCB) ancl ca.bles. Closstiilk is ¿r. ne¿ll fìel<l coupiirg problent th¿rt ¿rrises

lì.oru tlle pt'esence ol the voll,ages ¿rncl currents on the tl¿).r:es. lt ger.relally conceurs the

intrasystem interference performance of the PCB and Cables [69]. Therefore, crosstall<

a,nal.ysis is essenti¿ll fbl the design of' pt'oclucts th¿rt do ltol, irttell'ele ivitlt l,lterrtselves.

Crosstalk can also aflèct the susceptibility of the products to ernission li'om other products.

NTI

\-
¿
.Ã-l

r08



(iha¡ttr.'r 6 t\.i':¡tlicttt.ion

C¿o C;t ()¡¿ [';o I'¿t ['i'¿

0 109.2 186.,S t).:). 28.0(i I (t..i l;t.l

l,s(i.,s l,Sir.5 I .S(i.,S t(i.,1 ,() t(t I (i..1

r)
L -611.lr r86.8 ,10.9.2 r.) |t.).1- IO.,l 28.06

'l'alrle 6.1 :'l''h e qr:rt,r:rrtl

'['ìre 9ll.je<:t,ir,e <lf r:l<lss1,a]li a,nalr,'sis is t,o <let,ellllitte t,lte ltea.l-elt<ì a,lt<l f al-ell<l vol t,ages gi t'ett

1,lre <linlelrsi<>rr of l,he st,t'u<:t,ul'e a.tt<l tlle 1,<lt'rrlitt¿r,t;i<>ll r:ha,l'a,<ltel'isti<:s.

(-lotrsi<1e1. a l,Cill stl'ucture <:orrsist;iug ol'Lhlee 1,1¿ces ovel'¿ì dielecl,l'i<: rn¿l,tet'i¿rl as sltorvrl

i¡ l,'ig.6.5. The electrical palarneters of the sLLuctirre ¿lt'e obtaitted using tlte rnethods

presented in theprevious chaptels. 'll¿rble 6.t gives thegerteral capa.citance ancl incltrc.t¿urces

matrices, for the traces rvith a separation tl : 20 mils. The resistance of the traces is 52.4

n¿O at t0 t\IHz frequency

1 inch

20

mil-s
I

IL+Y--
* I I ^lIL¿r_rY_

I

I¿F-- 1,2O

tr'igrrre 6.lt: 'I'hree lrur:es

I mils

o'üer (r rlieler:tr"ic o.l' pcrrn,'itt'i'uity e,':!].'i

0

For the transmission line analysis, one of the

<:olrdu<:tol'. il'lteref'ole, the r:orlcltrctol' t'0tt is tal<erl

leduced pit,t'itntel;el ln¿lti'ices. L¡ a,nd Cr. a.re obta.ilte<,I

conductors should serve as

¡rs the lefêt'ence (totìcluctoì'

florn the general palalnetel

a return

¿rnd the

rn¿rl;tices:

";-T_r_
mi I s------U
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rusirr g t,ìre loll<¡rvin g t:<ltt at,iotts :

I','ii: l'¡.¡ - I'¡¡- LoiI I'tn

ru'hel e i f ,j. an<l

(i ,; .¡ : (i ¡,¡

( f i:=o C: ¡ t.)(Lj,'; =o Ct,,,..¡ )

( Iil=,, Ill,=,, I'r',,,

'['he llnee-<:ort<ltt<:1,o1 t,r'a,ltslrtissi<>tt liltcls l'el)l'eseììl,at,iolt of't'he l)(.1 ì] is

a,long rvith tlre spice rnodel in l'ig.6.7. llot;h rnodels ¿u'e use(l fol t,he

<:l'osst,a,lk in t,ll<-. f r'<-.<¡uerrr:r.' a,lt<l t,irtte-<lorn¿t,ill . t'(ìsl)e(: t,ivel.\'.

i\pplicat,iort

(6.:t r )

((j.;ì2 )

shori,rt irr ì'i.q. ().(l

<:¿rlcu.la,l,iolt <lf' Lhe

RS Generator conductor

I¡igure 6.6: 'I'hree-conductor trtntsrniss'ion l'ines rttodel oJ the l)CJ3

6.4.L Frequency-Domain Crosstalk Analysis

I'or the frecluency-domain analysis, the terrnination lesistances iìte 50Q each and the

soulce have ¿r sinusoida'l signal with peal< value of rr" : lui ivith fr:equerlcv v¿lr'ia'tion of

lIIfl:¿ to IGIIz. Cìenel'a,llv t,he crossl,alk is <:onsidele<'l as the siiTrerposition ol thlee (:üll-

ponents namely: inductive, ca,pacitive ¿r.nd common impedance coupling. The inductive

Receptor conductor

Reference conductor

ll0



(ihaptar 6 A ¡r7r1ir::itiorr

Lzz

lJigttt'<r 6.7: ,5'¡tit:r, Pi. rnoilcl o.l' llt't' P('l)

<:ouplirrg is clue to r¡¡t;ua.l illdu<:l,an<:es ¿rrnolìg t;he 1,t'¿r<;es ill 1,lte st,l'tlt:1,tlle [(;9]. 'l'lre (r?ì'l)â'(i-

itive coupling is due to rnutua.l capar:itances àntong tlte traces in t]te structure. l{o'uvever

coïrì¡ìo1ì irnpeclilrrce coupling is <lue to the resistive losses ill tlle strtlctule rvhich ¿il'e of'

sig¡ificant values at lorv frecluencies. 'l'he inductive coupling cornponent dorninate the ca-

pacitive couplilg conrpouent lbl lorv irnperla,uce cilcuits (high cultents and lorv vt>ltages)'

The capacitive colpìir1.q cornponent dorninates tlte incluctive coupling component fol high

impedance circuits ( lorv currents a,n<l high volta,ges). Since the lesistance is increasing

rvith the frequency, the curr-ent that flows in the transmission lines is decreasing causing

the dorninance of the capacitive r:oupÌing.

flhe ¡rodal analysis of the tr¿ursmission line is usecl to calculat,e the ne¿r.r-erld ¿urd

la.l-encl crosstall< oI tlLe l'CIl shorvn in Fig.6.5 using â cornputer cocle tvritten by C'

Paul [59]. The results are giver in Fig.6.8 an<1 l'ig.6.9, respectively, ancl is cotrrparetl

il.gninst voltages calr:u'latecl using I{SPICD [11]. lll]re figures show close agleernenl, betrveell

IISpICII and the modal analysis in the low frecluency ïange. llowever, llsPICll predicts

hig¡er c¡osst¿lli i1 the l.righer Ilequenc.v ralìge since the frec¡uency-clolrl¿rirt rrlod¿l ¿r,llalvsis

a,ppl<lxirttittes 1;he t'esistalì ce vali ¿l.ti<llt rvit;lt fre<ltt eItr:v'

ill
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L,'igure 6.8: A r:oTrt,pun,sorz

by usin¡1 IIS:PICE tLrttl the

g
oo
<ú-o

,\pplication

oJ' Lhe J\rtlrLr:rtcy-flornu'iT¡, nertt'-r:r¿d ct'osstttlk uol!'rLgr:'s, u¿lr:t¿ktk:d

ntodal uru,lys is r¡¿e Ll¿otl.

o.4
frequency - 

Modal analysis
----- Hspice analys¡s

(GHz)

Irigure 6.9: A (:o'ìt1;l..u7isort oJ t'h'e .frequency-t1'onzrt'itt. frLycn'd

tt'y rLsittr¡ I1,ïPK.:E rnt,rl the nt'ock¿l ux.il'ys'is ntcl'lt'otl.

cross tu,ll;'uol tr.t 11 a s, r: r¿lc:ttl ate d

ll2



(l (.'; 
I

(: ¡¿ [,;t l'¡'¿

l0 I.t(t 0.5,s I 9.96 r3. t3

l0 '2 0 i¡,! 0.,s,r Ì;t..1$ 26.9(t

(,'lrapt,ar 6 i\pplicat,ion

J0 0.7fx' 0 t98 26 9 I('.,:

30
.l
L 0.398 0.633 16.8 .1,).Jt)

'l'aÌrl<¡ (j.2: I-lx: ut.¡trr:il

d : 10, !0 rt,nd, :-10 rnils

'1'o stu<ly the effect of the sepai:al,ion betrveen the tt:aces, 1;he closstalk voltages are

calculated for the PCB with a separation d : l'0, 20 ¡l.nd 30 mils. The electrical parameter

rn¿¡trices with rel'erence to the concluctol: "0" ale givett in table 6.2. Notice th¿l,t the ca-

trlacit¿,nce values al:e clecreasing rvith increasing sepa.t:atiort. I'Iorvever, ihe inductalìces àle

ilLcr:easing rvith separation. It can be seen florn the figures, tha.t, the crosstalk voltage is

increasing proportionally with separation in the 1ow frequency langes; a result of increas-

ing the ilductance values. I-Iorvever, the closstalli voltage is clecre¿rsing with ittcreasittg

separa.tion in tJre high fr:eqriency Ì¿utge due to the clecreasing of the capacitance values'

l13

2r) t 0.9 l2 -0..r56 2'L.l [.5.,16

20 '/ 0.4 ir6 0.702 | ''r.'l 6 ì0 f)
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(thapt'er 6 t\pplic'ttt'ictrr

ons - 1O mils
----- Seþarations * 20 mils
-.-.- - separttions - 30 mils

ìt'igure 6. t0: A conrytrtrisoî¿ o]' Lhe J'r'er¡rLenc,r.1-tlonttLir¿ r¿el,r-eì7d, cros.st(tlk uoltuqes) ctt,l,ailotetl

Jor a, sepnrution d:10, 20 tmtl 30 nzils

- 

separations - 1o mlls
----- separations - 20 mils
- - - -. Separallons - 30 mlls

Figrrretj.lt:At:'otlz¡lt.tr,isonoJ,thefr'er¡llt':n,c:,¡7-r'Ior¡¿u,ilz.rur'endt'r'ossLuIk1)0ItúgcS)

I'r¡r' u seDu,r'ul,i,r¡n, cl::10, 90 rtn,r] 30 r¡¿'i'ls

E

-

-l I l
o.4 0.6

frequency (GHz)

frequency (GHz)

ltl
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'lb {ellrollst,l'¿11,e t,lre r:apa,bilit,v of't,he tleveloped <:o<les t,o halr<lle <:otlplex l)(.1 ììs- the

closst¿r,lli:urirìysis is perlbrrnerl fbr'l,lle stl'uctule shoivlt itl li'ig. 6.12. 'fhe PCIìì sLluctul'e

cotrsisl,irrg <>f'six l,r'a<:es ¿utd t,rvo <lielecll'i<: la.vel's. 'l'lre rvidt,h ol'ea,t:ll tl'¿r<:e is,Srr¡rl's ¿¡"lt<l

the t,llir:li¡ess is ìlp¿r/.s. 'l'lle ele<:l,l'ìr:a,l l)ar'âïrìet,et's of' t,he st,l'tlt:t,tll e ¿lt'<: ollt,ailte<ì rrsitrg

the rnethocls plesented in the previctus cltapters rvhele tra.ce "i10" is cotlsiderecì as ihe

i.ef'er'<-'llt:e r:on<lu<:1,<lt'. 't'able (i.ìl gi ves t,lte t:itpa,<:it,a,lt<r<t. ilt<ltl<:t,a,ll<:e a'llrl I'esisl;a,ltr:e rrt¿11,1'i<:es

f'ol' the t,l'a,<:es <:alcu.lal,ed a1, | 00 \l lIz lt'e<¡trencv'

IISPICj I,l cit'cuit, sirr¡ll¿tctl is rrsed lìl the t;losst,iilli attillysis ivltele a sllice sub-cil'cui1,

nlo<l<,1 is gerrc.r'a,t,e<l usirrg t,llt-'eler:t,li<:a,l pa,r'a,rnet,et's itl t,¿Lble 6.;1. A l¿'sotll'<:i'rvit,h Tirf ) I'esis-

1,ait<:r. is <:<llle<: t,e<.ì 1,<> 1,1'¿x:e "'l'2" ¿r,rì<l t,lre eltds <lf'ea<:lt t,t'¿tt:e al'e <:<lltlte<:t,e<l t,<l 75Q loa,d I'e-

sis1,¿urces. 'l'[e ¡e¿ll-enrl a¡c] l'a,r'-entl <:r'oss1,¿llk ilt'e given ilt lì'igs. (i. l.J a,nd 6. l4,t'espect,ively.

The unit of the dimensions is mil

I'igure 6.1-2: PCIS structure consisti,ng of fiue traces untl ground trace

r t,tr
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R 28.9 37.0 29.22 29.22 29.23

1f¿rble 6.3: The cupucilat'¿r:e nztrl,r'i:¡:'in J'F, the ir¿ductance ntntriri¡¿ nlI ru¿d Lhe resistu-¿ce

in rr¿{L
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LI i.32 1.08 0.96 t. t0 i.03

r,2 l .08 2.08 t.28 1.,14 1.4,
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Figure 6.1.1: The frequet"¿cy-donz(Lirr fur-entl crosstalk Dolt(rges
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6.4.2 Time-Ðomain Crosstalk Analysis

'\pplicat bn

I'he tirne-dorn¡riu crosstalk is calcul¿rted llon the lì'equemcv-clolnaitr closst¿ll]< b.y usittg

lroul'iel' t;l'a,rrsfil'rns [6ir] . 'l'he irrpul, signaJ is a, t,r'aPezoi<lal ¡ruìse 1t'aitt. sllon'lt irt Il'ig. (i.1.-r-

ivlrir:lr lras a pelio<l of' (lu.s). a (,50%) tlul,v r:v<:l<¡. a lise/lirll t,irne <>f (;J.2irr¿.s) art<1 a

pea,li voì1,age of'(.r¡1,). The tine-<loln¿rin ne¿lr-end ¿rncl f'¿l.l'-encl clossta,ll< voll,ages of 1,he

Vs(t)

5v

i3k-* .25 'rl 4Qi 5n I r, 'r<- |.È, .- "."-- s<L4JÐ)

I'igure (i.l-5: Trupczoidul ptLlsc trrrin

PCB, shown in Irig 6.5, Ibr a separation d: 20 urils ai-e given in I'ig 6.16 and I'ig 6.17,

r:espectively. Tlhe lesults ¿ìle compaÌed rvith l,hose cal<llal,ecl using tISPICiIÙ l,r'¿rusient

analysis. 'l'he tirne-dornain crosst¿11< volta.ges ale calculated for the l'CB with ¿1. sepa,ratiott

d=10, 20 and 30 mils, using the Fourier transformation. The electrical parameter matrices

with ref'erence to conductor "0" are given in table 6.2. 'I-lte near and lär-end tirne-dornain

closstalìrs ¿l,re shorvn in liig tj.l8 ¿rnd li'ig 6.19, respectively. It c¿ul be seen that l,lte cl'ossta.lk

voltages are clecreasing bv increasing 1,he separatiou dist¿rnce betrveeu tlte tl¿rces ott 1,he

PCB.

Effect of pulse rise/fall time in crosstalk

Pir.ul [59] shorvecl that lechtcing the prilse r:ise/l'all tirne causes higher tirne-clorna,in crossl;¿lli

voltages for a shorter period of time. lfhe eflêct oI the rise/fall tirne in the near-end and

fa,l-enc'l crosstall< voltages is slrorvn in Fig.6.20 a,nd 6.21. 'lhe time-clom¿l,in near-encl a,rld

f'a,l-encl closstalk voltages of'the l)CjlJ, shorvn irr Ì'ig 6.5 u,ith zr sepa.t:itl,itxr <1: 20 rlüls ¿r.le

obtained using the transmission line modal analysis.

lu

It8
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lìigure 6.17: A conqto,r'isor¿ r¡f Lhe t'inze-donttri'tt.

usin(t ILS'PIC!D unr] thr: rnodul an,a,llJs/s ntel,hod.

,\p¡:Ìication

I

14

t ¿r, u,r'- e n rl cr o s s t ulk u o l !. n r¡ r:.s, rt¿l r:ul, r t, l e d l¡'u

f rLr- end r:ro s s kLIk u ol, ta,rl e,s, r: uk:t il rrLe tl bt1

E

3, -so
:

il9



(ilta¡ttcr 6 i\p¡tlict'ttkxt

150 r

I

i

I

1OO I

E]
ol
Q]

ot
50 

1

E
o

-o

Time (ns)

I,'igure 6. t8: A cortt¡ttrisott, o.l tl¿e l,'i,nte-donutitt,

tL sepu;rul,'ion tl:10¡ 20 ru'¿d 30 nt'ils

Time (ns)

Figrrre f). l9: A crsntpu,r'ison of the

(1 scpu,r(t,l,ior¿ tl:10, f!0 tt,n,rl 30 rn'i,ls

r¿e ar r er¿ tl crr¡ s s t u,l,k u o I l, u4 r: s, r: r t,l r:tLl r L I e tl J' o r

l,dnt,e-rlonta'in J'rLrend (J'osstfl,lk r.tol,t,rLr¡es. culctilu.l,ed ,for
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Iiigirr:e f).20:'l''in¿r;-rlorntt'ir¿ n,rxt,r'-r:n,tl r:r'rsssltt,ll¿

Lrtt'it"¿ w'ith threc tl'{fl'crertL rise/J'ull tinzes.

CU

n

-50

E

$-too(ú

=
-1 50

-200

-250

Figure 6.21: Tinte-donzain Jar-end crosstu,lk uoltages

Itrt.in, ttri IIt tItrt,t, rIil'ferctt,l. r¡s(/.|'ulI l,irncs.

'\pl¡lic¿tt i<ttt

Rise/Fall t¡me ¡s 3.25 nS
Rise/Fall lime is 2.0 nS
Rise/Fall tìnre rs 1,5 nS

uol, Lu.¡1 r: s r¡l¡ Lu, in,c,d tLs'iru¡ trrt,Ttr::: o i,d u,l, pu'l,s r:

obtaitzecl usiny1 trupezoitlal pulse

0)

cú:
!

!

I:i

R¡se/Falltime is 3.25 nS
R¡se/Fall time ¡s 2.0 nS
Rise/Fall t¡me ¡s 1.5 nS
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6.5 Ground-Noise Calculations

A plintr-'<ì cil'<:ilit boal'd r:orrsist,irrg of'1,ü,o t,l'¿r,<:es ovel ¿r <liele<:1,1'ic la,.ver'. shoivtt irt

li'ig. (;.22, is use<l t,o sl,udv t,lre gr'ourr<l-noise. 'l'he l)(lìì st,ì'1t(:t,ule <'an lre tept'esettt,e<ì

i-ry a. l,rvo-r:<nclucIol l,l:¿ursrnission 
.lirte 

wltele orte <>['L]te tr¿rces is a, signal c<trtdrtt;tot and lhe

ot,llel is ¿L l'et,ul'lr <:olrdu<:lol'. 'l'he elect,r'i<:aì 1la,r'a,rrrel,els of't,lre st,l'rrr'1,u1'e a,l'e ob1,¿riltc'd rtsittg

t,lre nret,ìrr><ls pleserrl,etl irr t,lre plevioirs <:1ra,pt,els. 'l'¿rble (Í.'l gi ves l,lte genet'a,l <:a,pa,<ri 1,a,tt<:e

a,rrrl irr<lur:t,iì,1ì(:es rìì¿ì,1;Ì'ir:es f'ol t;lrr¡ 1,1'a,<:es rvit,.lt it, sepa,t'at;iort rL : 10r 20 a,rl<l .l 0 rrlils. 'l'lle

r'<rsist.arr<'c, of'<:a<:lt t,r'¿ì(:(.s is i¡2..1 ¡rt() at l0 lt II z fì'e<luettt:r.'.

ì:'igur:e 6.22: Tuo tru,ces o't)er' (L d'ieler:Lr"ir: oJ'pernzil,t'itsitu e.,.:3.7

A lurnped-circuit rnodel lor the structute is shorvn in llig. 6.23, lB8, 89], which can be

analyzed using IISPICìì. A sinusoiclai soulce rvith a peal< voltage of 1rr, sollrce lesist¿¡,nce

fi., : I10fl aud a frequency r¿uìge of (1 - ß00MIIz), is used lor the frequency-rlonain

calculations. Furtherrnore, the tirne-domain ground-noise is calculatecl using IISPICD

transient analysis. illhe input signal is a trapezoidal pulse train, shorvn in Fig.6.15, with a

lreriocì o'f'(I mìcro Sec), a, (50%) cluty c.yde, a fall/r:ise timeof'(l}.2,5ns)¡rncl ¿r,peali voìtage

of (5'u).

l{SPICD is usecl to cak:ul¿lte l;he glouncl-rroise I/6;7y, using l,he lurnperl-circuit model

rvith lo¿l,d ïesistârìces <>l Iì.n: i.¡, 50, 100 ¿rncl 200 0. 'l'he lì'ec¡uenc.y-cìonta,in lesults ¿rre

slrown in l¡ig. 6.24 atd the time-domain results are shown in Fig. 6.25. The ligures show

2 mils

+F-
-ÈI-20 mlr¡l

t22
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Lha,t t,lre gr'<lrrr<ì-noise is rle<:l'e¿rsirrg 1rv in<'r'easirrg t,he lo¿r<l l'esist,ant:<'. 'l'lris is rlue t.o t,lte

<lecrleasing ol' the cun'elìt th¿rt [lorvs ilr t]re lr'¿utsrl'lissittlt iitte.

'Ib st,u<iv t,he efIt¡r:t, of'the sella,r'a,1,iorr lretil¡een the t.l¿r<:es. t,lre glotttt<1-ttoise I'olt,age is

<:alr:rrla,t<.d fil't,he l)(lll rvit,lr a sepa,r'a,t,i<>n l: 10.20 all<l .l 0 trils. 'l'lte ft'e<¡ttt'tt<:v-<lorrlailt

results ¿l,re shorvn in l'ig.6.26 and the tirne-dorn¿rin lesults are shorvn in I''ig.6.27. It c¿ru

b<, seel lì<>rl llte figules t,lla,t, t,lle.qlourr<1-rrr>ise v<l1t,a,ge is iltr:r'easirtg ltr'<¡r<>r'1,i<lrallv ivil,lt

t,he sepala,l,iolr be1,u,c'elt 1:lle 1;r';r,<'es.

t24
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I'igure 6.27: A

sr:ptntt,l,'ion d:10,
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I'igrrre 6.26: A contprtrison o.f the frequ,enn7-dotna'i¡t qrounrl-n,oise roltl,qes, calr:ttlatetl Jor

tt separutio'n rI:10, 20 antl /,0 tt'tils.
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6.6 Radiation lWodel

An tpploxinl¿rt,e l'¿rtliat,iorr rnotlel baserl <ln tlte tlif[i.r'err1,ia] trto<le (ì1lt't'eìì1, <l ist.l'illut,iolls

r:a,n llr: use<l lbl' tlle¡ r:¿r.l<:ula,t,iolr ol' t,lre l'atlia,t,i<¡n errissi<>rts fì'<>ltl l,t a.(:es tllr ìt(.llls. 'l'lle

iliftêrential nlode <:ullent distt'ibuLir>ns ¿rle obt,¿i,ilrerl usiug cilcuil, ani'rlysis <ll tl'¿l,ltslttissiott

lillet rno<lal a,lrall'sis. 'l'hese ¿uta,lvsis ale Perltiltttetl assltrtilrg the fiel<l st,l'u<:t,ul'<'stll'l'<)tltttl-

irr,q t,lre <:oll<litt:1,o1's olte.Vs t,l¿r,llsvelse ele<:t,t'ortta,gtlel,i<: ot <¡rrasi-'l'ì',Ñl st,t'tt<:t,ilte. 'l'lte t:lt>ss

s<,r:t,iollal dirnensictns of'the s1,r'ur:t,ur'<¡ is a,lso assurne<l 1,o lr<: ele<:t,lir:a,llv srttall. 'l'lre <lttasi-

'l.ì.]t'[s<llut,iolrislt<ll,r:ali<lf'<ll.irlr¡>el'fe<.1,]itlescil'l'<ll'st.t'u<'t'ttl.esu,it'ìt¡;ç'1:1.¡'i1]¡1¡1

ill t,he sulr'<nrr<l ing rne<ìiurn. l,\u't.lrelrnole. l,lte stlrrt <lf' 1,lle < ttlt'elll,s 4,1, ä'lì\'' t:ttlss set tiott

is ¿rssurne<l zelo ltv 1,al<ing t,he lefbl'ert<:e t:olldu<:1,ot'as the lel,tlllt ba,1,lt f'<>t'ot,llet'<:oltdtl<:-

tor c¡rre1ts. ln realitv, the surn oI the culrellts ¿tt àny closs section ntighl, ttot be zelo,

¿rs a results of the existen<:e of'othel t:ul:tertts. Cjonducl,or:s <tl' otlter- rnel,i'l,llic stlticttu'es

which are lLot included in the analysis rnay cause these additional currents. In addition,

asyrnrnetlies in t,he phvsica,l telnrina,l excittrtiott, such ¿ts ofl'set soulce positiott c¿rll cl'e-

ate non-lllDNl (cor:rrnou rnode) currents. I¡ruthelnore, tlre phvsica.l terlritratioll srtclt ¿'r,s

the wiles connecting the loacls and the souïce to the traces also cle¿rte non-'llllNl cur-

rents. These common mode cuïïents can not be predicted by the transmission line modaÌ

analysis. lllhese lirnitations, in the transmission line artalysis, hautper the ca,pa,bilitv of

the rnethod to preclict ¿rccurately the radi¿rtiort ernission floln traces on PCI.ìs. Accur¿1,e

radiation emission estirna.tion cau be obt¿inecl using full rvave itnalysis rvhich dclse not;

pr.esuppose the existence of orrly clifferential rno<le r:ur:rerts. Tlorvevel, quarsi-if DlvI ¿l,nalysis

r;an be rised to obtaiu incjic.¿ltion ¿rbout the level of r¿r<li¡ltion and the r'¿rrli¿l,tiolt pzrttems

for structures with complexity that can not be hanclled by the full wave anaìysis.
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rvher:e l,lte magnetic vector potential is given b.y

,\ = ,l | ,þ')"-'i')^ ,1.,,'. ((j.;J l)
.t,F .J t, ¿t

¿l,t.t tl

tt: \F- r-tlt + tu - u')) I (,:: -:t)t

(ih¿tpt,r:r 6

6.6.1 f'ormulat ions

lfhe r¿r.di¿rtion ernission fì'orn the tr¿ces on PClIls rna,y lie c¿rlcu1¿rted bV

II the current x-directecl then

i\¡t¡ lic:at,iorr

( (;.;lir )

(6.37 )

Substil,ut,ing ec¡ua,1,iorr 6..ì.[ int,o 6..1iì. gives lhe follorving irt1,e.qla.l e<1tta,1,it>tt

D: :i':t l'1¡,2t(r.,)+ (J(,',).v)v)' lj^¿,,,. (6.;t6)- ,lrl; .1 ,;' 11.

rvhere

I tto
t;: = 1/ po(o. \ : \l -' Véo

J("') . Va' = t(*)fi*' (6.38)

After some mathematicaì rnanipulation, the I'ollorving equzltion c¿rn be obtainecl

E:Hl.',nt (Ça(å.+-n') * (*'-{,-*)r)
,-,lr' ,r,, (6.3e )

ifhe three components ol the eiectric liekl ale then given by

n,, : -# l¡r't¡(Q;-t (# - + -r') + (,,' - + - ;))
"-t!"' ,rr, (6.40)
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,-.j,tl'
l,-,t = -,- , I' .tir h' .J.t

t , ,, (.,' - .r,' )( lt - !J')
I I lll l-- \.. / D.) *+-Å,) "lnn,,,,'

,';-=---4 [t1tlt t; .J.).
* +- ^'') 

"-',,!r'' ,,,,'i, (r: - t:t)(:: - :!)t'l 
rP

l
\R]

/.j

I\ /¿2

( (j..r r )

( 6.,r2 )

Sinlilal e<¡ua,t,iotts r:all b<¡ obt,airle<l fbl' r'- a,rl<l z-<l il'e<'t,e<l ( ul'l'elìts.

'llhe f¿r,r fìelcl l'¿rdi¿rtion patter:n c¿l,n be obt¿rined using the lolìorvin.q eqttatiott

D - - .,i u' lt 
r:-.:)A 

,' f ¡ ",,-.)Ar'' 
i,t'" t,:' 

,¡ .rt
!l7l t' .l s

( (i. l:l )

u,lrc,l e

t'' t:¡l.st;.' : r' . r (('. r | )

6.6.2 Results ancl Comparison

ll'he lollorving exarrrple illustl'¿rtes aJì steps lrec¡clecl t,o obi¿rilt tlte lacli¡ltiolt errtission hortl

traces on POIls. Consider ¿r l'ClJ structure consisting of trvo ttaces ovef ¿r ground plane,

¿rs shorvn in I'ig. 6.28. llhe elecl,lical pararneters ol the Lr'¿lr:es leferencecl to tlre grourld

plane ale given in I'¿rble.6.,5. A strrice sub-circuit rnodel is gerteriltetl usirtg these eler:tl'ir:¿"1

parameters where each trace is connectecl to the grourtd through ¿1, 100f) resistance. A volt-

age source with 500 internal resistance, magnitude V = I'u and flequency / : 200M II z

is co¡nected t<i l,race ":11". Ihe current distribution orì tlte tr¿rces ate obt¿ritlecl using

ltsPICll circuit.

A simple r¿rcliation moclel is used for l;he field calcril¿r.tion [6'5]. ll¿rch tr¿lce of the PClll

is modelecl by x-directed line souÌce with curreut distribution 1(z/) obtained by IISPICD

sirl¡lator', ¿nd the l,errnination encls bv z-directecl lille souuce ivith ¿r corlstarlt cun'ertt

distribution. 'I'he ground plane is replaced by an image line source belorv the ground,

I'ig. 6.29. Trvo conductors confìgur¿r.l;iol usecl for r¿rclia,tion results is shown in Fig. 6'iì0'

l:l¿r,ch line sout'ce is cliscl'etizecl illto snrall segrnelrts ¿utcl tlie t:ul'l'erlt dist,ributiolt is ¿lsstrrned

constant ovel: each segment.
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'l'lrt-. e'ler:t,l'i<: fiel<l i,11,q.gt'a1 e<¡uat,iorr lol'rnulatiolt gi ven a.b<lt'e is use'<l t,o <:al<:ttlat,e tlte

l¿l<li¿rlecl Jiel<ls ¡rt, ¿r dist,alr<;e r: lÀ. 'lllle l'¿r<li¿r1,ed lields ilr tlte.-y-z p1¿tte, 1t): 90'', ¿rlt<l t,he

x-z 1lìiure. r!:0" a.r'e.qi v<-'rr irr ìrigs.6..ìl ¿uld 6.112, r'es¡re<:tit,erl-v, arttl lltev a,te (:olìl.l)â,t'e<l ivit,lr

r.<:sult,s obt,aine<l usirrg [1re Nurlel'ir:al ì,)1e<:t,r'ortra,gttc.t.i<: (lo<]e (Nì'l(i).'l'lre l'estll1,s <lbt.aille<l

irsing the r¡.r.cliation nroclel fol ró : f)00 patter:n <;ut itgree rvell lvil,Ìr those obt¿rilled usiug

Nl,l(.j. ì[orvevel'. t,]re t,lle I'esult,s fìrl r,):00 1la,t,t,elrr <:ut, ha,r'e a,l>out, ir0% el'l'or'<:ortt¡ra,le t,<r

lllose ol>1,aine<1 using Nì,1(.1 as ¿r t'<-'sul1,s of tlre:r,ppr'oxirrral.q l's1¡.r'esetìtat,iolt of'1,lle z-<lil'<¡c1'etl

cullerì t, <xirttllottert l,s irt the l'¿rdi¿ll,ictlt ttl<l<le-1.

'l'lt<. r'a<lia,t,erl fiel<ls palt,el'ns < alt ula.l,e<l usirg t,lte la,<l iat,iolt lrl<ltlel a,r'e gi velt ilt

l'igs.6.;i2, (j..J.ì al<l (j..ll and t.h<rv aglee rvell u,ith tlrose r>bt,¡Litte<l ttsirtg Nì'l(.'.
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T1

1-fT_l
lt
ll
tl
ll

T2
tl

tl
ll
ll
tl_

1 ål | |

ll

fï*W f*f 10*,I t- | " I 
Lv I I 

I

44

Dimension in Inm

The length is 15 cm

Iiigule 6.28: (iross ser:Lion. o.l' nzirt'osLri¡t sl'r'tLt:t,urr: con'sisling

¡tlrrn,r:

ol' t.rt,o l,t'ttr:t:s ru¿tl rlrrttt,n.l,

R 10.357 10.357

lable 6.5: The capucitunce rnatrin in pF, the 'inclucttuzce n'¿atrir ir¿ nlf rtnd the resistnnce

in, n¿{l

I I

C1 26.53 -.).ò I

C2 -.)..) ¡ 26.53

L1 97.88 12.18

t;,,2 r2. i8 97.88
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l¡igure 6.29: Iludictlir¡r¿ ntodel
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Chapter T

Conclusion

i\ l'c'\'ie\\, of rrurneli<al rrrr><lellirrg t.e<'ltni<1ues ertt¡rlot,e<l ill t,her el<:<: tl'i<:al l)ala.rììetet'

extla<'tiorr firl lnult,i<'r:l<lr¡r't,ol sl,lrr<'tulers u,¿rs <:âl'lit,<l ou1,. \'\,'ltell <orttlral'ed rt'it,lt ot,ìtet'

rnethods. 1,he integlaLl equa,l,ion rnethod was foun<l to be 1,he rrtosl, suit¿lble olte lìlr the

<:a1-la<:it,arr<:e ca,l<'ulal,iolr. lIou,ei,er'. fbl a r:<lrnplex t,hr'<.e-<] irtteltsiotta,l st,l'u(:tuìe. tlle ll'l\l

llet:tlrllesirtt1lt.a,<:1,it:aljlet:a,tlseof.ex1,l'<llttelv1a,r.ge<:ottt1xtt,a't;i<llt¿rlt:clst,¿rlt<jrlterrl<¡l

le(luil'erììerì ts.

A nerv trvo-sta,.qe ter:hnique was pïeselìte<l 1,o reclur:e t;he cost ¿ut<l nrerrroty stot'age

recluirerrrent oI the IIINI lbr l,he problern oI the capaciLance and concluctance rnatrices

extlactir>n {br mull,icoldur;tor stnrctules. 'l'he ntrrnel'ic¿rl lesults irrclic¿rte that the plopose<ì

rnethcrd is ['¿rs1,el th¿lll the cl¿rssiciil Iìl]À,1 by ¡l f'¿l<;1,oi'<>l nz2 fbl il. systertr consists oI r¡i.

conductors. Ihe results also show tliat the memory requilement by the proposed method

is rnucli less than the requirenrent of the classical integral ecluä,tion nethod. Iìultherrrtore,

the proirosed nteihocl has proven to be accur¿te in cornparisou 1,o tlte classici,rl IDNÍ ¿lnd

lìASTCiAP progràilì ll]. hr aclclition, a.n iterative rnethocl is usecl to further inrprove tlte

accuracy of the charge distribution. The corìvergence of the iterative method r:¿rn be

achieved with a srnaller number of iterations, by using the results of the proposed rnethod

¿rs tJre initial values of the cltillges.

Iior the fì'equency-depeuclent inductance and resistauce c¿lculations, tlte parl,ial ele-

ment equivalent r:ircuit (Pllnc) methocl is the most elficien1, tecltnique; since it cor-nbines

t;he vels¿r1;ili1,r- of'1,he IlrlNI rvit,h 1,he sirlplicit.y of generi'rl r:ircuit, nel,rvoll; 1,heolv. llorvever',

for a complex three-dimensional structure, the PIJIJC becornes impractical and the avail-
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aIilil,v of'lretrrr>r'.v sl,olage l)r'eserìt,s a lirnil,a,l.ion t,o ap111i<'alrilit,.l' of't,ìtis tnetllo<l . ¡\ (,u:o-st,t'll

Ieclrrri<1ue rv¿rs used to ovel'c<>rne tlle lir¡rit,¿r1,iott ol'Llte nletho<'l . 'l'he teclttti<ltte rvas ilirplic'<1

1,o valious st,t'ur:1,rn'es all<l it, sirres ¿Lr:r:ur'¿rt,e lesults irt corttllatisolt t.o t.llose ollt.:rirle<ì usiltg

t,lre <:lassi<:al ì)li)l,l(.1 rnet,lto<l fì¡'r:orr<lil<:t.ols rvit,ll sepa,t'a.t,i<ltts latg<tt'tllalr tlteil t:l'oss se<'-

tiona,l dirnelrsions. l'\rltherrnore, tlre trvo-step techttiqtte gives a. sribsl,anti¿l recìuc1;iou irl

ìrìerììol'v sl,ttt'a,ge

'l'lte slr<>rtt'<tuting of'the l,\\ro sl,age t.eclrttic¡ue alt<l l,lte 1,\\'o-st,eJ) net'lto<l is l,lra'1, I'he et't'ol'

ill<:t'e¿rses wiLh <.ìe<;l'e¿rse irr sella.r'aLiolr llet,tveelt tlte colltluctols, lltlt't,lterrt¡<¡lel Llte ellol'alsct

ilrcl'eases ii,it,lr t,ìle <liele< t,l'i<: 1>erlrrit,t,ir,it,v sin<:e itt<:teasing t,lte <liele< llit ltelrrrit,l,ivitr,' llas

sil¡ila,l'a,f[b<:1, a,s <1e<:t'r:asitrg lìrer s¡rar:irt.q lrt:t,u¡eelt t,lte t:<¡ltdtlr'1.<ils. lÌ>t stl<:ll (:as(ls. n,]l<'l'cr

t,h<: <:olr<lu<:Lol's it,r'e t:lose to e¿rr:ll othel'irr r:orrtpat'isott 1,o t,lteil't:l'<tss st-'<:tioll¿'rl dittlellsiolts.

nìo¡e acculate results r:alr be obtainerl bv solving fbr: the neigbboring conductors together:

in the first stage of the soiution.

illhe near-end ancl far-end crosstalk and ground-noise voltages were calculated in the

frerluency aucl time-dom¿rins lbl sonle printed bo¿rtcl sttuctures. 'l'he electricitì palarrtetels

oI the structures ivel'e obt¿ritred rising l,he ntetltocls presented in the thesis. Closstall< an<l

grouncl-nclise a.nalysis rvere carlied oul; using tlte tt'¿ursnission line ¿rnd ilSPICII <:irrcttil,

simulator. In addition, the radiation emission from traces on a PCB was calculated bv

rnorJelling the traces as line sorilces with culrent distributions obt¿rined fì'orrl t,he ct'osst¿r,1l<

a,nal.ysis.

Recommendations

Electli<t¿ll parameters exl,laction CIAI) p¿rckage c¿l.rì be clevelopecl b¿r,sed ou l;he l;rvo-

stilge techuiclue lbl the ca,pacitance ¿r.ud concluct¿r.nce calr:ul¿rtiolts âtì(l tlte trvo-step appl'ox-

imation for the resistance and inductance calculation. ifhis package should be capable of :

ø Selecl,ing 1,he rtrost el'fìcient cliscretiza.l,iort of the geotnetl'v,

e Selecting fast and accurate integration algor:ithrn for the calculation of the rna,trix

| !)at.) t
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elelnelrt,s. r.r:. itplllvirrg rrrult,ipo.le ex¡ra.rrsi<>rts. <:losetl f<lltl illi'gt'als alt<l a,tt a<l aptir.'e

Ci¿ussi¿rt point selectiotr irlgoli l,hrn,

ø St-.lectiug a,rr elficienL rnethoc] [ix'the solul,iort o1't]re rrt¿r,t,r'ix ii.yst.etlì ,

ø Clener'¿rtiìtg ¿r pl:opet' spice sttb-cil'ctlit, f'ol t,he .qeorttet,l'Y ol' iltt,et'est,.

Futnre Worl<

o (lornllilrirrg 1,he 1,rvo-clirnellsi<>na,l a,rralvsis rvit.h 1,lle 1,ln'ee-dirneltsional 1,rl'o-s1'age sctltl-

t,iorr Lr> ar:lriet,e lrtol'e effi <:iettt, ¡ra,r'asit'i<:s exl,l'a.<lt,i<>lt a'lgol'it,ìtttt,

o St,uclvitrg t,he llossibiìit;v of'extl'¿r<:1,irrg t,he illdu<:1;attce a,ltd l'esist,a,ll<:<-'rna,t,l'it:es ovel'¿ì

r'¿ì.lìge oI lrecluencies, t'atlter l,han ¡tt a sirtgle frecluency,

o Developing SI'iOI) and radiation rnode.l fbl general bo¿llds rvith or rvithout grortncl

planes.
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