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Abstract

A gc:nelaì litelatrrrc tet,ir:w was conchrcted to obtain ¿r suitable. ar:cnrtrte, clfi-

cient alld ìncxpensive to<>l to nrodel sorne engineclilg a,pplications ol clectr.ornagrrr:t ic

rv¿rvcs. 'l'lle fin ite-d ifli:r'cnce rnctllocl solution oI thc tillx:-ck:p<.,1clcnt À,laxrvr:ìl's cclutr-

tions is selectr',d for tllis t¿rsli. 'l'hr: fiuite-dillcrr:lr<r tirrlr:-clo¡ n¿rin (li'D'llD) tr:<:hrric¡ucr

is aplrìi<:ziì>lc to ¿l n'idr: r'trng<: ol pr.oblenrs. It oflìrì,s rltrn.l, ¿dvlntagc:s ¿rs ¿ul t:lectLo-

rritgrrcti<: rrrodclirrg. silrml¿rtioll. anrì anal.ysis tool.

A gr:nr:r'al lì'ì)ll'ì) r:onrl.>utcl c:ode is cl<:r,do1>r.-tl Ìrasr.-cl oll tlrr: t i r ne- <lc1t<:n rl<:¡t

tr'l¿xlvc¡ll's t:clttati<trts to ttlotlr:ì ¿ur<l soÌr,r¡ tlrlr:<:-dir¡rr:rrsiorraì r:ì<:<:tlon r agr rc.,t ic ¡rloll-

lclnls. Ilr <;r'c.lel to Ía<:ilitatr: tllc usr: ol thc lì'l)'l'l) co<ìc ¿urc.l ilr¡.rr.ovc its capabilitics.

tllc <:ontoul irtcglal mcthocl is r:rnplo.yr:cl to oìrtair n gr:ncral sct ol clifft:t<:nrc <.,<1na-

tions. 'l'h<¡ <:oclc rìcvcloPr:rì is us<:d to stud¡, tl11' s¡rcc:ific:atiorr ol thc s1;a<:<: <:cll sizr:

anrl tiillc sttlrltirrg irlcrc;lrl<.'nt. A nu¡nclj<:¿rì <:x1;clirrxtrrt is <:olrdu<:tr.,d to givc i¡sight

¿rtttl u lt clt:t'st¿rl I r.lirrg to thr: s1;ttcc inclcrrrcnt selcction. r\ tratur'¿rl r.ct¡rilcrnr:nt çf thr.r

l¡l)'l'l) tcclrnicluc is thc nsr: r¡f outcr. r¿rclia.tion bouncl¿r..1, conclitions which sirnuìa,t<:

¿rn infìnite spexr: for- thc open bounclar.¡, ploblems. A dr:t¿il<xl str.rcl¡, ¡¡¡ tlrc most

conrrnonly nsecl la.cìi¿rtion l;ounclan y conclitions is prcscntecl.

llhe Ìì'DTD spccinl capaìrility oI moclcli'g thin rvi.es is i'r,estig¿rtecl. The inplc-

r¡tcntation arrcl application of lnrn¡recl cilcuit elerncnts arc invcstig¿r,tccl by ck:riving

geneÌal 3-D rrlocleling ec¡ratiotts fot passive ¿r,ncl ¿rctive lurnpecl circnit elenlents, I¡l

olclcl fol thc 3-D cocle to be cornplete and genelal, a ne¿r,-fielcl to f¿rr'-fielcì tr.ans-

lbrm¿rtion is plesentecl. This palt of the cocle is usecl to tlansforrn the rrea,r,-fielcl

clattr, rvhich is ¿r natnral proclnct of the FDTD sim.lations, to the f¿r'-fielcl to obt¿in

¿ntenn¿ racliation pattelns ol thc laclat cross-section of 3-I) stluctur.es.

The FDTD coclc is nsecl to ol¡t¿r,in the .acl¿r. c.oss section {or tlvo scattcring

lv



geornetlies, a conclucting cube ancl a cìielectlic sphere. The de'elopecl cocle is also

applit:cl sr.rccessfull¡' ¡e ¡no.1"1 thlee antenna config'r'ations. These ¿ne a rnonopole

nrountecl on a conrìuctin¡ç box, zr- bent-slot antcrna lìush mountccl orr er lect:urgulal

c<>ntluctirg ltox ¿rncl :r rlualter'- rvzrvelcngt lr rnonop<lle ¿rntcnna rnountccl on art a.uto-

rtl<¡bile's lool. Scattt':ling artcl rtrrìiatiorr lr;sults obt¿rirrr:cl using the rk:r'<lopr:cl cx>cl<:

¿ìgrcìo \/ol -\¡ urcll rvith 1;ulrlish<.,d ¿rncl ¿u'ail¿rblr.: dat¿.

'l'ltc ir ttltk:rncrtt¿¡.tion ol th<', <¡¡tlc lì1 1>ìanal nriclostlip ciri:uits is consiclcr<:fl r,i¿r

its a1>pìi<::rtiort to scvcl ¿rl rnicrostlip lirrr:s. a lillr:-lì:d rrricrostli¡r ¡;:rtc:h antcnrrtr arrcl

att a¡r<:r'trr rr:-cou¡;lcd rniclostr.ip ltat<:h :rntcrrna. \licrr>stri1; p¿ìr'ânìctols such ¿rs tllc

cf[ix:tivc <liclrr:tli<: colst¿rnt. ch¿u¿rctr:ristir: irnlrr:rìtrir<:c, sczrttr:rirrg par,:rrnr:tr:Ls an<ì

irput irr ¡r<.,darr<r<: ¿rlc olrt¿inccl.

hr th<: a.r'r:¿r ol c*:r:1,r'orn ag-rrotir: in t<:r.Íclcnr:r: artrì c:<>irr¡r:rtibilitr, (Ìtìù41/l.lÀ,tC:). tlrc

c<¡<lc is uscd to sttrcìr, clcctrontagr tct ic <r>upling to wircs insidr: shi<.ldr:<l r:rr<:losnlcs.

'l'lrr: slti<rlding t:f[ì.'<:t oI rrrt:t¿11 c¿rbirlr¡ts alrc] t:nclosnr'<:s is ¿rlso dcrnonstr.atcd. ll'Ie l.iù,t(.1

tcst ctl.tt'iLorlrrtcrrt is stuclicd lìrr':rrr opcrr-sight, ¿r srl<,'crrc<l r'oom, ancl ¿r scLc<,:nr:cl roonr

lincd rvith absorbirrg rn¿ltcli¿rìs.
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CHAPTER 1

Introduction

'l'lrr: s<:i<:lr<:r: ol rl <t<;tlori t agr r<:t i<:s 1->lays a nra.lor,r.oìc irr ¡rrrrrìir:ting ancì uirdclstnircl-

ìtt¡¡ nlzrttl' <ll ¡¡attrtc's ¡->lrcnotttr.'n:r ¿urrl it llas <:orr tliltu tt:cl glc¿ìtll to otlrc:r' ¿rlr:as of

sr:ieucc. or.cl tlrc ,yt:erls tllt: scicncr: <>f olt:<:tlorrr:rgrrctir:s lras btrrn inr<>l¡r¡{ ilr wicl<r

rnttgc ol aPPli<:tttions sttt:lt ¿rs s<:a.ttcting. r'trdiätion. 1,r'a.rrsl¡lissiol-lilte t:oupìirrg. r:l¡<:-

tlomagrr<:tic intclfclcucc (L)N4l), lìghtrirrg an<1 el<;ctronrzrgr rctic pulsc (lìN,lp), shi¿¿-

irrg ancl r:lcctlon r:rgnr:t ir: <r>rn¡;a.tibilit.y (lì)NI(-l). fiìtcLs, urag¡cti¡ <:i¡c¡its, Sior¡r..¿i<:al

r¡rpìications ¿ul<l r:o¡rrlnun icatiorrs.

i\tl <¡xtr:nsivc ¿r¡ld sullst¿ruti¿rl ¿rrt<¡n¡rt ol rvoll< has lteerr r.r:poltcd ilr tlrr.: litr:r'¿ltux,:

torva"r'cls pr'<-'cìictirtg, volilyìng a.ncl tlving to under.st¿rrcl <:lcctr.or¡¿gnct ic ¡a¿i¿rtjo¡

nnd scattcling phcnornr:na. 'I'he pnrposc ol this r.csr:¿¡r'ch is to oþt¿r,i¡ a. s¡it:r,blc,

¿lcctll'¿ì.tc) cfÏcicnt ancl incxpensit'c nurrrelic¿¡l rnathcnlatic¿l rnoclcl lv[ic[ is cir,pzr6le

of morleling il rvicle range ol <;lectlornagnetic pr.obìerns.

1.1 Literature Review

Dngineering analysis ancl clesign ellorts i. the a.e¿ of electro'ragnetics c.n be

classificcl into th¡:ee major categor'ìes; exper.imentill, analytical, ancl compntational.

fìxpe'imental is tr limitecl, inflexible ancl expensivc app.oach. Iìach spccific problem

requiles a.niclue setup, aìso not cvcly problem in n¿r,tule can fit nnclel.this categoly.

Sirnilarl5' ¿rnal)'tic solution is only possible for sm¿ll class of p.oblems for. r.vhich the
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object bounrìeu'ies coincick: rvith the complete constant-coorclinate sulf¿rccs of an or.-

thogorral c<¡<¡r'dinatc s)/stcrìr. otlìer casr:s l;e<:omc tr'¿rct¿rl;le only if apJr¡oxirn¿rt ion s or

icle¿llizations c:¿¡l ltc n'l¿rdc. Sornc o1' the ¿rr,¿ril¿rblc analytir: teclrniclnrs arr:. sepnlation

ol r,¿rri abk:s. r,<r:ipr<rci tv thcox:rn, trnd eclu iverkxrcr: plirtr:iplc.

Oll tllc othcl ltatttl. <:ottrpu tatior t¿rl clcctlornergnet ics is one of t|e nervest ¿r¡cl

Iastr:st glorving lr:sr¡¿Lr<:h atc¿r. 'l'his is r.lu<., to thr: aclvancr:s in tIr.- tr:c:hnoìogy of

lriglr-s1lcr:<ì la lger:r.,rI tr':rì-r ucìlìot \, (jotììp1ltcl s,1.sf¡.1¡¡c. (.i<¡lnp¡t¿rtion¿rl r,,lr:<tt¡9rr r¿grrr:t_

ics illvolvr:s tlre cìr:<rtr'onrergrrr:tir: rlodr,.ìing, silnul¿rtiorr ¿urcl ¿ur¿rl.\,sis ol' r:lcctrornagrrcti<:

Icsl)ollscs ol c:otttlllcx s)'stoìlìs to vatir¡ns sorìr'c(ìs. It ltloviclcs arr ¡rr<lc¡starrrl ir rg 9l'

tll<: sVstcttt ìcsl)orìso t,llat allorvs li¡ the bcttr:r' clcsigrr ol n'roclific¿rt ion r>f tlr<: sl,str:l¡r.

(ìcnr:r'a1ì¡' spc¿tliirìg. nunetic¿rl t<:cbnicJr.rc.s arc on11, tools cìevr:ìopt:rl to soìr,r: ¿r ¡n¿rth-

r:l¡r¿rtical rno<lr:ì (cclnatiorrs). ìVlost ol n¿rturr:'s 1;lrr:norncrra <:alr l>r,r nloclgl<:rl rrsi¡g

llt¿rtÌlctlt¿rti<:¿rl lnoclcìs in irrtr:gr';rì ol c.lilfclcnti¿r] [ìlllr. l]asr:d orr this, rrrost ¿tr,¿ril¿¡l¡jr:

lmrr<:r'ic¿ll t<rlrrric¡rrcs ¿:lr.r: <:l¿rssili<:d as intcglaì ot. cliflclc'ti¿l nlocìcls.

It is wcll ltnowit th¿rt ñl¿lxwell's c<¡ra,tions llovick'the l¡asis li¡r,stu<1yi¡g clcct¡o-

rn:rgnetic cllccts. N4¿rxlcll's ecluzttious can bc givcn in ¿r clillerential or.itrtcg¡a,l lb¡m.

Accorclingly, rrurrn.ical technic¡rcs nì¿Ð/ t¿ìke trvo cliflelent clircctions dr:pe¡cli¡g on

holv thc cc¡ua,tions trle ma,nipulatecl to obta,irr the star.ting ecßrations, 'lhc integlal

¿urcl clìffelential eclttation rnocleìs c¿rn l>e cÌassifiecl further into anothcr. tryo classes

clependi'g on thc clomai. of cornpnt.tiorr. lìor the case rvher.e thc tinle clepe'clent

is sinnsoicla,l, the compntz¡tion rvill be calr.iecl over.the spatial clorn¿in ¿rt specific fr.e-

qr.rency, this is caìlecl fi'ecluency-clomain apploach. Il the case rvhe.c the tra.sient

lespor.ìse is recßrilecl the time clepenclent factor. can not be snppr.essecl. Ther.efo'e,

the computatio'al domai'is spacc ancl timc clepenclent. This is callecl time-clornai'

approach.

ovel the yc¿us rese¿rlcheLs utilizecl all lon. coml;inations of classes in an elTolt to
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oì¡tain an elficient, accnLtLte, ¿ d tinle s¿r,ing approach. [n or.cler. to gr.asp ¿ì. better

ullclct st:rrtcling of thr: ¿rr'¿ri1¿rl;lc rurnctic¿rl tecllnì<¡res, this levi<:rv will lrr: based mtrinly

on thc trvo rna,jol rtro<ìr:ls ol l{axrvc'lì's r:clnations.

1.1.1 fnteglal Equation Model

'l'lrr: stattirlg poirrt li>r'dcvclopirrg ntt irttcglal ocluatiorr nrodcl irì cì<:r:tr.orn¿g¡ct ics is

tlrr: sc,:lc<:tion <>l' arr a¡;¡rrn1;r'ia l,t: (-lrr',r:ll's I\ulction 1or. tlrc ¡;r.ol>l<.,n1 of i¡tcr.cst. 'l'llr:

irrtcgi trl <:t¡uati<>rr rnoclcl <:a¡r bc l<¡r'lnul¿rt<xl in cithr_.¡ tlrc lrc:c¡u<.,nr:.1,,rlon r ¿rin. lvlt<¡r.r:

thc ìrallrroric: tirrrr: r'¿u iatior <:xp(ja'f) is ¿rssulrlr:<.l. or. ilr tllr: tirrre-donr¿ri¡r. wllsirr

tirrrr: is tl'e¿rtr:<l as an irrrlcPr:rrcìcn t var.i¿rl>k:. \\/hctlrcr' llcr1ucrrc,,,, or. tirrtc clcl>r.-ncl<:rrt

It>l llltrl¿rtiorl is rrsr:cl. tlrt', irttr:glaì r:rlua,tion rnodr:ì r'c<.lucr;s tlrr: ¡rrr>bk:rrr irrto arr intclgltl

r:tlttatioit irl tcl ltts ol s¡;<:t:iaìizr:c1 (ìrcelr's hur<:tiorrs rvitÌ¡ tll<: sur.f¿rcr: fir:l<ls as u¡liil<¡rvl

t¡rtatttitics. 'l'lris usually r'<:sult il¡ ¡ s.l,strrrt rvitI a clcllsr: rn¿t¡ix crlri¿tion.

ù'[r:thocì ol nrorncnts (ì\4oNI) is <:onsicl<:r'crl tìrc letr,cling rnctrrod ir¡ th<: intcg¡¿l

cclnatior.r frr:c¡rcncr,-cìon r elin aplr'ozr.ch. It ìs a gcneltrl proccclulc fo¡ soli,ing li¡c¿lr

c<1nâtions. 'flle nse ol rnr:tlx>d oI moments h¿rs becornc populal in clcctlorn¿gnctics

¿rlter the rvolk ol Richr¡x>ncl [.t], [2] and llalr.ington [J], [,t].

I¡ol fi'eclnencics abovc thc leson¿ìncc tegion) the georncttical thcor¡, ef clilh.action

(clrD), an asvrnptotic theor'j, 6ls1,slop.d by I(cller'[5], can be usccl. 'Ìlhis is an exten-

sion of the gcomctlical optics theor'¡,. A l¡'l¡¡1¿ tcchniclnc fol cornbining thet rnethocl

of rnoments rvith the geometlical theoly o1 clif[raction is extcnclecl by Daviclsol ancl

Thicle [6] to ¿rcconnt I'or the latnlal corqrling betrveen t'o monopole ânteÌìnas on

a lalt ge cit culal cylintlel l:y means of cnn ecl snrfacc r.vave cliffr'actio¡. Co¡rbi¡ing

methocl of momcnts with c.lrD ivill r'es.lt in a gleat s¿r'ing in time ¿¡ncl rnerrrol,y.

'l'his is ì;ecause the cornP.tation tine of cì'lD is inclepcr.rdent oI increasing pr.oìrlern

size in fi'ec¡ucncv, in contr.ast rvith the À4où,I.
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'rìre tirne-donrain integral erluation approach is .sr:cl by mzrny autho.s in the

litelatnle. Clonez et a1. [7] studied the intcraction of trarrsiert elc<:tlomagrrctic prrlsr:

(llù4P) rvith pct ftrt:t r:lcr:tr'ìc cortductot structnlcs. 'l'he clc<:tlic fi<¡lcl intog¡¡.] <rtluation

eln cl tltc rnilgnetic fi<llrì intcglaì crlu:rtiot.r rvclc l¡otlr nsr:cl in thc cìcvc:lo¡.¡ I rcr r t oI t|ci¡
c<>clc. Âllotltel rnetltorl rvllidt ttst:s tltc tin¡c<lornaill irtr:glal r:cluatiorr apirr.oaclr

is thc sirrguìatitt' cxlransiolr nrcthod (SlÌ\,t) [l]]. 'l'his tncthocl r:rnPìols thc usc of

rnctltod ol lìou)e,lìts lvlrcr.r: tllc: zr:ros ol'tlre cl<:tcturinalt ol th<: sl,stcltr lnah,ix rlr¡[j¡lr:

thc loc¿rtiolls of tlx: rlatltr¿il tcsolì¿ìnccs of tlrc stmctux: irr t<:r'nls ol <:r¡lotr<:rrtiall.1,

<1arn1;r:<ì sinusoids.

ÌiÌ>r'r ttultrt ing tltc irrtcgt:rl <:tluatiort rnodcì ir thr: tinrr:-donrai¡ ofl<¡rs s¡|s1;¿¡tial

¿rtlva¡lt¿rgc ovr:r its lc>r'ntuìatiorr in tlrc Ir'<:clnr:l lr:),-r1<;¡ ¿r itr. It ¡troi,irl3s l¡6r.<,, illli>rrna-

tiolr art<l ¿r lrr:tl;ct rrr r cìclsl;arrcl ing r¡f tltc: s)'stcrrn rcsl)otìs¡. i\lso ¡rrr¡c:r,i<:al tcclr¡ic¡¡<:s

irr g<,:rrr:r'aì. dur: to th<: cìisclctization ploccss) ¡rrcrìrrcr: ullrv¿rntc<ì inlì>¡rratio¡ (a¡ti-

lacts). 'l'h<,.se unrv¿rntccl artilircts a,r'c usu¿¡lì\, scp¿r-¿tcd in Itc<1rr<lrc5, Iìurl th<r clcsir.ccl

tirlte-clon l¿iIl <ìittil usittg l¡ouliel tr'¿rrslblrnation, rvluctrs such sr¡ral¿ti<>ll cloes ¡ot

oc<:ru ilt tlr<' Iìrrlrrcrr<:r,-rk>rnairr.

t.1.2 Differential Equation Model

ifhc cliflelenti¿l ccluation rnock:l can bc legalclccl ¿rs a. rnoclel lvhich applics ñI¿rxrvell,s

c<luntions locally. 'l'his rlcans that the spatiaì r,ali¿r.tion of thc fielcìs rnnst be clevel-

opecl frorn samplirrg in as rniuy climensions as possessecl by the ploblen. Due to the

loctrìit¡' of the clifferenti¿rl r.noclel, it is capal>le of treating meclinm inhornoge¡eitics,

nonlincarities, ancl tirne r,¿rliations in t stra,ightfot.rvalcl manner..

N,I¿rxrvell's ecßrations in thc fi'ccluency-clomain h¿ve ìrcen enlpk))¡e d nsing mtu.ry

appÌoaches, one approach fol soh¡ing N,lzlxivell's ec¡.rations is to fliyicle sp¿rce into trvo

parts. ole is a spherical region of finite extent, enclosing the object. In this rcgion
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solutions ale obtainccl using thc finite element rnethocl. The lest is the space outsiclc:

thc sphelical rcgion in rvltich the electlornagn<:tic w¿ìvcs ¿u.e cxpzrnclccì in tlr'rns of

sphclicerl h¿rt'monic:s. 'l'he solutions {r'orn these trvo r'cgions havc to þe ¡r¿rtcllecl ¿rc¡oss

tllr: comrnorr r:orrnccting ìrounclzrly. chalg arr cl ì\,lci [g] pionr:c.r.ccl a solutiorr nlorrg

tllcsr: liltcs [ì¡r' ¿r ttv<>-cl irlrcu siorral grnrnr:tly a,rrcl callecl it tlle uuirrnnelrt ¡letìroc.].

L¿rt.r this a¡;p'oa<:ir rv¿rs crtcn<lcd to ìÌ-l) 1>r'oblcrrs. ¿rrrcì it ìs cornrrr.nì.1, li¡r<>rvlr irr

litr:l¿rttrrc as tlrr: lirritc tlenrr:llt method. (lastillo cf a/. [10] usrxl this tc<:hric¡u<: to

¿ul¿rh'zr' $r'nt't'tl nrtt lticor tdn<:t<>r' plintcd-c:ilcu it tr'¿utsnlissiol lilc s.\,str,'nls lì¡ þotìr

ìt¡sslcss ¿rrtcl ìoss.1' cascs. Àlctr¡rvctllr:r'¿rrrr.l li'ishcr' Ili] applicd th<: ccltrivalcrrc¡ tcr:|-

tliclttc t<> tlre ptr>ìrl<:rrr of ptr:c.lictittg tlrr: ficlds insiclc :pr:r,tulr,.-<ìr,iyc¡ c¿ryiti¡s. 'l'lrsi¡

a1;¡loa<:h ¿rllorvs thc ¡l.r:<lir:tion ol tìrt: liclds ;rr,.nctr:rtirrg l:r1g<,, a,pcr.turcs ilrto c:or¡_

¡.>lr:x r:a,,,itir:s usilg tlrr. [ìn itr:-r]iffr:r'r:lrr:c iuraì¡,sis plor:r:durc. lle¿mllìcn ¿nd \\¡cxlr:r.[12]

ust:d thc lilit<:-dif[i:r'r:rrrx: nrctho<l Ior'1;r'c:<ìicting highcl oldr.'r. rvarcguicì<,' rnofl<:s.

'['h<', last <:]ass itt tlris lcvicw is tltc trsc ol \,laxrvcll's cclrratioirs in tirr<:-tlorn¿li¡.

onr: t<:chrri<1nr: is th<: nsr: of poirrt-urtrtchr:cl finitc-ek:rnr:nt lolrnul¿rtion ILl]]. Ànothcr.

a.pplo¿ch is th<': tr¿rnsrnission line rnatlix ('ll,À4) rnetlrcd [14]. llLù,I nrcthocl is bas<¡cl

on tlrc e<1uii'trk:ncr: llctleen N,l¿xlvcll's ecluations lbr. thc clcr:tlic a,ncl rnagnctic ficlcls

in zr rneclinm, ¿rncl thc ecßra.tion fo. thc voJtage ¿rnrì culr.ents on a nctrvolk oI con-

tinuous transmission lirles. One othel apploach rvllich has l¡een intloclucecl reccntl¡.

to the electlo¡na.gnctic commnlitS' I;t ¡",rl"" s Itb] is the rvave cligital filteL (WDI')

rnethocl. 'fhis rnethocl is b¿rsecl on sinr'latilg the actual contiunons-dorn¿in s5,sls¡¡'

by rncars <¡I a disclete-clourain systcm in s.ch a rvay that all fe¿¡tures of the actual

s)¡stem ¿ìre plese.r'ecl. Finally the finitr:-cliffer.ence time-clom¿in (FDTD) nlethocl

clc'elopecì l)y Yee [1.6], has l¡een nsecl extensively in electromagnetic applications. A

gcneral lcviciv in tclms of capabilities alcl applications of the FDTD is given ir tìre
follor'ving scction. A mor.e cletailecl study rvill follorv in latcr cliapter.s.
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1.2 FDTD Review

Intrcduction

Of tlte rn¿rirv a¡rploaclt<',s in <r>rnputational eì<:<:tlotnagnctics. ilclucling m<.-tlro{

o1' r¡omcrrts (ù'loN'l), fi rritr:-cliller'<:nr:e tinrr:-clorn¿rin (Fl)'ll)). liritr: r:lcrrx¡nt (lr'll), ge

ornr:tlical thcor'¡, ¡;l rlil[ì.¿rtion. rvai'c tìigital liltcr (\\il)1,'). ¿urc.l ì>hysic¿rl optics, tlrr:

fìnitc:-diffcrcncr: tilrrc-clornairr t<',chnic¡n<,: is a1r1rìi<:ablc to th<: rvidr:st langr: ol ploþlcr¡s.

hr 1966 Yr:c Il(;] applir:d tìlc ccltr,al linjtr: dil[ì:r'cuc<: to \,larrvril,s <:c¡ntrtio¡s

to dcvr:lo¡r a ttr:ltlic¡nc rvhi<:h is <:orrun<>rrl.1, linor.l l irr tlrc litr¡'¿ltrrr.c as tÌrc filtitr:-

difli:r'err<r: tirneclorn¿rirr (1,'D'l'D) lrrctltod. It rvas neir,r'1,1, oirr: cìcr:¿lck: lrr:lblr it rv¿rs

rusr:rì to.n,1, g.cât (,rNtc't lbr. a.trral a1>1lli<:atiorrs. 'l'lris is d'c to 1,hc la<rli ol'thr:

rìcccss¿rl; corìrplltcl ll¿rr.rlrv¿u'c ca'¡tal>iIitics.

'llltc l"l)'ì'l) tr:<:ltttit¡ttr: <>flrlts nr¿ur\, ¿rdr'¿r¡ rt¿rgr:s as an c:lc:r:tr.orn¿rg: rct ic rrrorìr:li¡g.

sillulatiolr. ald ¿utal.\,sis l,ooì. It,s c:a1;itbili tics in<:ìuclc,

e Ar'l¡itraly thr'<.'c-clilr x¡rrsior r al (;l-I)) rnoclr:ling.

Sirnul¿rtiorr oI elcct'onrtrgnetic liclcl interaction rvith objc.cts ol ¿r'l;itlerry con-

clLrctivit¡' ancl fi'r:qncuc5'-cleperrclclt nl¿¡tet i¿rl.

r P.edicting the tesporrse of a s¡,sl6'' s.ch :rs, sca.tte'ecl fieìcl, raclia,tio' pa,tte.n,

r'¿rclal' closs-section (RCS), currr:nts, penetlation ¿ncl irteriol coupling, ¿ncl

scir,ttering palametels for a given excitation.

llhe basis of the I¡DTD cocle is the trvo N,l¿rxrvell's eclutr.tions in tirnc-clorn¿in.

'rhese eclueltions ale explessecl in ¿ linealizecl form by means oI centlal finitc cliller,-

encing. only .cai:est-neighl;ol inter'¿ctions neecl to be consicler.ecl as the ficlcls ¿lte

aclv¿ncecl ternpolallS' in discrete time steps ove. spatia,l cclls of rectangnlat shapc.

A clecacle ¿rftel Yee clevelopecl the IDTD methocl, m:rny authols ¿ncl lesear.cher.s

rnoclifiecl, r'efinccl ancl usecl the rnethocl in cliffelent are¿is involving elect¡omagnr:tic
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wave scatteling U7]-[20], zrpeltule couplirrg [2I] [23], elcctromagnetic int<:r'¿rction

rvith bioìogicnl tiss.cs [24]-[26]. <"lect'o¡¡1¿gnstic pnlse <oupli,g t2z]-[31] a.'cl rri-

cl ow¿r\() cilcuit clesign [lì2] zrld [3il]. A ¡rrirnar.¡' contr.il¡utior.t to ycr:,s tr.pploa.clt rvas

the iltlocluction ol thr: intcgr':r,l r:<¡u:rti<>n ¿¡;ptoach (<nntout integr.aì) b1,.1..¡fl¡¡1,r- ¡,¿

a1. [21]. 'l'his zrpptoaclt ¿rllorvs tlt<: nrodclirtg ol srnoothl-y cun,r:cl <rolductilg crlgr:s

arrd sullaces [ì14].

Irl tllc ¿rlr:¿r ol ¿ntcnn¿t tacliertiorr, Rr:irrcix arld ,ler:lio [l]ri] usc:rì thc li'l)'l'l) lnr¡tIotl

to ¿ul¿lll'zr: rrtictostt'i¡r pat<rlt nntr,:rrras. Shcr:rr r:f a1. liì6] applir:rì tllc Irl)'l'l) r¡lr:tIo{

to altal.\'z<: 1;ltrtt<l rttictosttilr cilcrrits irri,oìr'irrg rni<:r'ostr'ì1t ¡rertclr urtcrrrras ¿rnrì ¡li-
c:tosttip filtr:r's. N{¿r'lorrc"l' r:f a1. [il7] itrrrcstigatc{ tIc a¡r1rìicatio¡ oI ii'l),1,]) ,r<:t¡orl

to tll<: ¿ul¿rl),sis of ¿xi¿rlly s¡,rnrnt:tr'ì<: ts'o-d ìrlrr:nsion¿rl ¿rntcnnas. Reccrrtìy. I(a,ts ct

a/. [lìtì] <:xtr:n<k:<.1 tllc nlctlro<l to ¿ur¿rl.\,zc r:lc:ctlon rag¡r:t i<: r.¿rflì¿rtio¡ fl.c¡r:r ¿r syst<.¡.rr

cortl;ainitrg llotn ¿rnt<rlrtas. Also'l'illtas and IJ¿rl¿rnis [l]9] appìir:rì thc l¡l)'l'l) to r¡oc1<.,1

¿ì.ùtcrìn¿ì r'¿rcli¿rtion lr¡' ut¡a,' ancl a,pr:r'tulc antcnn¿s nlonntr:d ou lirritt: sizr., g¡ound

pl¿ncs trncl pylatrnicläl lror,ns. In ¿L rer:ent worl( l)), l.[usscitr ¿ul<l Scbak [,10] thcy

aplrliccì the I¡D1'D to stucly the r¿¡cli¿tion liom mobik; ¿r,ntenn¿s.

Research cllo.ts ir the area of thc Irì)'l'D mcthocl ar.e c.'.ently dirq:tecl to-

w¿l,t'cl ¿rch'¿rncing its cerpabilitics to nrcclel culvccl tll ee-clincnsion¿rl cler:t¡omagneti<:

scatteling ol lacli¿r,tion ptoblems. I-Iollancl clevelopecl ¿r fin jte-clifler.clce solutiol ol'

À4¿xlvell's eclua,tions itr a generalizecl norrolthogonal thlee-climcnsiorr¿rl coo¡clin¿ltc

system nsing tcnso. not¿rti<¡n [41]. Basecl on the I{oll¿rncl elpp.oach, Fusco has ap-

pliecl the cun'iline¿r' IrDll D apploach to moclel trvo-clim<.¡nsional scattcri¡g pr.oblcms

1421.

similal resealcll effolts ¿l,lso contimre using the computationtrl fluicl clynamics

(cFD) app.oach ancl thc f ite-r'olnme timc-cìomain (rvrD) rnc'thocl. shanka. ef

¿¿J. nsecl thc c['D apploach to ol¡tain soìntions to ,Iaxwell's ecluir,tions {ol trvo-
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ancl tln'ec-clirne'sionaì ploblerns invoh,ing c.necl sulfaces [43], t44]. IIsing the cFl)
tr¡rploach N'laxrvell's r:clua,tions ¿r'e lirst ca.st into conselva.tion folrn ¿rncl then soh,<.:cl

rusirrg:r firrite'olumc' disc.etiza,tiorr llorr:d.r'c. A rnocliliecl r\i'I'.1) al¡ploach lo'

soli,ing ù4trxtv<.'ll's ccluertions rvzrs a.ppliccl b-r, N4n¡]r,rr'r ¿rncl Ziolhorvski [,15], [46]. lt.lrr:iL

:rplrloerch. lvllich is basr;cl on tlrr: integlal forlr of ù,laxwelì's <:c¡uatio¡s. ¿rllols thc

nsc <;l gcnclal nonolthogonal glirìs ancl is ¿r dilr:ct g<''ncla,lization of thc cano¡ical

staggr'-rctl-gti<l fì¡ritc-rliflclcncc rrr<¡t]tor1. i\ sirnilal alr¡;rotrch usirrg tlrc lì'V'l'l) mr.ltlrocì

rvas lr:1roÌtcd b.r, Holl ur<l r:t a1. [,17j. 'l'¿rflovc ancl Ilnrash¿urìi¿r, us<:rì tlrr: c6¡tou¡

1ràtlt iittr:gltrl to cxtclttl thc Ii'l)'l'l) nr<:tllod t<> nrod<rl r:ulr,ccl r:o¡cìrrçtirrg- s¡r.l¿r<r.,s þv

<ìistolting thr, glid locall¡, ¡1¡ tllr: stnr<l;ule gconìctr,\, Iltì]. Äclvanccs to tIc co¡to¡r.

path li'l)'ll) nrctlt<¡d wr:r'c t<¡roltecì jn ¿r le<:r:nt rvorit b¡, ,)ulgcns ct a1. [;ì4] rLritl [4fì].

'l'hc lr'l)'l'l) nlr:thod is also r:a¡ral;lc ol rrroikling hybr.id r:lr:<:t¡o¡rag¡ r:t ir: s\,str:r¡s

th¿rt <:o¡rta.ilr lrassivr: arrcl a<:tivc lurrl;cd clcrrrcllts. Sui ot ¿rl. [,tf)] cxtr:¡<ìgrl tlr<:

trv<rclir¡rr:nsiorr¿rl I''DTll rrlr:thocì to inclncle lurnpccl clern<:nts insiclc th<: gLi{. l)is-

ctctc voltzlg. ¿r,lrd <:'r'r'r:nt so.r'ces rvith iilte.r¿¡ì irrrpecìarrcc :rrc rnock:lccl by specilj,ing

tho zr,1;¡l'o¡rrizrte cnllc't/i,olt¿gc ch¿r,r'¿ctoristics ol thc so'r.cc elcrnents. ilhc¡, ¿¡lse

tle¿rtccl l;oth line¿rr ¿rncl n.nline¿¡r' ci.cnit elerrcnts. oh¿¡,r-nì;e.lin ct a/. [50] Lrs<xl

[r'ec|renc¡'-¿11¡¡¡¿in ¿urcl I¡D'ID to stucly the beha,r,iol o[ a nonlincar.ly-telrninatecl

cliPole. Rccentl¡' an cxtension of the tlvo clirnensional woi'k to thlee cìimensions h¿rs

been teportecl in [5I] ancl [52].

'I'he first palt of Chtrpter'2 of this rvolk cliscnsses in cletail the clclivation ancl for.-

rnulation of the cliscretizecl central clilferencecl N,I¿r,xwell's ecßrations. 'Ihe ecluations

a.re lolrnulatecl fol lossy clielectrics, lvhich in the limit of irfinite concluctivity become

pet'fect concluctols. 'l'he contonl path integr:al is also cliscussecl a¡cl its eclniyalence

to the Yec algolithm is plesented. Thc seconcl part, FDTD basics, plovicles cleta,ils

ancl guidc lines fol applying the lìDTD folmulation. A cletailecl studv of ceìì size
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tcrßtilemertt ancl numelic¿rl stzrbility is plesentccl. Ltrttice zoning ancl inciclent fielcl

s¡rccificatiort l<>r' plattc rv¿rvc <.'xcitttti<¡n ¿lncl othel sonrccs ¿rrc discnssccl. i\ btief clis-

<rtssi<¡ll olt tllr: usc ol ont<¡r' r¿rdi¿rtiotl l¡ounclall' rnnclitions is prescnted. l¡in¿rllJ, tlle

cltaptcl concìttclcs rvith a stltern:rtìc cliagr¿rrn lol coric lcc¡rilernents erncl clei,|opruc¡t,

I)ct.rilrrl atld ittclnsivc stuclir:s tcgalcling tlìc' clìoiü) ancl applica,tiorrs ol tll<: r'acli-

¿rtiotl iroulld¿rtt't:otrrlitiotls is r'cpoltccl ilr Clh¿iptcl iÌ. l)ìscussiolrs or¡ thc rìr.r,ir,¿rtio¡

att<ì a¡r¡rlicratio:r of ù{ul larlì¿rtiorr Jrouir<lzrr,.1' r:on<ìitiolts. gcnclaliz<:d arrd lrighcr.olcl<.,r.

r'¿rdi¿rtiolr c<>rrditi<;ns arrtl super-lìrsolbir rg lrouirdaly <r¡r<litions tx: lrrr:s<,rrtr:d.

(.jhal;tcr'4 sh¿rckrs liglrt on trvo ol th<: li'l)'l'ì) spr:ciäl t:¿¡laìriìitir:s a¡r<l thr:ir.a¡rpli-

<:atìotts. ttatttr:l¡,. tlrilr tvitc rnodcìittg and ìurrl;r:d cilr:uit ck,lnt,nts rrrodclirrg. l)r:r.iv¿-

tìotl ol ¡>r'o1;r:t r,'c¡rtatiotts arrtì thcit ii n¡rì<lnerrtatìorr in th<t I¡'l)'ll) coclc 9l p¿ssiyc ¿.nt1

¿rt:tivr: lrunpo<l r:lr:rrx:ltt ar.c 1tr.<>r,id<rl.

'l'llc tlarslixllratiolr ol'tllr: rrr:¿r'-fir:ltl <lata. r'hich is ¿ n¿rtur'¿rl plo<ìrrct ol' tlr<r

ìrl)'l'ì) sinrul¿tio'r, to blrc l'¿n-field turcì its a1;plica.tion to iì-l) sr:attcr,ing and r,àdi-

¿tiorr ¡loblcrns is cliscussccl irr Chapt<1 5. Sc¿ttnr.irrg by ¿r conclucting cubc ilncl a

tliclectric sphelc is plesontccl to cxploit the ctrpabilities of thc ll-D FD'I'D cocle. In

the ¿t'ca of ¿l,nterlrt¿t applir:a.tions, thlee ¿rnten¡l¿r corrfignlatiorrs alc rnoclclerì, t|cy ¿.r'e

zr rnonopok: r onrrtccl on a <nncìucting l;ox, a bent-slot ¿rntcrrn¿r llush rnonntecl on ¿r

I'ectangnlàt <nrtcluctittg ì;ox ¿¡ncl a clualtcr'-rvavelength monopole arrtenn¿r mou¡tecl

on a,n ¿rutomobile roof. 'I'ìre last palt ol Chapter'5 conclncles rvith applications of the

trethocl to the r-¿rcliation, porver clissipeltion ancl efficiency computtrtions of a <ìipole

antenn¿r,.

Chapter'6 covers in clet¿ils the usc oI I¡DTD in the application of planar. mi-

clostlip cilcuits. Some special cons iclcr¿r,t iorrs r.<-'gar.cling excitation modeling ancl

racliation conclition recluilernents ale proviclecl. '.lhlee mictostr.ip circuits ¿u'e clis-

cussecl. 'I'hesc ale ¿ miclostlip ìine, a, miclostrip line-fecl patch anterrna, ancl an
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apeltnle-couplecl miclostrip ¿l,ntenna.

lfhc use of the Il'D'l'D in tlrc arc¿¡ ol electromargnctic iut<:rlercnce erncl cor¡p¿t-

ibilitl' (IJÀ'Il/Dil'lC) is consiclelccl in Ohaptcr'7. 'l'hr: r:haptr,'r. st¿rr.ts rvith ¿r clct¿rilcrl

ilttoclltction ancl clcfinitions lr:lat<:cl to ck:ctrornagrrr:t it: intcr.fr:r.cnce a.ncl systcr¡r cor'-

Pntibility. 'lh<l chaPt<;r' thcn clis<;usscs the coul;lirrg r>l <--ìcctrorn ergr.rct ic sonr.ccs witll
rvilcs iil slliclclcr.l <:n<:l<;surc ¿rncl ¿rlso cliscnsscs thc shiclding eller:t of a scrccnr:¿ a'cl

shir:lrì<rl t:¿rbiltet. Sirltul¿rtiort ol an |lù,t(.1 tr¡st rlrvironlrxr:rt is also r:o¡rsidorr:d. l;.i-

It¿rll.v Ch¿rptcr'8 r:llcls rvith conclusious about tlrc 1;r'r:scrrt<:rl wor'li a¡rl ofli:r.s sorrrr:

x:c:or lr rnr-.r ld¿rt ior s lbl potcrrti:iì lìrtutc lv<¡r'lr.

10



CHAPTER, 2

Theory of FDTD

2.L Fundamental Concepts

2.1.t Maxwell's Cull Equatiols

It is rvell linorvn that N[¿rxrvr:l]'s <:ur'l c.clrrzrtìors p.o'id<: thc b¿sis 1.r' strrcì"l,illg r:lr:ct.o-

rrragirctir: ¡rhr:rrorrrcna. Irr g<:rrr:r':rl. À,faxlvclì's r:c¡utrtions can bc gir,4rr ilr <lilli:r.glltial or.

irltcg|aì lilttlt. tkr¡rctttling <>ll hou' thc c<lnzrtions arc rrreuripul¿torì to ol;t¿ri¡ thg statt-

ing r:t¡uatiott. Solution to thr: t irnr:-depcnck¡lt N4¿rxrvr,'ìl's cc1¡atio¡s ¿rxr uuìi¡9w¡

cxr:cpt lol I'crv s¡reci¿l c¿isr:s. ll'his is cìn<: to tlrc irnpk:nx:ntat ion ol'thr,, bourrcl¿u.r,

<nnclitions.

lfhr: clilletenti¿rl tirnc-rlornairpI¿xrvell's eqrrations in ¿r linc¿rl isotlo¡ric ancl ft,e-

<1r.rency incleperrcìent rnecliurn alc given ls:

Vxn:-ôB
AI

VxH: P*t
ðt

(2.1)

(2.2)

(2.3)

(2.4)

whcre

B: pH

6E

11

D:
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This is all the inlo'm¿rtion recclecl to corrpletclv specify the fielcl beh¿vior.in

lincal isotlopir: rn¿ltr:r'i¿rls as long as thc initi¿rl fi<-.lcl clistlibution is sper:ifi¡tl anrì

s¿rtisfies N[¿rxwcll's cc¡uatiotts. ll]h<: initiaì tirlc is oltcn t¿rl<crr ¿r.s tirne zero. 'I'irc fi<.,ltl

c¡uantitics and sorrLc<ts ¿ììc sct to z<:l.o ¿lt tll¿rt tirnc.

Il<:nce, thc sta.r'tirg point Iì' thc li'D'l'l) I<¡r'r¡ r nl¿.t ions is th<., c'r.l ec¡':rtio.s (2. l )-

(2.4). 1lìhcr, can bc rr:rvr'ìttc:rr into tll<: f'<x nr uscrì li¡r. I,'l)'l'l):

AH
òt

I

-:VxE

¿)El"'
:-: : VxFI--E()t¡s

(2.5 )

('i.6)

llcl J = oE is usr;rì to allol fol losst, dir¡kx:tlir: lnat<r.ial. E is tlrr: <:lrr:t;r.ic: lir¡ld,

H is thc nragnr:tir: ficlcl. ; is tjrt: clcctlic p<,,r'rnittiv itv. ø is tltc r,:lr:ctlic <r>rldrr<:tivitl,

arrcl ¡r is thc ntagrreti<: pr,,r'rn<:abiIit.i,.

In tr lectzrngulal r:or>r'clirr¿rtc sJ,stern, (2,i¡) and (2.{;) :ltc cclnii,alcnt to thc lbllorvirrg

s¡,str:rn oI scalal ecln:rtions:

4il,,
At

1Hu _
0t

AH,

t I atJ,t 7lt,l
nL-ã;-¿ul

t l7E, aD,,1

t, l,A* 0, )

r lau" ÒItuf

t,Lnt, - -a;l

(2.7)

(2.8)

(2.s)

[)fr". I-;j - ,tE,l0z I
(2. L0)

1.2

0D, t lail"
At eL0y
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aDu -At

r I aH". ÐH- l
; ["t - a; - "o']

i)t.:. t lùH,t att.,. ,,I
Òt 

:;lÒ, - 0u -"'"'l

(2. I 1)

(2.t2)

2.1.2 Yee Cell Formulation

'l'lrr: s¡,¡;¡a¡¡1¡ ol six <r>u1;lcd ¡raltìaì diffì:rtrtial r:r¡utrtiorrs o¡ (2.7)-(2.12) lbr.¡ls l,lrr: i>asis

ol thr: l;'D'l'l) aìgotithrrr lirt r:'lcctt ortt agt tr:t i<: r'acìiatio¡r. int<:r'lr:r'r:lr r:c. ¿ur{ i¡tr:r.¿rctiorr

rvith th tr',e d ilt rr,.rrsiotr¿rl objrrts.

'l'h<., s1,s¡q'1¡¡ in (2.7)-(2.t2) is d i[lì,rr:ncc¡l lìrllou'ilg y.*: ll(;] l<>t¿rti<>n. l.[r:r.r: a

spacc pr>irrt irr a r.cr;tir,rrgular.gr.icl is ck:lotcd as

(t,,i, À) = (iÄ,r,. jÀy, /,:À.:) (2. t J)

arrcì arr.1' Iìrrctio. ol s¡;:r<:. ¿urcl ti¡¡rc irr 1;hc .r:cttrngulat g.i<l at point (i..i, /.) is giv.r
¿ls

tt" (i.,.i, k) : l'(ta¿, iÀy,,( L ;: u, n\t) (2. r4)

rvhe.o A:r, Ay, :r,rrcl Az a,r.c, r'cspcctively, the g.icl spzrcc i'c.er¡rc¡rts in thc o, y, :r,n<ì

z coo¡:clinate clirections, Àf is the tìnrc ilclement ancl i,i, Ã., ancl n ar.e intcger.s.

'l'hc Yee FDTD algo.ithrn is appliecl on tr staggc.ecl gricl, I'ig. 2.1. ,llho 
Oar.te_

sitln cornpouertts of the elcctlic fielcl ale the nnknorvns on one gricl ancl tfie Ca,r.tesi¿r¡

conrponeuts ol the magnetic fielcl ale thc nnknorvns on the seconcl gÌicl offset Irorn

the fir'st by n half-cell clistance in cach car.tesi¿r,n clirectiorr. This is knorvn as cen-

telecl finite-clillerence with a second order .cculacy. Tlre space clelivatives c¿rn be

expressecl zrs,
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f O(Â,r,2) (2. r;)

l'igui e 2. l : Yee r:ell geonretlv

Ðt/"(i,.:j,A:) _ tt"(i+ t12..j,k) - t;'"(i- t12,.j.k)
t)t Á.r'

sinrila.l.1' thr: tin¡c clclir,¿rti'r¡ ca,rr Jrc cxpless.<l i.' thc s¿ì.rìrc rr¿ì,rìrro. sn<:h trs,

(2.16)

lllo ¿¡chie'e the accn.acy of (2.16), the electr.ic ficlcl ancl the mag'etic fielcl v¿rÌ-

ues o'the trvo glicls ¿r,rc evaln¿r,tecl ¿lt ¿lltelnate h¿lf ti¡ne stcps (leap-frog manner,).

Irnplcmentir.rg these exp.essions to (2.7)-(2.12) results in a systern of six clilrer.e'ce

ecluations, the lollorving ¿re the six fin itc-rìiffe.ence time-clomain expression fol the

magnetic ancl electlic 1ìelcl cornporents, r'especti vel¡,.

l4
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r1::+t/2(i. j + t12.k + t12 ) : II:-t/r(i.i + t12'k + L12) +,.----+-- :' t,$,j + Ll2,A + t12)

{vt;Q, i * t l'|,,tt + D - nî(i, j + | l2,k)ll \::

+Uì)::(i.,i.k + t12) - It:(i., j -¡ l,À f tl2)ll^y\ (2.ti)

Iti'+tt'21; + tl'2.i.t¡ + tl,¿ ) : H^-t/)(i + t12,.j.k+ tl'2)+ ^l¡t(iJIl2,,i,k+t12)
{ltt:(i + t,.i.A + tl'¿]l - t,):(i, i.k + t/z)l/A.¡

+lr,i(t + t12.i,k) - tti(i+ tl2. j.k: ) l)l/À:i (2.18)

tt1.1-t/2i+tlz,.i ¡tl2,t; ) = tt,,-t/¿(i + t12,,i +t12,A.)
ttlt+t12,J+t/2.k)

{U,lï(t + | 12, j + t,k) - tt::(i + t 12,.:i,k)ll Ly

+[Di(i,i + tl2,k) - r]i;(i + t,i + tl2,Àì)l/AÌ] (2.1e)

t::+,(i + Ll2,i,k ) : |ffi r1:(i + rlz,j,k)
'-1 z.ITtz;Ð-

-^i€(i+t12,i,r)t+"ff!H!#

{[tt:+'t'çt + Il2,i + I12,k) - H"+t/2(i + r12,j - tl2,k)ll Ly

+V|î+t/'z(i + I12,i,,k - tlz) - r:rn+l/2(i + r12,i,k + tl2)llLzj p.20)
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I u\t,JÎtI z,Ërat

Dî+tQ,i + tlz.t; l : ffiryG.i + rlz.k)
' ' 2!(i.j+t l2,k)

À1 I_!_, :(,,.i + tl2.k) 1, +#i##
{[tt,:,:+'/'{t.:)+ tl'2,k + t12) - r-].::+tt'z(i.,j + )12.k - rl2)llL::

+[L]':+t/2(i - t12..j + t12,k) - H':+t/',(i + t12..j ¡ t/2,À,)l/À,r,i (2.21)

|l:+tu..i.A+tl'2 ) : I 12)

^1 
rL-' :(i. j.t, ' t12) t ¡*rtïulØr,,î,'

{[u:;,'t'1;+ t12.,i.k+ ]12) - u"+t/2(i- 112,.:j.À + l/2)l/À.,

-t[ttl!+\t')1;.¡ - tl2,k + ]12), u::+1t,(i,,.j-t tl2,A: + tl2)ll^!l] (2.22)

2,L.3 Contour Integlal Folmulatiou

'I'h<¡ Yce aìgolithnt fol IDTD lvas oliginallS, intclprctecl as a clilect zr.ppr.oximtr,tion

o[ thc pointlvisc clctiva.tii'cs of i\,laxlvel]'s tirne-clcpcnclent cnr.l eclr.rtr,tions nsing r¡r-

metical celttr¿l clilletcnccs. Although this intclplet¿rtion is nselul fol unclcr.st¿.ucling

horv I'DTD moclels r'v¿r'c p.op:lgation alvay fiom r¡l¿te''i¿ll suLlaces, horvcr,"r., it has

a clistinct char'vbach in mocleling finc geometlical feat.r'cs proper.ly, such as rvi''es,

slots ¿rncl culr,<;cl sulfaces.

contonr i'teg'-al lb.rn.ìatio. is a ge'e.aììztrtion of the t.aclitional FDTD

methocl, ¿lnd it is ca,pable of mocleling such fine geornetries. 'rhis appr.oach in-

'oh'cs a ûìo.e ì¿ìcroscopic cornbinccl fielcl clescriptiorr basecl .porr Faladay,s ìaw

ancl Ampe.e's la,rv in integ.al fo.ms ¿rncl implementecl on an array of clect'ically

small specitrllS' olthogontr,l contor.s. llho contonls of Ärnpcre,s ancl li'ar¿clay's lalv

I o{;.j,t + r/2)^i- -i"Elr iTit
. ;tl ; r-ll"li; I'' - \t ' ,J' ^ 

+

16
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intcrsect r,'¿rch other's crrclosed s'r'f¿lces in the sarne uìânncr.as thc links in a ch¿in

irrt<.:tscct, lì'ig. 2.2. For'¿r losslr',ss dielectlic lcgion ferrada¡,'s ztncì Àrnpele,s ale givcn.

lespcct iveì.r'. b1'

-/n ar (2.2:l)

h1"" a":/H ar (2.24)

'lì¡ illustr'¿rtc tìr<: a1l¡rtoa<:h. r:<>nsitk:r' tlrc /1" <orrr1;<>rrcrrt ol' tllc nragrrr:tic fir:lcì

alld tllc r:nt:ilcìirrg <:k:ctti<: liclcl <:orrr¡ronrnts sholvr¡ in Iì'ig. 2.2 (a). .l.hr: rrs¡¿iì \,rx:

llot¿rtion is us<:cl. ¿lrcl tlrc ficld lo<:¿rl,ions iLlr: s<.:lnratc'rl ìr-y a.i', ay ¿¡rfl À.-: ¿rs ¡su¿rl.

Norv :r"¡r¡rl.f ing- (2.2;ì) to th<: r:ontoul in lì'ìg. 2.2 (¿) . assurrring th¿rt tlrc lidcls ¿ur:

unilì¡r'rrr nkrng r:adr sirìc ol thc cont<¡Lrr, ¿rn<l ll"(i, j,k) cc¡uals tlx,: ¿n,r:r'¿rgc r,¿rluc of

/1" ovr:r' thc sut lacr: s, thct r.r:snlt is thc usn¿rl l¡D'.lil) upcìa,tc cc¡ua.tion,

9 /u.o=:
dt J"

ÐH"(i,j,k) 1-(z,7,1) - ti.r(i,j + I,l)
''0t-^y-

IJI.U + t, j,k) - It!)(i,, j,k)
À¿ (2.25)

Ncxt, applying Arnpcr.e's integral ecluation (2.2,1) to the contonr. in l.ig. 2.2 (b),

results in thc Yr:e tirne-stepping explession lol z" for. the frce-space casc that rvas

ol;t¿rinecl clilectly from irnplenrentìng the cnll 11 eclna,tion r.vith finitr: cliflelence.

.AD"Q,j,k) _ lt,.(i,j -ll')-//,r'(i,7,À) , ttuQ,j.,k)- tt!)(i- t..¡,A) ,-^-,'- 0t - --- 
^y 

-r 

- ^;- 
(2'2dJ

t7
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I'igule 2.2: (a.) Ia r':L<lay's contour.integral. (b) .r\nrper.e,s contout,integ-r,al.

i8

¡

I+l
I

^y

¡

I
Ezl

¡

^y
À\
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2.2 Computational Aspects of FDTD Technique

'l'hc lìrst r:r¡nsicìcr'¿r,tion tha.t ncecls to ì¡c dr:ter.min<.,c,l br:lbr.c stzr_rting anj¡ nrlllìcr. c.rl

caì<:nl¿rtion is thr', rr:ll sizr:. l,bl accur¿ì.tc' results. thc c<:ll sizc rnust, b<: srnaìì r:rrorrgir

¿t the highr:st Ircclnorr:1' of itrtclest ¿¡lrcl. clu<: to cotnputatior r¿rl rcsonr.<:r.,s lil¡ritatiolt.

it ll¿rs to lrr: lalg<'- cn<>ugh to l<ec1> resouL<rr:s lr',c¡u ir.crrrcnt rrranngcabkr [5il]. A .¿ì

sizc is dilrr:tlr' ¡r:l¿rtcrl to tlt<: rvavel<:ttgth ol tllr: tll<: ploblcrn rurcl<:r, r:o¡siclr.,r'¿rt ioll.

ì'ìtr: rvarclr:ngth dcpc:nrìs on thc rnatr:tial i¡r rvhich tllr., rvavc: is tlav<:llirrg. 'l'l¡rs, t¡r,r

gtctt,t<,'t tltr:1.lclrrrittivitl'. tìrc.. sIottgt'tlrc rvavr.,lr:irgtlr ât â giyclì l¡cc¡ur:¡<,.1, atr<l tlr<:

slltallr:l tlt<', r:r:ìl size r'<:quircd. 'l'ltt: sr:qrnri irn¡.rc>rta.lt <r¡lsickl.atio¡l is tlll l¡raxir¡¡r:l

tirlrc st<:p, it r:an lrr: obl,¿rin<x1 clir.rx:tìr, rrsirrg (.jour.¿urt rr>rrdition [5]ì].

Sìll<:r:1,11<: ltttrrlc't i<:¿rl algolitlrrrr lì>r' Nlaxr.rcll's crrll <:c¡ratiorrs clcfinccl lrr. thr: fj¡itg

clif[ì:r'cll<ro s),stcrìl lì¿ìs a ìinca,r'tk:pcnrìcïìcx-'lrl)or th<: r:ornllorrr:nts ol't[<: r:l<,'<:t¡orr rag-

nctic lir:lcl vcctols, tlrr:r.r:lbr'<.,. tltis s.\'str:lt is v¿licl fol cithcr.the iucick,lt ficlrl v<rtol

rxrurporrcrrts, tllc sc¿rttcÌccl ficlcl vcctor. coll]poncnts oÌ thc tot¿rl [ìelcl vr)ctor. <:onr1.ro-

ncnts. 'lìhus, the lì'D'l'D coclc <ìeveloperl is basecl on cli'i<ìing the sp:rce into trvr¡

clistinct legions (total fielcl legiorr ilncl scattr:r'ecl fielcl legion), separ.at<:tl b¡, ¡..r..,r-

gulalÌ snÌf:rces lvhich scne to corrnect the liclcìs in each legior. lfhis :rpproacfi rvill

cn¿rl¡le tlte use of the inciclent lìclcl in ¿rnalJ,tic for¡n a.t thc connecting ìtonndar.y. [¡or.

ploblerns rvhich cìo not havc an inciclcnt ficlcl ¿rs an excitati<;n, such as ft¡r. ¿ntenna

racliation calculation, glicl zonirrg is not lec¡r.rilecl, instearl a total ficlcl c¿llcul¿tio¡

rvill be usecl.

Whethe. total o. sc¿ttcrecl fielcls il.e cornputecl in the outer region, ,f'r.'s 
[b4]

first o. seconcl o.cler abso.bing bounclar.ies, r 
'elativcly 

.ellection-fi'ec ancl easily

implerrrentecl ter¡nination fol the FDTD space, lvill be nsecl.

t9
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2.2.L Cell Size a¡rd Nurnelical Stability

Theory of FDTD

'I'hc acculac¡, ol tlle I'DillD solution is highlv clepenclent on cell sizc selection. 'lhe

sl¡l¿lllcl' tlrc t:cll sizr: thc tn<¡<: ¿rccuL¿ttc thc solution. lllhc clitic¿rl c1u<,'stion is "llorv

rnur:h srna,llcr"i" [öiì]. Ä cornrnonly used constr'¿rint is t0 <r:lls/À ol lcss a,t thc higlrcst

lì<'-clucrrc¡' ol int<llr:st. Irr sonrc <:ascs. sLrclr ¿ìs antonrì¿r in1lut impedzrncc or'¿r \¡cry

¿lc(rurat(:' llt:al fi<:ld illlì>l ttt¿rtion. À/20 ol cvcn sln¿rìlr:r <:dls rrra"y Jrr: rr:c1uir.ccl. Ilorvr..r,¡r'.

in s1>r-rt:iitì r:asr:s tc¿ts<¡tlablc tr:srrits h¿rvo br:r:¡l oìrtairrr:cl rvith nlr¡cll srn¿rllcr. rrnnlbcl

oI cdls [l>5]. liirl r'<:gìorts ol clifl"r:rr:rt <ìiclcx:tr'ìc rnatt,r'i¿rls. the ¡n¿rrinnn¡ <:ìl sizr..is

dr,rtr''r'¡'i,r.:cl ìr.¡,tlr. rv¿r,tlr:rrgtll irr thr: r,cgion ol th. higlrt:st ¡r<:r.rnitti'it.1,.

'l'h<. glirl <lispclsiorr r:r'r'or is ¿urothcl ltr:¡, 1;oirrt in sr:lcr:ting ¿¡ <x.,ll sizc Iiril]. l)¡<,

to tltc Iitc:t tltat Ii'l)ll'l) is att alrploxirnatc tr:<:brri<¡uc. thr:tcfotc. rv¿rvcs ol cliflì:r,<:¡t

lir:c¡ucn<:ics rvilì tr'¿rvcl at cliflcr'<:nt sper.:<ls. lrbr ac<:ur.¿rtc ancl stable sohrtio¡s, th<¡ gricì

cìis¡r<,'r'siorr ctror rrnrst bc rr:duc<:<1 to aur a<:cc1ltelìrlr: ìevcl. 'l'lris <:an l>e elr:t;o¡rplis¡c<ì

by r<x]ucing thr: <nìl sizo [56]

Ill o.ck:r' to 
'nclc.stancl 

the cflect ol ccll sizr: on the a,ccnr.¿r"cv or tho |r)'lD
algolithrn, a, nurnclic¿r,l expcr.irnent is conclnctccl to stucl5, the ellect of cliller<rrt ccll

sizes <¡n the accn.a,cy of thc magnitucle a.ncl the phasc of the sur.Iace cLrrlent on a

colclucting trvo-clirnensiot¿rl scluale cylinclel l¡ig. 2.3. I'he c¡'li¡¡1g, electr.ic¿rl size is

kos : 2, rvhelc s is the sicle of the cylincler ancl ao is thc lv¿rve number. in free space.

illhe excitation is assnmed z-polalizecl ?'rvl planc w¿ve inciclent on the conclucting

cylinclel rvith an anglc o{ ói : 0..

I¡ou. clille.ent cell sizes are consiclc.ecl for this nnnrer.ical expe.iment, thcy are

L: \16r' Àl L}tr, À120n ancl Àf J2n ancl it is assumecl that the ceìl is a srßra'e cell

lvith À: a:u: ay. 'rhe magnitucle ancl phasc of the surface cnllent clistribntion,

exttactecl fiom the FDTD solution using the clisclete Foru.iel tla,nsfolm (clisc¡ssccl

20
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in äPpenclir ì.ì), is <:ornÌltucd to th¿rt c<>rl¡;utc<ì usirrg thr: llr:rlur:rr<:"\,-cloll ¿tii r clcctlir:

lìtltl irrtr:glaì <:<¡tttrti<>tt (l')l;'ll')) rrrctlrod. rvhich is soìvcrl usi¡g tlr¿ lrrr.,tl16¿ <>l r¡<>¡r<rrts

(l,loI,l) .

It is obsclvt:cl h'orl l¡ig. 2.4 that thc ¿c<:uln<:.1,tbl A: À/6r is pool slr<ria.ìì,y

Ib. tlrr: phasr,' ;r.,r't. Ilorvc'er'. [or. cc]l siz<: i' th. r.nngr,, oI À : l/ t;lr T,o À120r

the ¿rccut ¿tcy lrtrs irrr¡;r'ovccl. I'rom l¡jgs. 2.5 ¿,'cl 2.6 it c¿ln þe oltsr:r.r,ccl t[¿rt thc

rnagnitude ancl plìasc of thc I'DTD comput<:cl sLrrf¿cc cLrlle¡t ag¡ec wit| the ùfoN,I

solntion lcsults. I¡ig. 2.7 illustr'¿tes tllc eflect of nsi'g a, r'er.y snl¿rll ccll sizc. It
is cìeal th¿rt thc accnlacy oI the snr.face cur.r.cnt ll¿rs l;een affected, this is cl¡e to

tho fact that ¿is thc ccll size gets snraller. the trbso.birrg bouncla'ir:s get closel to

the st'nctnre, this c¿ln bc a'oiclecl l:y i'creasi,g the nnmbe. ol cells betrveen th<:

stlucture antl thc ontcrrnost boundalies, however', this incr.eases the cornp¡tational

lcc1uilements.

once the cell sizc is clete.nrinecl, the rnaximurn size of the time step Àú follorvs

imrnecliatcly fi om thc Cour'¿nt conclition [56] . 'lb unclelstancl the basis {or the

conlant condition, consiclcr a plane wave propagzrting through a I¡DTD gr.icl. \vithin

2t

l'iglre 2.iì: (ieourel,rl oI the sr¡rilre c.1,linclel
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one tirne step an¡' point on this lva'e m*st not pass thro.gh more thar one cell,

bec,ause cìuting onc, tirnc step the r'v¿rvc c¿rn pr.opzlgate orrly ü.orn one cell to its nea,r'cst

rrcighìror'. 'lb insnlc thc stability ol tllc tirne-stcpping algolithr.. af is chosr:' to

satisly thc inr:quality [57]

^l< ,' I t '-!. Ll r/2
."¿û.r [:\¡! Àr2 ,¡.2J

(2.',¿i)

tvltr:t<: r.',,.,,, : # ¡r tìrr: lll¿rxirnnrn clcctrr>rrr:rgrrr:tic: rvar,<: ¡rhasr: r,clo<:it.l, rvithirr tlrr:

lrltrìi¿l l>r-,irtg tltotldr:d. ¡\ clct¿ilcd rliscussior on tlrr,r <:ffixrt of (loularrt rr>llclitir>lr orr

tìlr: stabilit.y ¿r,lr<ì thc ¿rccur'¿ìc.y ol thc: lìl)'fl) solution riur br: lbul<l in [lii]].
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srrlface culrent distt.ibution, lor L = À/52r.
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2.2.2 Glid Zoning and Plane Wave Soulce Conclition

Theory of FDTD

I)uc to lincal clr:lrcnck:nr:c of ù4¿rxrvr:l]'s cru'l ccluations upon the <r;r'¡po¡e¡ts ol tlrt:

r:lectr'orn ergrrctic fir:ìd r'<r:tols, thc compntationtrl spac<,r ol tllc FDTI) rvill |c clivirìecl

irtto trvo rìistirrct lcgions as sllowrr in lì'ig. 2.U. sr;pzrr.atccl l;¡, tr tr:ctatrgnì¿r. r,it.tu¿rl

srrrlace rvìli<:lr sol \,cs to conïrcct tllc fi<:lcls in r,,ar:lr rr:giorr.

Scattered Field
Region

tr'i¡çure 2.8: Cirirl zouing.

Region 1, the i'ne. r'cgio' ol thc I¡DillD space, is crenotecr ¿s the tot¿r,l ficlcl

lcgion. rhis rne¿ns that the finite diflclence system opelatcs on tot¿l-ficlcl vector.

conìponents. 'J'he interactilg stluctr¡r'e of intercst is embeclclecl rvithi¡ this r.egion.

Region 2, the outer l'cgion of the I.Ì)TD space, is cìenotecl as the scatterecl

fielcl region. Analogons to region l, it is assurnecl that the f itc criffe'ence system

opeÌates o sc¿r,tterecl-fielcl Vectol componcnts only. 'l'he outeÌ space planes bouncling

tegion 2 cerllecl space tmncation pìancs ol out<rr r.acli¿tion l¡ounclary , rvhich serves

to irnplernent the frce-space racliation conclition.

Total Field
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'I'he incident rvzrv., gcnelatccl along one eclge of thc snr'lact¡ corrn<:cting the trvo

legions, pt opagatr:s through the tot¿l ficlcl regi<xr ancl is subt,-¿rctecl out of the otllcr.

clld. 'ìb dernonstr'¿tr¡ the .se of this glicì zoning, <xrnsi<ìcl onc edgc ol tlrr: cnnn<;<:ting

sulfa<r.f = j, in zr 2-ì) r:asr:, as shorvn ìn lr'ig. 2.9.

Region 1

Region 2

l'igrrle 2.9: l)ì;rle l,;r.re sor¡¡t.<..

ll,(i,,i,) ât ¿r)y tinlc stclr is <>rrr¡;osr:d ol'thc total r:ìt:t:tlic fir:ld. lt is ulrclatc<l

rrsittg tlt<., or'dinzrrl' lì'l)'Ì'l). lrol<:v<:r', sirr<:c 11;l (iir r.cgion 2) is usccl to u1;rla.t<: ll,(i. i,),
1/j."" rlmst l¡c: ¿rtklt'rtl to it to ¿u:c<>unt 1ì>r'tlrc tot¿rl lidtl. On thc othcl h:rrrrl, rqrrìatiug

Hì(i, j.- l/2) r'cquilc thc subtr.¿rction ol'/Jl'," fronr tJ,(i, j.) nsccì to n¡rdtrte Il:,(i, j,_
r l2).

2.2.3 fncident Field

An irnpolta,nt fea,tru'c of using gticì zo'ing is that the inciclent fielcì can be explessecl

in ¿r close simple folm [53]. The inciclent fielcl ma¡' bc s¡rccificcl as a, Ci:lussia.n pulse

or a sinnsoiclal continuons planc rvave (CW).

A time clom¿rirr incicìent plane lva'e c.' be exp.essecr i. ter'rs oI its sphe.ical

coorclin¿rtes componcnts. 'lhe clilection of tl.re inciclent pìane lvave is specified using

0, metrsulecl ù'om the z-axis, and /, rneasulecl frorn the o-axis, rvith thc oligin trt

the centel of the I¡DTD cartesian system. Next, let a unit vecto. f point fr.om the

origin in the clirection ol 0 antl /, arr inciclent pla,nc lvave from this clilection can l¡e

ni
"Y + rl +Hv
--l--'-J-

Hr

28



Chapter 2

slrr:cificcl as:

Theory of FDTD

(2.2s)

(2.2e)

a : lt:oô + ttaç,1 .¡ç + (r' . î)lc + Rlc)

It;'/¡I

": L;, t ial.rt - (; 
.i)t( + Rt.\

llr',r't: d arriì é alc thr: sphcli<:trì coo¡rìin¿rtr.- s-\,st<,,r¡ u¡it \¡cctoLs. i/ is t|c irrrl.¡e{nrrcr.,

ol lìr:c: s¡ra<:c. r: is tìrc s¡rrr:d o1 ìight. arrcl ¡' is thc vr:<:tol hr;llr thc o¡igi¡ to Ì;oint i¡
tllc'r I¡l)'['l) r:orrrllr ta tioi r sl)¿rcc ¿ì.t rvhich tlro incir]cnt lir:lcl is cvaIu¿rtc<.Ì. ./(1) r¡ral l><:

¿ìr).\f Iulì(t or) ol tirrr¡. i.c. silrt: rv¿rvc o¡ (l¿russi¿rn 1;rrìsr:. r1 is ¿rn ar'l>itr.¿ir.\, r,<,,1ì:rc¡<r:

<list¿rll<rt:. it is <:llosclt so tltat thc iltci<lr¡rt ficlcì clocs tìot apl)c¿ìl srrrkkr:ll.r, ¿t tltc,

scattcliug oìr.j<rt. ìxt r.atltcr' pr.o1rrr.g-atcs glaclutrlly into thr: li.D,l.l) sl>acr:.

'l'hc :rrtt¡;litudcs oI thc (.laltt:siar cor]lporìents ol tìr<: in<:iflr:r¡t fi¡lcl a¡c ol;t¿rirr¡<l

as lìrllorv [5iì]:

l¡),

l,),

E"

H.

H,

H.

Ll¡ <:.<>s 0 <:os o) - ll4, sin þ

Ì,)6 c<>s 0 sÃ ç5 f ll,¡ c<>s þ

- 116 sin 0

(- 116 cos 0 c<>s þ * Eo sin q5) lq

(- 'D4 cos ú sin rÞ* Eocosþ) ¡ry

(Dasin 0) lq

In o.cler' to i.c.rpo.a.te the'eìati'e tirne clelay for iury fielcl component, i.e. nf,
at ccll (i, j, È) and time step nÀC, (r' .f) r.vill take the l'ollorving folm,

F''f : ((i * 1/2)Àzcosþsin0 a jÂysin dsind + kt\zcos0) (2.30)

Tlrc l12 cell offset in (2.:10) is cl.e to the location in the (2,i, fr) yee cell of the z.
cornponent. Sirnilar offset rnust be inclucled for each field conlponcnt.

to



Chaptet 2 Theoty of FDTD

2.2.4 Radiation Boundaly Condition

In trlan.l' scaltterittg ¿urcl t¿rcli¿rtion applications. thc stluctule of intelcst is situ¿rtccl ill

¿ìlì ol)cll sPilr:c. Itt srtclt cascs thc r'¿rcli¿rtion cotrclition ¿t infinity shoulcl llc s¿rtislìed.

j.r''.. tltc: sr:¿rttr:r't:tì ot t¿rcli¿rtcd ficlcl should ¡r'opzr.gilte into ìrorrnclìr:ss spncc. Ilgw<:r'cr'.

thc lì'])'l'D r:orrr ¡trr tat iorr;rl s¡racc is l><¡unck:cl b-1, rrcccssìty. ,['lrr:r.<,,1ì1,e. 
s<:¿rttr:r.r:<ì ol

Iacliat.r:tì ficltls alliving ¿rt tllc ontclrnost l¡ounrl¿rr'.r, sill l>c r.r:fl<x:terl bar:li a¡cl r.r,ill

<r>rrt¿ur¡inatc: tlrr: ilrtr:r'iol fi<ld c¡rrarrtitir:s. Orrc trp¡l.oa<:lr to rcrlurt or <:lir¡inatc t|<:

t<¡flc<:trxl rv¿r,c is tìrt: a-ppìi<;trtion ol r'¿r<li¿rtiolr borrrld¿uy rnrrclition (R.lì(_l) at tlrt:
olltclllìost llottttd:rt¡. 'l'llis l>ourrdaly rr¡rclitiorr ¿rcts âs ¿rìr al;s<;r'ltc:r' wlriclt ¿bso¡.ìls

aÌr'ivirtg u'¿tvcs allrl siutrtl¿rtr:s tur ittfinit<: s¡r:r<rt. Irr I plcr rx:rrt ing s¡cll ¿r l¡ou¡d¿rr.r,

tr>tlditiolt tvill lrrlu<:c tll<' rtrrrtrbr'-r'of' rx,.lls lrrN:cl<.'d t<¡ inodr:l tlrr: Iì.c<,r sl;ar:c srn r.onrr<ling

tltt: s<:¿rttctr'rt ot ¿ìììtoìì¡r¿r. 'llhis will tcstìlt in a rnlrcsporr<ìing savirg irl r:<lrrr1;utr:r,tirrrr:

¿u¡d r'<.,sourcl:s.

llasr:rl olr the ¿rl¡ovr.r <lifl'r:r'ent corrsiclclntions, tr t:orn¡lrtr:r' corìc is dr.-r,r:lolre¿. .,\

siurplilìr:d florv ch¿r't of thc coclc appcâ,r.s il Fig.2..1.0
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CHAPTER, 3

Radiation Boundary Condition

3.1 Introduction

Itl lll¿tll"r' scattetittg antì tacliatiolr ap¡;lications. tl¡c stm<:tutc ol' itrtc:r't,st is sit¡-

¿r1,.<l irr ¿ul opcn sP¿ì.c. l' s'crh c¿rscs tlrr: r'adi¿rtion r:onclitio. ¿rt infi it), slloukl l;r:

s¿rtisfi<rl. i.c.. 1;ltc sr:¿rttr:tctl ot tldiatr:cl fi<:lcl slloulcl ptop¿tg¿rtc irrto bounrllcss sp¿cc.

llorvcvr:r'. tllc Ìrl)'l'l) <nrnputntion;rl sp¿ce is boundcd b.y n<xx.:ssit.t,. lllhr:rr:lbt.c. st:¿it-

t<:r'<:d ol r'¿rcli¿tccl [ir:lds ar.r,iving ¿rt t]lc ont<;r'nlos1; bonrrclilr.l, rvill bc ltlflcr:tc<] baclt arrrl

rvill collt¿rnl in¿rtr': tllc illtctiot ficld c¡Lrarrtities. Onc ap¡lotrch to r.<:dn<r: or. r:ìi¡rjn¿rt<:

thr: r'ellcctr:cl w¿rr'<; is thr: ¿pplir:¿tion ol r'¿tcli¿¡,tion l;ounclar.¡, conclition (RIIC) :rt th<:

ontctt¡rost bonncl¿r'y, 'lhis ltouncla,r'¡' conclition acts ¿rs ¿r,n a,bsolber. which absor.l¡s

¿rllivinB w¿rvcs ancl sirnul¿ltes ¿rn infinite space. Irnplcrncntilg such ¿l bonncla,r'), c<¡n-

clition lvill reclttcc tlto nulnbct of cells neeclec.l to rnoclel thc lìee spacr: stu.r'ouncling th<:

sc¿tteler oL antenna. 'I'his rvill result in tr collesponcling saving in cornputel time

ancl resources. Recerrt lese¿rrch rvo.k on RBC focLrs on the clevclopment ol tech-

niclues that recluce the rellection coefficient at the outcr. bouncl¿r.y snrface. A rre'ly

cleveloped absolbing bounclaly conclition, calìecl perfectly matchecl layer' (pùIL), has

l>een clevelopecl ìr¡' Be.enger [58] ancl extenclecl to 3-D geomet.ies by l(atz eú. a1, [5g].

'rhe neecl {or' ¿n RBC in open space problem ca'l¡e illustratecr rry consicler.ing

fielcl cornponents ¿r,t the outelrnost bonnclaly of the comp.tational s¡race. such fielcl

cornponents c¿n not be upclatecl usir.rg the regulal FDTD eclnations cliscnssccl in
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sec. 2' 1.2 bec¿rnsc the¡' r'ec1ui.e knor.vlcclgc of sor'c' fielcl conpone'ts o.t sicle the

cornpntation:rl spzrce.

Â ¡>a|tial cliflcr<:ntiaì t:clutr,tion rvhir:lr pelrrrits wave llopagati<>n o¡lv in ¿r cr:r,t¿rirr

clit<:ction is callccl a "ollc-rv¿ry lvav: c<1u:rtìorr". Àbsorbing bourrclar..1, conclitìons :rrc,

tlterr:lirlc, olrta.incd b.t,.¡,r'¡ tt* lì,orrr the war<,, c<¡utrtio¡ a¡fl clcr.ivirrg ¿t o¡)c-w¿ty !ya\¡e

r:clrration [r'onr it that allorvs p'opag¿tiolr i. tìr. o.tr.v¿rrd dir.r:<:tion o¡rl.r'. 'l'llis ch¿¡l¡-

t<:r' rvill cìr:r.clol.r tlrr: thr:or'.1, ¿ur<l ltul r lr:l.i<:¿rÌ ìrr rlrlr:n rr:nt¿tiorr of tltr<¡r: rrsclìrl r.¿r<liatiorr

<rxr<.litions. 'l'lrcs<: ¿rr'c tllc N,[rrl tacliatiolt lrounciar.l, <:orrilitiolr. tlrr: highcr. <>rdcr. r.¿rd i¿r_

tion Jrourclar'.1, cr¡rtlitiolr. arrrl th. nlocììfisl o. su p.r'-aìrs.r'ì;t ior Jrourrcl^r.1, r:olrclitio¡r.

Nu¡nclir:¿rl <tx¡rr:rirn<:nts rvill lt<: c:onclut:tr:d to sltorv l,hc r,¿lidit), arr<ì to <:or:r1ralr., tlr<:

¿tc(jrlù¿ì(ì1, ol tll6 tltIs: s<:llt:¡rcs.

3.2 Mur Radiation Boundary Condition

'.I'lx: clclivatior ol Nlul ra<ìi¿tion bouncl:rly corrclition, r:an l;e ex¡;ltrinccl i¡ tr¡r,r¡rs

ol a clillelcntial opet'a,tot lactoling [ 18]. CorsirìeL thc t lvo-clirnension¿ll w¿¡,e ec¡r¿rtion

in C¿r'tesia,n <xrolclirrat<:s,

U"'* ! Uuu - r-2uu : g (3.1)

whe.e u is an5' sç¿1¿¡. ficlcl c<>r'pone't, the snbsc'ipts x::ù,yy) ¿rud ll clerx¡tc scconrl

pa.tia,l clelivatives with lespect to c, y, a,ncl ú, rcspectively; ¿r,ncl c is the rv¿u,e phase

velocit)'. Applying the partial clillelential opelator. to the tlvo-clirrersional r.vave

eclutr,tion one obtains,

(3.2)L:D.?+ol-c-'n!:o
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lvhich can be given in a sirnpìer folm as,

Radiation Bottndary Condition

I,LI : g (3.r)

'I'hr: olrcrtrtor' /. c¿ur br: Iactolccl into two opelatols le¡,r't:scnting (*) tlavdilg arrcl

(-) tlavrlirg rva.r,cs as lbllow,

l,l.t : t+ L- t,t :0 (3. r)

tv ltr¡r'r.-

Lt:D, (3.¡l)

rv itlr

t),
(D, / ")

'l'h<': opelntor', /,+, is rìr:fincd si'ril¿l.ly cx<r1;t lbr a " f " sign ]rclìrrr: thc r'¿rdical.

It h¿ts l;r:r:n shorvn i;y [60] that at a glicl bouucl:u.¡,,:¿Ì :0, thc ¿¡rpìi<:a,tion ol /_-

to thc lv¿r,w: function, U, rvill exactl¡' ¿rÌ>so.l; ¿r pli:,ne rv.rrc p.opzr.gtr,ting tor.v¿r.d thc

bortncla,ty at :rn a,r'l;itlzr,t'¡' algle 0, I¡ig. 3. 1.

'I'herelb.e, /,-, appliecl ¿rt ¿ = 0 f'nctions, sinulatcs ¿ì,. cx¿ìct an.lytical 
'acli-

zrtion bor:nda,r'¡' conclition rvhicli al¡sorl¡s r.v¿ves plopagtrting tolar.cl the bo'ucìary

r; : 0 fro¡n thc inte.iol of the cornp.ta,tion¿rl dornain. T'hr: opela,tor' 1,+, is pelforrn-

ing the same fnnction for'¿ rva'c propagating .t an a,rbitr.ary angle tolv*rcl thc other.

c l;ourrclaly at x : l¿r l¡ig. 3.1,

'lhe opc.ators clc'i'ecl he.e are non-local in both space ancl time, this is cl.e

to the p.esence of the .aclical in ( l].b). 'lhis rvo'lcì pi"ohibit the cli.ect n.merical

inrplernentation of L-tl :0 as an RBC. 'Ì'his clilficLtlt¡, c¿¡ be oye¡cor¡re b¡, ¿,pp¡ox_

imating the radical by a 1[þlor seLics expansion. A two-term expansion lvoulcl t¿ke

D,-
- -Vl -!2(:

(r.6)
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l;'igrrle:l

th<: lirlìorving Iì1.m.

Radiation Bottndary Condition

a pplica t iorr

I

,../ ¡ -.sr:l- .*2
2

(;ì.i )

suìrstitutiug ( iì.7) into ( 3.5) lbL the rr<:gatir<, opr:r'ator,, nrrcì rnultipl"ving thr,.r.<:s¡lti¡g

cclrrartion ìr5' D,, on<: obt¿rins tlrr: [bllor.ving ¿pploxinra,t<: anal¡r¡is¿¡] Rì.]Cj, rvhir:h r:an

bc nutnclic¿lh, irnpJcrncntccl ¿ì.t xr : 0. Suc| ¿¡n a1:pr.oxirn¿tio¡ is c¿l,llccl ,l¡r.,s scconr.l

al;sotbing bouncltrr'¡, conclition.

u.,-1u,,+1u,,:o (¡.8)

I'lorvevelr if the laclic¿l is to be a,pploxirna,tccl l;y ¿t single-telnl .I.a¡rft¡¡ selies, this

rvilì result in 4ur''s fir'st olclcl l;onnclaly conclition lvhich t¿l<cs the follorving for.¡r,

u" - !u,: o
C

(3.e)

r\nalogo.s approximation to othe. g'icl bonncl¿l.ics can lte clei.ivecl; i.e. x : h,.y : g,

ancl y : /¿.

Ðxtension ol thc abo'c cleri'ation into th.ec-crimcnsion is a simple task a.cl

it Îollor'vs the ¿rbove clc'elopment closely. 'I-hr.rs, the app.oximate analytical RIlc,

I) r:orlputational doltrairr ftl llì:ì('
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which can be numr:riczrll¡' irlirlernentecl a,t bor.rnclar.¡, snllaces in the thr.ee climension

glicl iu'c.

__ I (__ (:[!."'-;.[!u+.[tu,, li,',,=o r':0 (3.10)

¿urd

_ I (.. c
[: ,., 1 _[:,t 

,",,,, 
_ 

21'_. 
_ 0 .r : ]t (:l.l l)

sirniìtr.r'r.,c¡uations li>r'.u and .: ltouncl¿rlt surl¿ces r:alr b<: olltailr:cl.

'l'ht:sr: a¡;lttorirrâtc r.c,l)rc:jc,r ì t¿ìt ion s ol ¿ur Rll(_l lravr: ltr:cn lìxrlcl f,¡¡ l;s y¡¡¡..y ¡.,1-

lircrtit'<: rvh<:lr irr r1rìr',rr rcrrtcd using th<: clifhlcncing sr:hcrrrc propos.d ìr.t, À,lur [ö.1]. A

d<:t¿il<xl cliscrrssior on tlrc ir n Plcrncnt¿rr;ion of tìrr: a1;ploxinlatc R.ÌJ(,j <:c1u¿tiorrs is

cliscnssccl irr [ö.1] arrcl [6 I]. ,,\s ar ar.pplir:atiorr ol'such a1>plorin r¿rt ior rs t<> cìr:<:t¡or¡¿g-

llt:tic ¡rÎoblc rs. (ì1.9) arrd (ìì.10) rvill bc discÌctizccl fr>r'/c,. at .¡. : 0, ir tlrr: [oìlorving

ln¿urllc¡ [i¡r' a tllr'<rc-<] irncltsiorraì gr,irl:

I,'i l st olcìcr ù4 ur' ¿rllsorbi ng l;ound¿rly <:on cli tiorr,

1N:+1(0, j,k + r12 ) : I.r:(1, j,k + t12)

r:-Àl - À.,,+"¿* o,(lli,"(t,i, k + t12) _ r,::(0.j,A. + tl2)) (J.¡2)

l

S.. nn,l or'.ì"r' ñl

Ir':+1 (0,i,,k + rlz ) : -E:-t (r,i,k + rl2)

. coÀ/ - Â.r'+"¿, * o.(D:*'(r,i,k I t 12) - D:-tQ,i,A. + t l2))

2À¿+o¡r**(rd:(O'i,l'+ 112)- E:(I,i,k+112)) 
i

_,_À.r:lr.z\/ì, ,,,r.,*zr¡rl'ffi (Ei(\'i * l'Á 1 t12) -28:(0'i'k + t12)

+(E:(0,j - l, ß + r12) + E:(r,j + r,k + r12)

-28:(t, j,k + t12) + D:(1, j _ r,k + 112))
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À¿ lc.À¿ )2+21,r;p (It:'(o,i,k + 312) - 2n:@,i,k + r12)

+(L):(0, j,k _ tlz) + D:(r, j,k + J12)

_20:'(t,j,k + t 12) + U:(t. j.k * t l2))

3.3 Generalizecl and Higher Orcler RBC

(3. r 3)

It ìs cvidclrt Iì<;lr thc ¡;revious sr:r:tion trl¿rt trrr: apl;rox irrrat ion oj trlr: or).-\v..\

wrr'r,' c:<¡rr^1;i.rr is dc¡,.rr<lorrt o¡r thc o.clr:r ol' aPlr.oxirrratirrg tìrc ..clical \n --;t
]lorvr:r,cr', 1,hc or.dt:r, ol ¿¡tploxirrratir¡rr aff<¡ct.s th<: ac<:rrla<:.1, ol tlr<: rrrulrr:rir:¿rl solu_

tion. 'l'll r:lillr:. :i lt ighr'-r'-ot'dc'r' n¡r¡rrorir¡:rtior r to thc r.aclical lvill rr:sult in ¿r bc:ttr:r,

¿rccnr'¿r(jy t>l' thc rmrn<,'r.ic¿rl solu t ion [62].

'l\r:lìrthcn and llallrr:r'rr [6]ì] 1;ropos<:d a gr:nclalization 9l th¡ trvo-tr:r.nr '1.,.-¡,lor.

st:r'ir:s .1;¡rr'.xirr¿rtiol¡ to th<: r':r<ìir:aì, usirrg the r,¿rti.na.l ftrrctiorr :i¡;pr.orirntrtiorr

./t- ;^ 1,,,(") h+ p2:j: +.vt-s,a:!' q,(") | lttz,"2 l. (3. r4)

rvìre.e 7r,,, nncl r¡,, zr.e polynornials in s ol clcgr.cc m ancl rz, r.cspecti'ely. It is clca¡

that (3.1'1) r'ccluces to À,I'r''s fir'st ortlcr..pp.oxirr¿rtion of thc r,¿rclic¿l l:y sclcctìng

tn : I,n : 0 ¿rncl po : L, callecl t¡,pc (1,0) ancl r.ecluces to tr,lur.,s seconcl or.cler

approximàtion by choosing nz:2,n = 0, po: I ancl ¿.)2 : _tlZ callecl type (2,0).

llhe nse of the genclal type (2,2) r.¿rtional function

/l-.sr-Po*Pzs2
.L I q2s2

gi'es the genc.al thi.cl-o.cler', .pproxim.tc, nnalytical RIìc in trvo-climensio's

{/,-¡ | q2c2\/"o, - Tr,,, - pzc[/¿uu = Q (3.16)

which takcs tl.re cliscretizecl form I'or nse in f ite-cliffe.encing for any fielcl cor'ponents

U ¿rt r :0 as folloivs:

(3.15)
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LI"+I (0. j ) = Lt"-2(r,j) + q(Lr,,+t (t, j) - t¡"-"(0,j))

+cz(It''(0, j) + ¿/"-'(0, j) - U"(t, j) - ¿¡"-r(1,.1))

¡c3(;"(0. j) +t¡"(t, j) - t.!,'-1(1. j) - ¿¡"-r(0,.i))

+(.1(ti,"(t ,"r + l) _2t!"(t. j) { 11"(t,7 _ 1)

_¿r"(0,J + l) + 2¿i"(0. i) _ tr"(0,7 _ l)

+tr"-t(t,.:j -t t) _2¡r"-t (r,.i )+ ¿¡"-r(t.J _ t)
_ti"-t(0,.j+ t)+2r¡"-'(0.1)_r¡,,-,(0.i _ t)) (3.1i)

-r¡ (tr,'(1,7 + t) -2t ril(t. j) + ¿¡,(t. j _ l)

l_¿.1"(0,J + L) _ 2¿.i"(0.J) + ¿/,'(0.j _ l)

-[,"'-'(t,-r + l) + 2¿r"-r(1.j) - ti"-r(1.] - t)

-L¡"-r(0,.j + L) + 2¿l"-'(0.j)_ ¿1"-'(0,j _ t))

rvhcx,'

- ct\tf ù - ¡¡1' c^l/A + ¡o
cAtlÀ

- - ,Lt lL + p"

- 3to
"': .^¿Ailro (3'18)

- qr(ct\t I L)3.,n:"Ail^+po
pzk\t /L)2

'-s - c^¿/^+po

where a is the space inc.eme't. App.opriate selection ol p ancl r¡ coefficicnts p'o-

clrrces valious lìrrnilies of RBC's [62]. I¡oL cxample, taking p¡ : I,pz : -i]/4 ancl

ctz : -ll4 gir.es the Pade (2,2) apploximation. Absolbing bounclar¡, conclitions



Chapter 3

with highel clr:glecs of intor.polation, i.c

thc larlical, r'csper:tirrclv, lx

Radiation Boundarv (iondition

fonl ancì fir.c, c¿rn l¡c obt¿ined b5,r'cplacing

(r.re)

(iÌ.20)

,fl 
-,2 - lto I lt¿¡2 I ltrsl

I a r¡2.sr

,/t - + - P,, I lt¿¡2 I pt.,l
- l{q2.s2 1r7¡.s{

'l'llc: dr:r'iv¿tiolr ol stt<:lt:r¡r1rir>xirn¿r1;ioll ¿rnr.l thcil irrr¡rìcrn<:nt¿rtiorl rvill ir6t þc 1¡¡ su<:rl

lrc¡r: dur: to tlrr:il r:orn lrìi<:¿ltr:d folr¡r.

3.4 Super-absorbing Boundary Condition

Gr:nclarì1.1' sltr:aliìng. rn<>st pr.acticnl absor.bing borrnrìm.¡, <r¡rcìitions nsu¿rìì-\, <:¿ul-

not ¿rbsor'l; outgoirìg wavcs rnrnplctolt'. In r<.tu¡:n ¿r rr.,flection cr.r'ol lvjlì pl.op¿ì,g¿ì,te

b¿rck into thc cornpnteltional clornerin, lvhich lvill lesult in so¡le er.'ror.. llhis is clue

to thc app'oxim.te .epresentation of the one-w¿'y lv.r,<: eclna,tior. Altho.gh rnost

schcncs Provecl to be goocl ¿bsolbers ancl obt¿rincd an ¿ccLrLate soìr.rtion, [orveycr,

in sorne cases such ¿s, plintccl circuit, ¿ncl miclostrip stLucturcs, they tail to pr.ovick:

ver'¡' goocl âccurac)¡. 'lhis is bec¿luse such stluctules aclopt a high r.esonant beha,i,-

ior', a,lso lv¿lves ¿r'r'ive ¿rt thc ontelrnost bounclar'¡, ¿rt dilfelent vek;cities. .Ihus, bettel

absolbing ì:oulclar.5' conclitions, not onl¡r lvill lesult il a rnore accurate numeric¿rl

solution, bnt outer' bouncla,r'ies can be blor.rght closel to the moclelccl stnctn¡es,

lesultirg ir.r consicler'¿r,ble savings on cornputel mernory space ancl computation tirne.

'I'he super'-abso.bi'g bo'ncltr.y conclition is ¿ scheme lvhich rvo.ks on.eclncing

thc ellol resulting fiorn the irnpelfect bor.rnclaly conclitions, antl to minimize r.v¿ve

tl9
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plopag¿tion l¡¿rck into the conrputatìonal clomain [6.t]. llo unclelst¿rncl how the super,-

absolptiorr techniqrr: rvollis, consiclel the tr'¿nsvelsc magnr:ti<: (?'rì,1) rvavc in trvo-

cìirncnsions sp¿ce. ht this <:asc oùh/ tln,cc fielcl comp<>n<,'nts r.vi11 bc pr.cscnt rrarncl¡,,

8", ,. irncl 11r. 1'hese lìcld cornporrr:nts c¿ln l,r: upclertccl rrsi¡g tlrr: ¡s¡¿l li'l)l'D

t<:drniclu<1.

tt':(i,,i) = tt:-tQ, j)+ t,ltt;-tt"ç; + r1,2, j) , H:;-tt,(i - t12..j)

tt::.-tt')(i, j + t12) 1- H!:t/)e. j - tlÐ] (J.21)

tt':+tl'z(i.i + I12): il::-tt¿U,i + t12) +,,"1t,::-'çi..;¡¡ - r'):-t(i..i + l)] (i.22)

tt't.t't/2Q + tl'2,.j) = lti-tt2(i + t12, j) + (:2U;::-t(i+ 1,"¿) - //-r(r. j)l (J.2J)

rv Ir clr.'

r',:,\//--z\

c2: LtfpL

'llhe ìoc¿tiorr ol these fielcl comporents is ill.str¿rtecl in Fig s.2, ir tlrc ['o]lorv-

ing lo.mulzrtion the telul L/2 lvill bc ch'oppcd ont flom the 11-liekl cornponcnts

for sin'r1;licity. Assnrning the li¡re ¿t rvhich i : À,! js thc orrtel bonnclar.y, ¿rncì fro¡
(3.21)-(3.23) it is clear thnt only n, components neecl to be compntecl, rvhile the 11"

components on thc sa¡ne l;or.rnclaly clo not affect the compnttrtio¡ of internal yar.i-

¿blcs. The cliscnssion lvill be lirnitecl to this bonndaly only since othct bonncla.r.ies

can be tleated in the sarne lva,y.

Usuall¡' ð, at this ì¡orurcl¿rly is upclated using a r-acìiation bounclar,¡, tleatrncnt,

as cliscussecl in thc plevious tlvo sections. florvever, dLrc to the irnper.fection of
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Ez(U-tj+r) Hy(lu.Ij+r)

Hx(lll-¡j)

Hy(II-rj)

Hx(sI.rj.r)

Ilv( lll.l j 'r )

llx(òI-r,j.2)

Hy(ll-rli-2)

Hx(ìIj)

Ez{}Ij)

H*(llt.i. rI

Ez(IIj.r)

Hx(òr\i.2)

+r)

2)

l=M-2 X Mn

ìrigure J.2: Tu,o-rlinren sion al fi n i l,e_ rliffer.en r:e glirl.

ar'¿ril¿rlllc trìtsot ìring l¡ountl¿rrl, sr:lrr.:rr¡cs. a lc'fl<:r:t<:cì cr.ror. rviìì pr'<;pag:rtc b¿rr:li i¡to t|c,

<r>lttPrtttrtional dollt¿rilt. rlltj<:h rvill lr:sult iu ¿ lcss ¿rccur.¿rtc solution oJ tlr<: intcr.¡rirl

¡roints. 'l'his 1;r'olragatiott is duc to tlrr: rr¡rdatc ol thc /1,, fid<ì r:orn 1;o¡p¡ ts .l¡st irrsicì.'

tltis b<>tncl:r,r¡'. Assnlx: 1l;(o) ¡" .,'r.1..'r".1 b¡, an absor.Ìritrg Jrouncltrry conclition, itrrcl

1;;!Ø i" ¡lx' solrrtion ¿s iI ¿ru irfinitc sp:rcx: is pr.csent, i.c., rro ìroundar.y lirnittrtio¡,

¿t i = M, 'l'he cnor ¡l'o<ìnrncl bl' thc plesencc of an al;solbing bonncla,r.y conclitio¡t

c¿ln be clcnotetl as

err I : JI:(b) (À[. i) - E:þ\ QtI, i) (3.24)

As usn¿l the compr.rtecl ,Bf(l) ¡r.'t",t to npclate //;+t/z ,,rtrr8 thc cliffer.ence ecßrer-

tion (3.23), ¿rncl it r.voulcl take the I'ollorving forrn

IJn+1/2(M - i,"r) : ilî-1/2 + "r[a7{b)1u,¡¡ - E:(À,r _ r, j)] (3.25)

wl'tex: IIn+1/2 cont¿rins thc er.r'or passecl on bS, E,t(b). Upo¡ substituting (3.24) into

(3.25) tlre upclating ec¡ration for tu+112 rvill take the fotrrr,

(3.26)

'11

Hn+1/2O)(tr[ _ i,-r): ]In+1/2(e)(I,I _7,j)+ c2errI
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wherc II.L+I/2(e) is thc solution r.vith no l¡ounclary conclition.

l,<:t the l¡orurrl¿rr), conditiorì iqrpìi<xì to I,l,j(b) bc applir:d to 11;+r/2, ¿¡ì(] rlcrìotc

thc t,alrrr', <:r>nrllrtccì by th<,' bouncìar')' ænclitiotì ¿\s IIn+l/2(2\. l[']rc r._rro. ti<)l. IIn+1/2

can bc givcrr as.

o.r2 = ll't+t/2e)(r1.1 - l, i) - II"+tl2G)(^,1 - l.i) (3.27)

'l'ltr: trvo clLols. cnl ¿utd r:lr'2. ar'<.r rrot irrdr.-1>r:n(lcnt. tlìe.lr ¿rrc r.c:l¿rtccl b\, tllc s¿¡lur

lcl¿rtior¡ tìrat''rl^tr:s 1'Jl' ¿l.d []"+t/2. sinr:. tir. s:urr<:.bsor.ìrirrg ìrorrrrrìar,.1, is a1r¡11ir:cl

to both tluantitir:s [(;l]. 'l'lrc rcl¿rtion lrctrvcr:n /i'. and //,r, rlci ivrrl i¡ Ap¡r¡¡<lix .A. is

u,llclr

II ,, = -¡1,t',r,, ¡;', -

r_., sII rÌ=
r7¡l = . ..;;\,snI -1

(J.2rJ )

(3.2e )

ll'ìrns, .sirg ( 3.2{t),( i1.27) and ( iì.28), arrd l;y clirrri...ti'g thc r,r.,o.s, orìc gcts

iln+t/2¡t(tr[ _ t,j) : c'r'^r]l';+t/2(t)(M - l,i) + c2ll::+t/2\2)(M - I. i\
c t'\l F c2

'l'he sohrtir¡n of 11, obttrirrecl florn (3.30) conta,ins no lcfloctio' cnor'. IIolve'er,

this sol'tion c¿r,n not be implcneirte<l numelically <ìuc to thc presencc of ca¡¡. The.e-

for', sorne approxirnzrtions have to be clone. ln o.cle. to ensnre the ¿rcc.r.ac), of the

solutions, the glicl size À is choscn to be small err<>rgh so that

a < )/10 (3.31)

rvhich m¿rkes

fr"^ << 1

t¿Àl(1
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1l'he'-efole

the ìronrrcìilry,

l.l1L+t/2(4(ùt _ l, j) :

Radiation Bottndaty Condition

(J.32)

(3.34)

cT 
^,Í

_czsirI:""À'".À
sirr $ '¿''Al

/^\Å" /.\\: t" l,..rt/ T: "'(,'r,) tt'*¿

whcx¡ r.' is thc s]->er:rl ol light iir the rucclinrn. \{,'ith thcs<: zr.pll,oxinrations (iÌ.30) r:a¡

lrr: r'r:lylitt<:rr as

!t^+tt2\c) 1,t _ I,i): u>s0tl:;+t/2(t)(ìl't - l.i) + t)11"+t/ztt)(M - L..i)

fl')'ttl
wlrr:r'r:

cA1
/: 

^
Itt tttàtt,',' a1rlrìicntiotts. tlrr: illr:irlr:lt a.ngl<: 0 oI tltc out goirrg w¿rv: is urrli¡or.r,rr. lììr¡rru-

tìorr (il.;Ììl) r:att l><', sirttl;ìifirxl lìuthet by assurrìug tl¡<: w¿u,q is uo¡r-n¿rlll, irrr:i¿<:nt olr

.ui+\/z(t)(^,t - I, j) + p.ll"+1/2(2\(^,1 _ t. j)
Lrp

using (3.ila) rvill p.oclnce less 
'eflectiorr 

e.r'o. in 11r, horve'er., Jr'" is stilr ress

¿rccnr¿te ancl colt¿rins thc oliginal cllor lesnltecl fiorn thc absor.bing bounclaly. A

rnole accnlate ll', can be obtainccl bJ, r'e...r..,t^, ' n* its mo¡e accLrL¿te i,alrre using

(iì.21), wìrich cont¿¡ins the r¡ror.e ¿ccnr'¿rte r,¿¡lnc of 11, oì:tainecl fr.orn (3.J,1).

tì:(^,t, j): E:*1(^r - r,.r) + f,ln i-',,tno - l, j) - Íl^-t/2(tur - l, j)] (J.J5)

lllris step is necessa.y fo. some abso'bi'g bouncla.y conclitions i. lvhich D:(^,r, j)
is nsecl ¿rs a pre'ions r'¿hre to npclate a,ncl cornp'te II:+\(M,i). ln s.mmeu¡,, thc

ploceclnle of the super'-absorption technicfl.re fol the outel bonnclary at i : iì,1 for. ¿r

I'M wave as givcn in [6i] is as follorvs:
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e Clroosc an zrbsolbing bounclary conclition on bounclary nocles E!(tr|,j).

. Conl)ute I'ln+t/2(M - 1.. j) using thc reguler,r' fi n itc-cl if[,creuc<: schenlr: to obt¿r,in

il"+t/r(t)(^,1 _ 1. j).

r Äppì¡, thc s¿rrre absor.bing boundar.l, c:onclitiolr. usr.,cì rvith Il,. <>n ,, to olrt¿rin

Il,t+t/2(2)(À/t - L j).

o Rc<:alcul¿rtr.- /1, rrsilg (;1.;l,l).

¡ Rc<ralt:ul¿rtr: il- usilg (iÌ.;lã).

lrÌ)l thr', t rvo-<.litrlcltsiorr ¿rì 7'lJ cast: tlt<: srrpcr'-:rìrsor'pt ion tochrritlnr: is np¡rli<xl irr

thc, sarnr:1;r'or:erlrrr'c as lbl tìrc:/'rì'1 cas<r, rvit]r thc cxccption th¿t tlrr: o1rcr.¿tio¡s rviìl

lr<: a1>pìicd ot H ". Ì'), arrd /i', instcad of 11,, il,.:rnd /1r. sinrila.rly in th x,'c,rr irncnsions

spar:c. thc ¡>r'ocr:dux: lvill lbÌlorv <,'x¿rctl.\, th<. t wo-<ì il tr<,,1s ional <:trsc. r.:x<rcpt th¿rt tlrr:

srrl;r:r'-àbsor'lrtiorr opr:rations zrÌr: àlrplic<ì on two l.rairs ol noclcs, i.e., lor.tlrc sur.lirc

ri = ¡¿, u,l., pzr.i. is lbu'cl bs, tl.t" ,,t.r,r[,r,A) ancl 11r(n,1 - i,f,À) noclcs, tho seconcl

piril is fonncl b:, thc E,t(À'l,j,k) and II"(ùI - l,j,*) nocles.

3.5 Comparison ând Numerical Tests

Ll tlris section nnmelic¿rl sirn.lations ale pelfor.rnccl to test ¿ncl cornpa,r-e thc

¿ìccuL¿ìcy of the RIIC's consiclclecl in the plevious sections. The ¿rnal),sis for. two_

clirnensionaì ¡rroblems is sirnila. to the o'e appliccl by ,Ioo. el o/. [61] ancl [62]. Iìig.

iJ'3 shorvs ttvo clom¿lins on rvhich thc trvo-climensional I¡DTD trlgor.itl.nn is compntecl

fol the tlansi'e .se n-rilgnctic TM" case. o¡ is the lzrlger. clomilin lvhelcas o" is the

srn¿llel one. Q¡ is usecl to sir¡mlate an ìnfinitc sptrce, this can bc trccompìishecl by

choosirrg ¿ln obselvatiolr time do¡nain shorter thar the timc n<;eclecl fol thc lvave
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to leach the outel boundary, tltis lvay ther.e ivill l¡e no lellcction clrol prop¿gating

b¿rcli into the cornputational ck>rn ¿lir.r. on tlie bouncl¿rrics of tlrr: dornnin l)", RB(_l,s

<nnsicìclecl in thc plcvious s<¡ction ate appìiecl.

v

Ql

O"

o

Line Source

Test Boundary
X

li'ig.r'e ll.ll: 2-J) corr¡ru r,.tio'al dorr¿rirr r"o¡ n.nrerical exper.irrrertatio'.

Â li'c so.r'r:c is loc¿itr:d in th<: cr:ntc. in l¡oth dorn¿rirrs; g.i<.r positiorr (25,2ð) in

tlte srllallcl clortl¿lirt. 'lìhc cornputtrtioual spzrcrc lbl tho sln¿llk:r' clom¿li¡ is t¿il<<¡n to

be ä0 x 50, rvhik: thc la'gr:r' clor¡ail h¿r.s zr, comput.tional s¡rzrcc of 400 x,100. ììy

calcultrting thc clill'elcrrcc l;etlvecn tlte solutions in thc tlo clorn¿rins ¿r r¡re¿rsnlc of thc

leflection czrused lty the bounclar)' of 0¡ is obtaincd. Ät cach timc step tl.rr: clilferencc

is clefinr:cl to be.

err(i,j) : D:(;,j) - tt:(i., j) (3.36)

The pulsc usecl ir.r this ana]ysis is the same ¿rs the one usecl ì:y [61], ancl it is clefinecì

as;
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ryhcr'<:

[ "1f 
O - l5<:osø1{ * 6 cos r,.,2{ - cosø1{) {(zu:(25,25): I

[o {>r

Radiation Boundary Contlition

(3.37)

¡: l0-'',(: r¿41

¡n = 1,2.i]

I

:t20
2¡t¡¡t

T

air<l ,\f = Ll2t: :2ir.Ops is tlrr: tirrrr¡ st<.,1.l uscd. such sc:lc:ctiorr ol tlrr: tir¡r.: str,1r

lcstì'i(:ts tlrc war'<: to tlavol orìc sl)¿rc(., r:ll ill trvo tirrr<: st<:1.rs. 'l'h<: soulr:r: 1>oirrt i¡
lì'ig. ll.ll is 25 <:r¡lls ¿rrv¿r,\, Ironr thr: low<.:r, Jrontrdar'1, ol f), at y:0. ,.1'ìtcr,cfor.<l. it

t¿rl<cs tlt. u'avr: 50 iir:rc st<;¡;s to ¿rttivt: ¿rt thr: <¡utr:r, borrrcl¿u..\, of' f)" at, ,l = 0. ,\rr
ol¡sr:r'r'¿rt i<;' poirrt eiì.ng tlrc r:-¿rxis. o¡lr: .cll ¿rbor,c tllc lorvr:r'bonlrclar'1, 1¡¡ 5¿. ¿ìt ;y : 

^
¿lrtd at f : 8041, is <:llc¡s<¡n to sturì1' th<,. loc¿rl cuol d<:fincd by (iÌ.1ì(i). .l.h<l 

tiur<., ¡>r.olil<,r

ol thc corrrpa<:t pnìs<,r is shorvn in lt'ig. 1.4.

llhr: ex¡;clirncnt is c¿¡r'ticcl out fol live typcs oI R,lìcs, thr:sc a,r.e: zr, ha,r,{ bo¡ncl¿.r'y

conclition, rvhcle thc ontel bound¿r'y tangcntial electr.ic fielcl cornlroncnts a.r.o sct t<>

zero, Ll,: 0; ¿r first orcler- tr4r¡r' type; ¿ seconcl or.cler N,Iul typc, a thir.cl orcler RRC

rvitlr p6 : \,¡t2 = -i¡¡4 ancl r72 : -.t/4, r.vhich is caìlccl pade's (2,2) appr.oxima.tion;

ancl lastìy, thc supet-a,ìrsot'ption techniqne is appliecl trlong lvith the lla¡cl bo¡nclai'y

ancl N4nr's fìr'st or.cler type.

'rh.ec sets of res,lts h¿rvc l¡een ol¡tainecl. Figs. 3.6- 3.11, compar.e the behavior.

of the rvave along the c-axis at the loler bounclar'5' qf ¡¡¿ y-axis, y : A, at ¿ : g0À¿.

It is clear f.orrr Fig. 3.6 th¿r.t a great amo.nt of .eflectiol is p.opagating back into

the gricl. Florveve¡, zr, signìfica,nt lechrctjon in this r.efrecti<)n error is oì:selvecì in

Irig' 3.7, lvhich co.r'csponcls to the use of ùIur''s fir'st RBC. ùIor.eo'er'. the Ì¡cì.r¿vior.
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Chaptet 3 Racliation Bottndaty Condition

l;'igute jl..l: (-lollpar:t ¡luìse rvave sorrlce.

Itas itnl>tovctl lìtttllcl as thc olrìcl ol a.1>l.rloxiura t ion irrclcas<-rs, as sìrolv¡ ìrr lt'igs. lì.1ì

iì'9, It shoulcl lrc urcr.rtionr:<] hclc that, such improvcrlcnt rvill ¿dcl to thr,.<x>st o{ tlrc

<:ocle in telnrs of space nrerïoL.y ancl cornputati<)n tirne, a,lso qne shonlcl be ca,r,elul irr

using thc highel oltlcl ¿pptoximation. I'he leason lbr this rvìll bc cliscussccl l¿itcr in

this scction.

'"lhe applicatio, of thc s.per'-a,bsorpt ion technirlnc is ilhrstr¿rted in Ii'igs. il.l0

3.11. one can easily obsen,e the imploverncnt in the perlìrrrna.ncc of t[c |¿rrcl ancl

À'I.r''s fir'st RBC's afte. thc ir.rt.oclnctio' of the s'per'-aì:so.ptio' technicl'e.

'l'hc seconcl test is clore thro.gh the .sc of rìq.( 3.36). Results ar.e sholvn in

irigs.3.12 3.13, ancl ill.str¿te the local e.r'o. prod'cecl Lrsing RBC's.nclcr stucly.

'l'he test, ¿gain, is performecl along the ¡-axis ¿rt thc lorvel bonnclary of thc y-zrxis,

I : À ancl ¿: 804¿.

illhe last tcst is perfo.nrecl at nodc (25, l) for 260 time steps, trre pur.pose of
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Chaptet 3 Racliation Boundaty Condition

this tcst is to cx¿r,minr: the perfolrnzr.nce of thc R[lc's uncler. cliscr.rssion oye¡ a, per.ìocl

<¡[ tirnr:' I¡igs. 3.1'l- 3.18 ill.str'¿rtc the cllcct of .sing a highe. o.cl<:r. Rlìc,s. It
is cl<:ar th¿rt as timc lrroglesses. thc lefk:ctccl en.or incr'<,.¿rs<.'s rvith tho highcr. o¡rìcr.

zr¡rprox in ration R llcl's. ll'his is clue to thr: irrrpr:r'lì,'ction ol the R.RCj,s, rvfiicìr rvill

t r:srtlt ill solttc ¡'<:fltr:tiort. eltol. ir¿rcli into tlrc r.lolr¿l-in. 'l'his cr.lr¡r,. in sorrrr.: r:¿rsr:s.

¿tcculltul¿rtcs antl ad<ìs up as tirnc pt.ogrcsscs.

'l'llr: s¿rlttc tcsts ll¿rvc ltct:r <nnclur:tc<l [<¡r' tlle thlr:editnr:rrsio¡rs r:¿rs<:. lrowctvr:r'.

(nì.\' tlìc lcsults r'rllich lcfl<:<:t tlrc ¿urrount ol cnot rvìll l¡r., sìrow,rr. '1.'lrr: rìornairr s¡;ar:r:

is taltc:ll to l¡<: it¡O x ¡-r0 x i¡0 <rìls. Â (l¿urssitrrr poirrt sr¡urcc loc:¿rtccl ilr t,llr: <:r.,¡tr:r'61

tlrr: donrain is usc:d to cxcitc tìrr¡ glid. R.<,sults in Iì'igs. ì1.19- ìJ.20 ar.r: obsclr,<:cl aìo¡g

tlrr: lìlc I = À,:;:2¡i ¿urrl:l = ?) i.c., nt (i.A,25). rvltclc A : l¡ ntnt. is usr:cl alorg

rvith tlrr: (.jour'¿urt <:onrlitiorl at = ¿¡72,. rvith r: tllc spæd ol lig-ht irr Iìrc s1;ar:c. ,l.lrr:

Claussialt ¡lrlsc usccl Iì>r'this cxpr:r'ìnr<:nt is sìrorvlt il Ìì'ig. iJ.¡-¡.

l'igule 3.5: Claussian puìse rvave soulce.
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2-D Results

Radiation Bonndary Condîtíon
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Irigrr.e 3.6: D' fieìrl al points (i,l) a,n<l / = 80À/ conr¡r.terl in the laige' ar<l s.aller.
dr¡l¿rir. '1.'he srrrailel rlor¡lail is l,l.unr:¿rterì rvith ii = 0 RllCt.

013263952
Grid Posit¡on ¡

ligu.e 3.7: ú', fiel<l at points (i,1) a.nd I = 80at cor.¡ruterl in the la.gel anrl snraller.

rtolnain. 'Ì'he sntaller <lonaín is trulcaterl witlì lvlut, first oldet R.BCi.
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Grid Position i

I'igure;Ì.8: il, field at poirts (i.l) â.rì(ì ¿ = 8041 r:onrputerl ir r,he larger au¿ s¡l¿rller
donl¿lilr. 'llire suraìlel rlollairr is trun(:¿ìte(l rvil,lr I\{ut secorrrl orrlel RlìCt.
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Figu.e 3.9: E" fiekl at Poi.ts (r:, t) and ¿ = g0ar courputed ìn úhe la.ger.
¿'d smalle. domai'. llhe smallel domai. is t'uncated rvith third olrìer. RBCi.

l¡o = 1.0,1¡z = -0.75 and q2 = -9.25
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Chapter 3 Radiation Bottndat'y Condition

16

14

'Ò 12

- 10
E
--g
ftõô
iI

2

0

ìri¡¡ure ;ì.10: /','-= fie'ld at ¡roinr,s (i.l) a.¡rrl ¿ = 80ar r:olrl>uted iir tìrc. ìa¡ger. an¿ srnalìe¡
rÌornain. 'l'lle srr¿rllel rlonr¿in is trurìcâtê(l rvit,h li = 0 aurJ su per'-absc¡urtiorr R,ll(-1.

o13263952
Grid Position i

tr'igu'e 3.11: ll, fiekl at points (i,l) arì(l r = g0^r computerl in the larger. anrl smaller.
domain. r'he snaller dom¿rin is tmncated rvith ìvful lìr'st or.der and super,-absor,¡>tiou

RBC.
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Chapter 3 Radi ation B oundat'y C on dit i on

l''igure iì.12: (-lor¡rp¿u isor of tìle lefler:tior ellor ol /1,(ri. I) at, t = g0al. corrrprrtecl r:sirrg

lrd11r'first. secolrd ¿utd thilr] or.det R.l](1.

Gr¡d Position i

l''igure 3.[3: compa'ison of the lellection elrol of z,(j, t) at r = gOÀf , cornp'ted using
I = 0 arrd super'-absor¡rtion, lvlur'lirst and super-absor.ption, lvlul seconcl au¿ thir.d ol.rler
RBCJ.
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Chaptet 3 Radiatk¡n .Boundaty Condition

the lar'¡¡el
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Time Step n

l)igrrle iì.1,1: ( ior¡¡p,t.¡*uu ol tlle tillre ìespo¡se ol' Il,(25,l). corrpul,erì

dorraiu ¿lnrl tll<: srrra.ller. (lotìtâiìl tïurìcâ.tecl usin¡¡ NIrrl tirst R.lJCl.

ltslllo
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I'igu.e 3.15: compariso' of the time Ìespoììse ol E,(28,1), compute<l using the larger.
dornain and the sma,ìler donrain tnrlc¿ted using lIur second RllC.

53



Chapter 3 Radíation Bourulary Condition

li'i¡ìrrie;l.l(j: (.1<¡lrIaljsorr of the tiure lespolse ()l t,:,(25,1), corrrputed r:sirrg the la,r¡4er

dorrail a.¡td the srr¡rllet.(lorìtâi1ì trulc;ìLed usirrg tìrir.rl oldet,R.ìJ(1.
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T¡me Step n

Irigu.e 3.17: compzrriso. of the time 
'esponse 

oI D"(2s,1), computed usi.g the l.,rger.
dornaìn a'tl the smaller domain tn'rcated 

'siug 
.ll = 0 ¿urd super-absor.ption RIlc.
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I¡igu.e lì.18: courpa.ison of the tirne lesporrse or E"(zb,l), co'¡ruted using the lalge.
tlo' ai¡r ancl the smal]el tlomaiì tlunc¿ted usiug ùIul first attcl super'-absolptiou lìllC.



Chapter 3 Radiation Bottndaty Condition

3-D Results
200

Grid Position i

Figure.l.l9: Clonrpa¡ison ol t he r.eflet:tion eilolo[n"(ii. I,2]-'l) at ¿ = 80À1. r:onr¡lut,e<l usin€l

4 = 0. lt.ttl fir'st anrl ser¡rn<l Il.B(1.

Figure 3.20: com¡rarison of lhe leflectiou error of -D"(i, 1,25) at t = B0al, cornputed using
./J = 0 a'd super'-abso.p tio', l,Iur'1ìr'st a'cl super'-absorption an<[ lvl.r seco'd Iì.8C.
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CHAPTER 4

FDTD Special Capabilities

4.L Introcluction

'l'llc Ii'Ì)'lll) tltcthod ltas bct:otrt<: inct <.:¿tsilrgl.r' l¡opul¿r' in tlrc ¿rtca ol <:or¡1,r.rttr-

tion¿rl cl<:c:tlolrI¿rgrrr:1,ic:s. tltis is dur: to its r:or: r ¡;rrttrtionaì clIir:i<,,1cr-1,. ¿r(]cr1r,¿ì.(:1,. dix)ct

¡rlrr,sicttl itt1,<'tt1.>rr:tatiotr. a¡ld dir,clsjtl,. 'llìlc last trvo lì:atutr:s arc tìrt: trrtril st:o¡rr:

ol this cùa.ptr:r'. 'l'hc Y<:c algolithr¡ for' Ìi'l)'l'l) r+as ot.igirr:rll1, ir r t,cr.¡rrctr:cl as ¿r rli-

tcct ap1)r'oxirlart ion ol thc: poirrt-wisc dclir,¿tivcs of ù,1¿rxudl's t inrr:-<ìr¡;<.,¡cìc¡t t:ur.ì

cclttaltions ttsiitg ttttrtrclical ceittt¿rl cliflcrcnces. Horvevcr,. snc]l <.lcyclolt¡ rr:nt ll¿s clis-

tinct dr'¿rrvb¿rclt in noclelilg [inr: gr:onretlica.ì structnrcs snch as rvir.<'-s, slots, r:ur.r,ccl

sulf¿rc<:s and lumpecl cilcnit elcrnents.

usuall)' these structulcs ¿ìre \¡ely srnall in at le¿rst one clirnension as cornparccl

to the rn¿rin bocly of the objcct l.reing rrrcclelecl. Onc lva1, to overcorne this pr,oblcnr

is to.eclucing the ccll size tliroughout the computational space, horvever,. it is corn-

putationally expensi'e, trncl impltrctical if computcl reso'Lccs trle inaclcc|.rate. A

more plnctical lvaj¡ to d€^l r'vith this situatiorr is to nse lar.ge I¡DTD cclls thloughout

the cornputational space, zlncl ¿pploxirnate the small geomettJ, elerncnts by nx>clify-

ing the la,r'ge cell fielcl eclnations. ì)eveloprrent of this apploach leclui.cs the use of

ñlaxlvell's cquations in integlal folm. It rv¿rs shorvn in sec. 2.1.J that thc cljlTerence

:J(



Chapter 4 FDTD Special Capabilities

ec1'ations coulcl be oLrt¿rincd fi'onr the i'tcglal folm .l ,Iaxrvell's ecluations,

In this chapter the contc¡ur integral folrnulation, sr:c.2. 1.1], rvill bc exte¡flecl to

illoclcl thin tvitc stltt<:ttttt: zrttd ìtrrttpr:cl cilcr.rit clc:rnt,'llts in clctctlorntrgnetic st,ster¡r".

4.2 Thin Wire Modeling

'l'hin rvilc stttl<:tttLcs arr: <:<lnrrnolrlY usccl ir ¿rrt<r¡r¿r arrrì r:ou¡.>ling:r1;1rli<:atiorrs.

IJsrr¿r]ìr'tlrc'st' tvitcs arr: ntrtcll snr¿rll<:r'in r'¿r<lius tlr¿rr otlrr:r' stìucturcs ol tlre lrx¡ck:ìr¡l

o1r.i<r:t. r\1;1;r'orinrzr.ting tlr<: rvilt: as ìrciug thc s¿r,nrc sizr: as tlrc ol;.j<x't rrrorì¡ìirrg cc:JJ.

r¡r¿ry ¡'ir'ltl Por>t t<:sttìts. a.s botlt ¿rntcrltn irnp<,:dancc arrcl conl;lirg ar.c sc¡sitiyc t<r

rv ìr'c ladius [5il].

hr tllis sr:<:tio:r l;h<: <>rtoul irtcglzrl rnc.,tìrocì [21] is us<rì t<> a1;pr'<>xir rr:rtr: tllc r:[[r:ct

ol' ¿r rvit'c with I atlius srrl¿rilct tha.n thc lr'D'llD ccll on th<l ]rl)'l'l) ulrrl¿Lting ec|ratiols.

Ez( i+1, j, k)

ro

Irigule 4.1: I¡ield locations and geol.Letly fol thin rvile.

cjonsicler the geornetly sholn in Fig. 4.1, a conclncting circnl¿n lvile of r,¿rclius r.,

Ex(i,j,k+l)

Ex(i,i,k)

i,i,k)

a
Hyri,j,k)
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is position<-'cl ¿rncl cente.ecl <>n the II"(i, j. Ë) fieìcl cor'po'ont. Thc rvirc .aclius. r.o,

is ¿rssunlecl lr:ss thar À.r:/2, rvhich liorn thc clcfilition <¡f the cell size, À;r < À/ 10,

irrlplics that r, << ì. 'lhctcfolc. it c¿ur l¡c ¿rssulncrl th¿rt tlrr: n<¡r'rn¿rl <.'lcctlic ¿¡r cl

cit cnrnl'elcntial rnzrgrrctic: ficlcls ill thc vi<:ilt it)' of tlle w'ir.6 [avc 1 /r cftr¡rc¡clcncr:, rv [cr.<:

¡ is thr: r'adial rlist¿rrlr:<: fìr>¡n tirr: r:cnt<¡r of tllr., lvilc. 'l'lrus, tlrc s¡ratizr.l d<¡rr:n{c¡cr: ol'

1l,t(i..,j.k) u,itirin tìrc c(nltour r:arr l>c a¡;1lt <>xinr¿r1:c:rl as.

/, \'''
' ,lr', ¡. k) rz _ Il ,(;. .;j. lt)

tlrr: cl<:ctlic [ìcld /','"(r.7. I.) al<;ng tltc rrl.rpel a¡rcl lolvcr. (]otìtolu,s ¿ìs.

(t.t)

( t.:)

rvith /r'"(l..i. /.) alorrg th<., ¿ris ol thr: c<>ncluctiug rvirr: sc:t to 1l=(l..i./,,) :0, ancì

li)"(i,j,k) is ¿rssun<:cl ulili>r'nr alorrg the ligltt corrtour..

Á¡rplictrtion of l¡:rr.da¡,'s ìarv. l)q. (2.211), to tllr: conto.r' passi'g tl'o.gh th<:

Ioul cl<x;tric lielcl loc¿tior.rs lr.:snlts in.

-,,o,* l,:' tt,(i, j,A.)+' '1' = 0 - /r,(r r r, j,,f)^:

+ l,o" 
n,ç;,¡,r,* r)++ - f,o" 

n,çt,¡,4^;'! (4.3)

rvhich aftel cvaluating the integlals ancl appr.oximating the time cler.ivativcs as finite

cliller-ences lccluces t<>

Hi+\/2(i, j,k): rr"-1/2(i, j,k) + r^.'lä;¡rE;'(i + 1, j,À)

* ft [u:' t'' i' l) - ¿i] (i' i' À + 1)l

Dclnation (4.4) is the new upclating eclnation of the magnetic fielcl, 11, at (2,7, À)

ìn tlre vicinity of the rvile. Il<>rvever, fo. each E,(i,j,k) along trre thin rvire, therc ar.e

(,1.4)
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lbur' 1/ lielcl <nnrp.nents associa,tecl lvith it. This lecluires the clcrir,¿tion o{ anothel

tlrr<:c ec¡rtti<:ns lbl upclating the lcrrrainirrg magnetic ficlcl conrponents arrcl ar.e giyen

by,

,,"tttz(i- t,i.r:): ¡¡,,-r/21; - 1."r,/,) ,-ffiÐ t),:(i, j.t;)

l1l,;lilll(;.r.1)-/l:(1.i./. . ¡)l (1.'-,)

tt::+tt2Q,.¡.t,)= tt::-t/,e,i tl- ¡,_fr*&¡ ¡ 
r:(i.i-F t,t;)

+f lrr;ri.;,r,)- 1rí(r.i./,.+ ¡)]

tt.::+|t'¿(i.,i- l,Ä) : tt';-|t)1;..¡- ¡,Å') + ¡ç*&mIt:(i,i.k)
+fr [ø;ti,r, k) - r¡)i;(i..j,t,: + ))]

(1.(t)

(4.7)

a'<l thc <:l<x:t.ic lì<:ld co'ìpore.ts.r'r: updtrterl usirrg thc Lrs.¿ll Ii'l)'fD (:ì(luàtiorìs.

4,3 Lumped Elements Modeling

1'h<': mocleli'g ol lurnlrccl circuit elerne,ts i. the I'DTD trlgo'ithr'c¿rn l¡e accom-

plishecl i' trvo lvays. one rvay is to nse the i'tegral for.m ol' 4axlvell's ccluatio's,

this ir,pproach is uselìrl in rnodeling clements lvhich occup¡, lcss than one spzrce ccll irr

tìle l¡D'l'D glicl. I'he seconcl apploach is to nse the tr¿rclition¿ll À,I¿lxlvelì's c¡r'l cc1¡a,-

tions, this approach is applicable to clements that occr:py a single FD'ID space cell.

Both apploaches clepencl on thc physicai r.urcle.stancling ol the ù,Iaxrvell eqna,tion

lepleserrtation.
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Botìr Ä, L ¿ncl c lumpecl clernents ¿ncl cliscrete volta.ge trnd cu¡rcnt son¡ces with

itrtetnaì iupeclance alc rnock-'lecl. Iì¡'sp<r:ilj,ing the zrpp¡opriatc 1- l./ c|ar.¿¡ctcr.istit:s

<¡f thc soutcr':s ¿utcl thc-'elclrxrnts, both lrnssivr: ¿lncl activc. linc¿rr.¿rucl ¡rgrrlino¿lr.cir.<;uit

clcrrlents c¿rtl ltc tt'r:atocl. St¿ut rvith ù4¿.xrvcll's crluntion in the tir¡o {ornailr Io¡ cnr.l

ll. i.t:..

'lÌr rr tlc:r'st,alrcl thc ¡rlrlsir:al nrcatlng ol (1.1ì) consirkl. tìr<: /,,'- <:or r r1.ro¡t:i rt ol tlrr.,

r:l<.ct.i. [ic]d srr.r,<;ullclcd lrr, /1.,. .urtl //,, rrrzrgn<:tir: ficlcl <:r>r n¡rorrorrts.

Y-H='E+eP
ot

(V r //), : o t,: + rÒ!.1"
ot

À.¡.Àu(V x Iln+t/2\- - o¿\'rò'a ,r, [')')+t + u'J -Az -- 2 '

€LÌLlJ Lz Il,: t | _ E!
t\z 

^l

( I.S)

( l.e)

(4. r0)

'l'llc curì /1 tclnl in (,1.9) r.c¡.>r'cscnts tlrr: tot¿rl <:uu.t:nt cl<:nsit-1, florvirrg irr tltc <:<lì

srrÌr'<rr.i r r<.iiDg thc r:ls:tlit: fieìcl rx>nrponr:ut, ll,. 'r'ltc oll', tclnr i¡ tIq ¡ight ìl¿r¡¿ sii]<:

ol (1.9) is the <xrncluctioll cur.r.cnt rlerrsit¡, llorvìng thtough the ccrll in thc.: clilecti<¡n.

llhe ncxt tcrm iuvoh,ing ¿ ¿rncl the tirne dcr.ir,¿tive of l,', is the clispìacer¡c¡t c¡r.r,ent

clensitS, {lç1yi¡1g thloug}r tlte cell in the z clir.ection.

IJsing th<: ccll notatiol ac, Ày ¿urcl az ¿rnd assur'ing fielcls ¿rc constant across

the cell. N,I'ltiplying (,1.9) by AcÀy ancl inser.ti'g app.op.i.t<r Az facto.s, yiclcl

'l'hc filst telm is the tot¿l cun'ent llor.ving in the Àcay ¿¡rea sunouncling the 11, fielcl

component' The tclr¡r o{} can be iclentified as the concl'ctancc of ¿ur I¡DTD cell

fo. a, z component of elect'ic ficlcl, and e{} is tìre ca,pacitancc. The te.m o[d" i.
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l:k1. (a.9) is olrt¿rinecl frorn the cond'ction c'r'r'cnt .,I" ancl e'aìn¿tecì ¿t ?? + l/2 time

step. 'llrer.r:lorc, (Il:+1 + fl,))12 is nsecl t<> ..Ppr.oxir¡rate thc ten." o Ll,. If ar l,rrpr:cl

incluctc¡r' ìs to br: addccl jr lralallcl rvith the ca1;zu:ito. ancì rcsistor,, llq. (4. 10) rvilì

t¿rkc th<: I'olkrrving lblrn,

wheÌe 1, is tlrr.' lrnrrptrì ilclrr<rt¿urcc in IIc,rrri<:s. ;\ssrrrrrirg /;J" cr>rrst¿rrt oyc¡ a ti¡rr:

illtrll r'¿l Åf . tltr''rl tltc irttt:glation <:ar bc ilpl.rrox ir r r ¿¡tr.rrl ¿rs ¿r sunr¡¿rtion. lr<.,rrr:s tl¡r:

rulr<ìatirrg r:quation I'or' /?" rviìl ìrc:.

A;rAu(V x l!11+t/\z: ¡,'¡-li::+t * '"'t' + r'¡. /ti*ï]ä 
+

\ - ¡(, ¡l)Àr

= I t').dtl. Ju

I (;^t \ .. \..
/i"il _ I - "c-¡i:, +, ì,i,,1,,,.(Vx /7,,rrlry_' I r !1!ll ' .\-./rt -T ]a l.-l r ! -2at 

/

^r -a__ \ //nrItt G^l t 1' "¡i'\ | -T t¡: ) ,n=t

vxH: t.+fr+Jr

(r.il)

(r.r2)

(4.13)

ìr)t¡.atiorr ('1.10) p.ovidcs tr, sirnplc tool lb. r'odeling lnnrpecl eìer'c'ts, i.c. -â,

¿rncl c. No rnoclilic¿ition ol the FD'ÌlD ec¡na,tions is lecßrilecl, since thc rnocleling ol

snch passive elerncnts can ì;c accornplishecl by trcljusting thc rn¿lter.i¿¡l ptopertics of

tlle cell in rvhich th<¡ ìumpecl elcrnent is loc¿rtecl.

Ilq.atio' (4.11) can bc obt¿rinecl .sing an alte.native app.oach by consiclering

thc cur'l -È1 ùIaxrvell's equation in the follorving {orrn,

rvhet'e D = eE, Jc is the conductio. cuL.ent clensity, ancl J¡ is the l'rnpecl elernent

ctrrrcttt clensity. Assr.rming the lumped elenrent is locatecl in free spzrcc at E"(i,i,k)

fielcl point. I(ceping in rnincl the f'ollowing relations,
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(.1. t4)

r:c1tnl,ion ('l.liì) r:ar b<: gir'<:n ilr tr:r'nrs ol th<¡ totaì crrrr'crrt llowirrg tIr.orrglr t¡c ccll

¿ì rì.

I:ltlI,, lI¿ (4. I :r)

n'ìr.rr:1 is 1:hc total crr.r't:.t florvirrg tì,ough tlrc r:cìì irr a givr:rr rìir'<:<:tiol¡. 1r = ,/¿À.¡,Ày

is tllr: t:rrlÌc't tlu'ough thc lrrnrl'<:d <:lcrn<rnt to bc nrodr:k:cì, I is tìr<: <:on<lrr<:tio¡

cutt.nt ¿rirtl 1,¡ is thc: d is1;ìac.rr ror1, r:nr.r,r,.'t, Solving (4.Jiì) lor. il+r orìc gcts.

t.-',tt - t,;,- t](* x It,,.tt/21_-_èt. ¡,*,t"c '' sÀ.iÀy'i

ri:l,,rxat

':1,.,, ,o,

( r.l rj)

1¿) ¿ls llì(:rlltiotlcd <;arlicr', is tltr: lunrpr:d elerncnt current whicll ca1 þc ol¡t¿rinecl lìr¡r¡r

the 1- I/ r'el¿ltiorr. l)<1.atio' (a.16) is ctr,p.l>lc ol' inocìeling anr, Ìurnpccl clerncnt,

passi'c, ¿rctivc, lincal ol nonlinear', as long as the cunelt/r,oltagc lela.tion is kno'n.

ilhe lurnpecl lesistor., incluctol or.czrpacitol can bc rnoclelecl easìl¡, Jr¡, suì;stitutilg

into (4.i6) the .pp.op.i.te 1- I/ rel¿rtions for. e¿rch componeit. In firite clilfer.ence

telms these relations tahe tlre follorving folrns fol a z-clirectecl cunent for. the lesistor.,

incluctor', antl capacitor', rcspectivelt,:

ry+1/2(i,i,k) : "*¡o:-to,i,k) + il:(i, j,k)l

C+t/2(i, j,k): + y n,;ç,¡,t ¡t, -.

ry+1 
/' (i, j, k) : ff [o:-' ri, j, k) - E: (i, j, Ð]

(4.17)

(4.18)

(,r.1e)
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'I'he collesponcling upclating ecluatìons for 1r.,(i,7, À) are

I ' ^i^,: 
1

D:+'(i,i,t ): I I 
- e I t:ç;.¡,t ¡

L' | 2/¡s¿^Ì^y I
I r¡ -t

I

F ltful {v x //"+'r,¡- (t..10)
L' ' zÆs"Ar'Àr l

Ibl tllc r'<tsistivc ìutn¡;ccì clcnrcrrt.

, lin tlr<: r:a¡rar:itii,<: lurnlted <¡ìr:lncnt. ¿urd

t,:"1 t(; . i.A): t:i(i. il't - f 1v , ,,,,rrt2):

_ or!ì']l y; t,::ç;,¡,r.¡ (.r22)
e" lA.r,.\r7

:

: Iìrl thc inclnctivc ìurrr¡rr:cl r:ì<,-tnctrt.
:

Substitnting (4'17) (4.19) into (4.16) r'csults irr arn upclating ccluertiorr t6 rnoc¡:l

, 
n paÌallel -81,C circLrit. Othcl cir'<:nit eler¡rents such ¿rs ¿l rcsistive voltage soulcc c:ur

; be trloclelecl in ¿r simil¿lr' wzt¡'. Again assuûìe ¿ z-clirectecl lurrrpecl elenrent loc¿ltr:cl irr

i f.ee sP¿ìce zt Il,(i,j,k), the 1- I/ rel¿ltion th¿lt clcsclil¡r:s the behavior.of ¿r r.esistivr,r

, u,>ltage sonrcc can be explessecl in thc follorving Iorm,

r",+1/2(i,i,Ð : 
#ln2r'1t,¡,t ¡ + ni(i,j,tr¡l +ff ?r.23)

lvhe.e v"" is the son'ce voltage ancl -8" is the intc.n¿rì son.ce resista.ce.

For'¿r, nonlinr:a¡: ci.c'it dernent, s.ch as diocle, the cur.r'ent flolving thro.gh the

cliocle is explessecl by,

1,¡ : 1o lexp (qv,tll¿T') - I] (4.24)
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lvhelc r¡ is thc charge of an electlon, l/¿ is the voltagr: across the clioclc, À is Roltzrnan,s

collst¿lnt. ancl 7 is thc ternpr:t trtnt c irr dcglccs Iic'lvirr. Dxplc-ssing tlrr: cliocle yoltage

rrsirrg [iclrI rr'¡rlcscrrtaLiorr trs.

t, : + lr:*' 1;. ¡,t ¡ + u':(i. i,tt)l ( 1.2;)

llt:i¡<:c. thc: rr1;datirg lir:kl c<¡uation lbt a diod<., ìurnpccl dr:r'n<:rrt rvill lrr: tìr<: l'olìorvirrg

tla ¡ rs<rr¡lt clr:l t¿rl r:<¡rratiorr:

tÌ:+tU.,i.1;) = r,)'!(i,t./,') + +(V x ttrt+t/2).- #b
1,, {,'*p [-,/ (t,::*' 1i.,¡. tt) t- t¡i,) (i. j.l ¡) r,,7zl,r I - r ]

4.4 Numerical Application

( 1.26)

Il this scr:tion trpplica,tion of tlrc theoll' plcst:nt<:cl in thc plr:r,ions tr.ro sr:r:tio¡s

will be rlcrrnnstr'¿rtecl, il'hr: first :r1rplìr:ätiol to ]re consicler.ccl is the ellcct ol'th<: rvir.r:

tt ppr'oxirn¿tion on the ¿rccur'¿rcy of the ir4rut cnr.r'ent a,rrcl irlpcclarrco ol'a lvir.<l <ìipok:

¿rntenn¿. compa,rison rvith thc methocl of rnornents (N4oN,I) is ¿¡lso rlerrx¡nstlatecl.

ll'hc rvire is of õ7 crrz longth and 0.281 ¿:nz racli's. 'l'hc pr.oblern s¡racc lìl' the onc

cell a.pploxima.tion is 51 x 5Ì x 8I cclls, rvith the cell climensiols Ac : Ly :0.5"r,

¿rncl Az : l' \crt. 'lhe trvo t.ans'erse clirnensions are selectecl 0.5cnz to p.o'icle

the sarne cross-section¿l alea ¿rs cloes the rvire laclins for. the r\,loN,l and the one

ceìl I¡DTD rnethocl. on tllc othcl hancl, the ploble'r space for the sm¿ll raclins

zrpproximation (contor.rr integlal methocl) is 3l x3l x8.t cells, rvith the cell climensions

Ào : ¡y : L,z = l.Ocn¿. a'cl a. wire .aclius or 0.2ïrc,z. In both c¿rses the lvir.e is

positionecl at the centel of the cornpnttrtionnl space.
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l¡o. the FD'.ID calcul¿ltiorr the clipole is centc. fed rvith ¿r Ganssian ¡:ulse ol l,0v

a.rlpìitucìe, so th¿rt thc erlect.ic fir.:lcl in the ga1; o1 thc' ¿*tcnrr¿r is spccifiecl as

t;:: (i., i, k) : - I,'(r¿À¿)/À::

rvhcrc I,'(l) is a (ìaussi¿ur r<>ltzrgc sour.<:c of thc li¡r'rn

(.r.27)

(4.2e)

I,'(l) : o\p -ft - t,,)'zlr') ( r.^llì)

r'itlr 1.,: il2Âf ard ¡:1,,1 l. ¿utcl tlr. pulsc tturrr::rtr:tl lì>r f < 0 ar<l I > 21,,. 
,l.lr.

tiltlc stc¡.) $'¿ìs sct k) tlt<: (.lotr¡ ant ìilrit, of l l. J l.ps lÌ1. tltr.- oltc c<:ll tr¡r1-¡r,ox ir n trt iorr 1¡ri

I 1.9ìi¿rs fi>r' tìrc contoul irtc:glal casc.

'l'lrr: culrcrrt florving tlrrough tlrr: <:e'trl ol tlre clipoì<.' r::ln ìrr: s^nr1;lcrì l¡.1. tair-

iDg thc <lis<:r'ctr: :rp¡;r'ox irrr ntiol ol thr': lilr<: irrt<:gral ol thc //.,. air<ì y'!,, <:orn¡;orr<:¡ts

orcir'<:ìirrg thc r:lcc:tlic lir¡ltl. st¡ tlr¿r1, 1;,, is obt¿rirx:cl Jìtltr

I¡,,(n.t\t) = ltt.';+'t'1i.¡ - l,À,) - U:+t/,(i. j,ÐlL,r

+ lil:;+t/'(i.,i,k) - il"+t/2(i - r, j, Æ)] Ày

rvitli tlre spir.tial inclir;cs (i,j, a) co.r'cs¡roncl to the loc¿tion ol tIrc Il"(i,j,fr) clectric

ficlcl ìn tlro I'eccl gap. Duling the progress ol the IrD'ID calcnl¿rtions t|is c¡r.r.crrt is

savecl lot e¿rch tirne step. 'lhe l"DilD calculations ¿nc co¡rtinuccl until all transicnts

ale cìissipa,tecl, in this casc 8000 tirne step, so th¿t the Fonr.iel tr'¿nsfor.rn yiclcls the

stea,cly-state fi'cc|.rcncy cloma,in lesponsc ol the ¿ì.ntenn¿ì.. r\t the ter.nlination of the

FD'l'l) co'rput¿r,tions the input cnuent ancl voltage arc l¡oulier tr'¿.nsfor.mecl into

f.eclucncy clomain.sing the clisc.ete Fou'ie. tr.¿rnsfo.m, ancl the inpnt irnpedaucc

calculatecl as.

(4.30)
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Ilo. cornlra.ison, À4oN'l .cs.lts rvere obtai'ccl .si'g the Numer.ic¿¡,] Dlectr.omag-

nctic codc (NI'l(l). ilÌhe rvire lcngth rvas cliviclcd ilto bT sr:grncnts, rvhich cor.r'csponcls

to a. sognt<:rrt ìcrrgth ol' l.Oon, this is the sa,m<: ¿rs A¡: in thc I¡D.I'I) c¿rlcul¿rtior.

'l'lx: tirnr¡ clornaitt in¡rr.tt culrclt ol' the clipoh. olrt¿rinccl nsing th<,'one cqll ¿urcl

contoul irrtcgtaì a1->1>rr;x in rat ions lì¡r' thr, I,'D'l'l) r:alcul¿rtioll are shorvn in l;'ig. ,1.2

arr<ì l:'ig. ,l.il. r'cs¡.>cctivcì,1,. li'ig. l.l a¡d I,'ig-. L;j sIorv t|<., <n¡.<:s¡.rorr<lirrg l,i¡r¡it:r.

tl¿lnslì¡llls ol' tht: ttvo t:uttrltts. ir ungnitrr<lr: arrrcl lrlrasc:. cornpalocì to tlr<.- r'cs¡lts

olrtaill<''rl usirrg tlrc ù[où,[. Orre cnrr c:asi11' obs<l.vr,r tlrc <:fli:ct ol tlrr.r wir,r., illr¡.>roxirrrntiorr

irr thc li'Ì)ll'l) c:¿rlcul¿rtiolls oll the a<:crrr'¿rt:.\, ol tlr<: jll¡ut (:unont. Sìtrrilar.ol>sr:r.i,ation

<:¿ut ìrc ol>t¿rir<:<ì bv cxarrrirrirrg th<: inllrt inrpr:drurr:<; sllown ilr Ì¡ig. ,1.6 arrrl Iì'ig..l.T.

lìr' tlrr: ollr¡ cr:ll al<1 corrtoul irrtcglal :r¡;¡rr.oxirn:rtiotrs, r'cs1;r:r: t i vol1,.

'l'hrr <:tll tcnt bclt¿rviol is ¿rlso obsclvc:cl ¿t a lrosition ol l5 ccll [r'orr t]le lorvcr <:ncl ol

tlrr: dipole ¿lttotn¿r. l['hc til¡tc cìom¿rin rr:sporrsc alorrg rvith thc colr.r:slrorr{ ing fb¡r'ic¡

ti'¿nsf'olined lcspo scs li¡r' the orr: ccll ¿urcl tlle cont<¡ur' ìlteglal a,pproxir¡¿rtion a¡e

rccor'ded in l¡ig. 4.S-tr'ig. 4. 1 t.

Tlte rtext nnr¡ret ic¿ll ex¡retirnent irlvolves baclirrg cell rurrnber. I5 fiorr the lowc¡

encl of the clipole rvith thlec lnmpccl circnit elcrnents. Thc voltagc responsc acl,oss

the lLrmpecl element can be obt¿¡inccì through r.elation (4.14), such as

V,(tt.Lt) = D')(i, j,k).Lz (4.31)

rvhele 11, is the z-directecl electric ficlcl ¿t thc loacl positior-r. il'he clu.rent flor.ving

thro.gh the specifiecl loacl cell can be obt¿ined using uq. (a.2g). I¡ourie. trans-

fo''rni,g thc trvo cluantities into frec¡rency clomain ancl using Eq. (4.80), the ì'rnpecl

irnpecla,nce in frecluency clom¿¡in lvjll bc obtainecl.
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1-he fir'st loacli'g elemcrrt consicle.cd is a bOe .esistor'. 'I'he implementation of

this loacl i.to the l''DTl) eq.atiors can bo accornplishecl .sing either the ph¡,siç¿l

'csistor' 
¡n<',tlrocl |)q. (4.10) rvitìr s¡ræifir:cl <nncl.cti'ity <-i o : 2s'/r¡2, or using the

nnrneÌir:¿ll lcsistol lrrr:thocl Lkl. (4.20). '['lrr: tirne clornain cnncut zrnd voìtage r.esponse

¿rtc sllorvn i¡t Irig. ,1. l2 -li'ig. 1.llì r'cs1r<.,t:t i vtl.},. '1'1," c¿rlcul¿ltecl ìonrl ìrnlrecl:r,n<rr is

<nnrpalr:d ilr f ig. l.l'1 usirrg (1.10), (.1.20) ¿urcl thc irlc¿rl valuc ol thc r.r:sistor. [t is

ol¡sc:r'r,ccl tl¡at ovcl th<.- speur ol l)(.1 to l\G I.t t - l:,1*: rn¿¡xirLnr¡¡ clt:vi¿rtion is 0.651ì lb¡

tll<: two lnctllods. r'r.-s¡;rx:tirrcl1. lìorn thr: ickr¿rì r,¿rìuc.

'l'lr<: sc',<r:rd nulrrclical <:x¡>clirrrr:rt irrvolvcs loa.cling tlrr: s¿ulrr: <rdì ol tlrc: cli¡;o¡: ¡.y

ir ctr¡;ircitot' ol (' : ¡;¡¡¡'. Âgain this is dottc usìlg plrvsi<'rl ¿rncl rrunrc¡ic¿rl ir¡¡rlt.'rrr.:n-

tit"l,ion. lìc¡. (4.10) arrd lÌq. (.1.21), rtsl;e<:tivcl1,. 'l'hc r:unr:nt arrcl voltilgc: r'csporìsss

¿r<:¡r>ss tlrr: r:aptrcitor' ¿rr<: sholrr in I¡ig.4.15 nnd lr'ig..1.1[i, r'cs¡rccl;iv<,'Ir,. l]l<: lo¿d

itrtpcclânrr: olrt¿rincd using thc trvo m<:thods is conpalccl against thc i{ç11 c¿pacitivr:

rr':¿¡.ctatce <>l;t¿rinc,cl usirrg cilcuit tllcort. Flom cilcuit thco¡¡, ¡hq capzrcitivo le¿ctarrcc

il the licclue ncy clomzr,in c¿u l;c ol;t¿¡irccl sim¡rly frorn

u)( :
(,1.3'¿)

rvltele .u is the lacli¿rn fiec¡uenc;', t¿:2¡¡.f , c is the capacitance in [¡ar.acl, arrcl j :

/-t. rn" conrpa.iso. is gi'en i. Fig.4.lz rvhei'e exccllcnt agr-eement is obse.r,ecl.

I¡inally an .RI,c pnrallel cilcuit is implernentecl using IDTD. Tìre inductor r,¿rlne

is chosen as z : 4.2nII vith ,R ancl c having the sarne 
'alnes 

as usecr in thc

ple'ious simulations, this is to plovicle a reson¿nt ci'cnit at lGl1e. The rDTl)

implernenta,tion is clone thtough the nse of the numcrical implementation, rvith the
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(4.33)

r À14, , C¿\¡

t,;'-'1tQ. j.¡1 : *--r-ß:{4r-__:"1=Az L:(i. j.L)
I -r. tI¿Ã;Ð -1- 

'"Ä"¿t
.\ r / -

! r¡/¡¿ /çz, ¡¡,r+r/z\'tr 
^1Àz _ (À; \"',, ),' | 2/?e"À.¡À¡r ¡ e-À.¡ Àr
À:lÀl)2 -ll' \ r,'r,¡ , ÀrÅ; , (:.^; 1' ":t - 2¡=",ar{a- - ;-\,,\" ,'=l

'l'lrr: tlarsir:llt criLlont àrìcl \,olt¿l.gc ¿rcross th<: ltrrrrl.l<:cl c:ilt:uit ar.r: p¡ovi(lc(l i¡

li'ig.,l.l8 arrd Iiig. Ll9. r'r:s1-¡r:ctivcl)'. 'l'ht: r'<.raì arrtl i¡ragiirar,.1, r,¿rluqs ol tlu: ìu¡rp¡<l

irrlr<:<liurrrc z¡¡¡,¡, <>l>tai:nc<l using I,'l)'l'l) is <:ornp:rlr:cl to thc: <:ircuit tlrr:<n,r, r,¿rìuc in

lrig-..1.20. 'l'ltc ngr'<:crnr:rrt is vcrv good a¡cl tll<,. r:i¡cuit þcll¿ri,ccì as sxprrtr.:<ì ilt,

lctjoll¿uì(rc'. lì'i8 '1.21 sllotvs ¿t r:ottt1;atisott ol tlrc ¿rllsoìutr: r,¿rluc o['tlrr: lur¡1;crl r:i1r:¡it;

itn¡rr:tìattc<: lZn¡,r-rl <:¿rlcrrl¿rt<rl ¡sitrg li'D'lll) ¿urd ci¡c¡it tIr:or.-i. ,1.|r: 
r,ar.i¿rtio¡ oI p¡^s.

rvitlt hr:r1uonc.1, ol'thc thlcc r¡ro<lcl<:r.l cascs, -â, (-l arrrì ¡rar.aìlcl 1i1,ít, ¿rc r.cpo¡tr:cl i'
I¡ig.,1.22.
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15 20
Time Sec (xlûe)

I¡igule 1.2: Iu¡lut r:ulrerr. fol tìre rvile clipoìe lìth ole ceìl app.oxirr¿rr,io¡r rarìirs.
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figu'e 4.3: Lrput cu,'elìt for the rvi'e dipole rvith contour i'teg.al a¡rD.oximatiou.
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Freq (x10e)

0.4 0.6
Freq (x10e)

Fìg.re 4.4: lvlagnitude a.d phase of the ilput culre.t for. the rvir.e dipole rvith one cell
ap¡l'oxirnatiou.

20

'15

b

910c

_E
5

0

100

BO

Eoo(dcù40
c
9zo
f,

l

so -20

-40

-60

7t



Chaptet 4 FDTD Special Capabilities
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Fig.re 4.5: Nlagnitude aud phase of the input current for. the rvire <lipole rvith co.tour
inte¿ral apploxima,tion.
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0.4 0.6
Freq (x10s)

Figure '1.6: tr'Iagnitrrde of the in¡rut inrperlant:e for. the rvile rlipole s,il.h one r:eìì a¡;¡r¡6xi
nr a 1, iou.
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l"iguÌe 4.7: ìvlagnitude of the irrput irnJredance fol' the rvire clipole ivith co¡tour. integr.al
apploxirnatiol.
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15 20
Time Sec (x1ts)

I'igule 4.8: Ciuneut l esl¡orrst: ¿rt lot:ar,ion (0,0,15), lÍr cells lblnr t.[e k¡ver.eutl oI t¡e ¡,jre
rlipoìe s,ith oue r:elì a.pploxirnation l¡rrtius.

15 20
Time Sec (x1te)

l¡igu.e '1.9: cu.r'ert lesponse at location (0,0,15), [5 cel]s forrn the lorver eurl of the rvile
dipole rvith contoul integral.
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0.4 0.6 0.8
Freq (xl0e)

l¡igure 4.10: ùIagniturle anrl ¡rhase oI r,he current ar, cell t5 of the rvir.e rlipole rvith o¡e
cell a¡rproxitnation.
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0.6 0.8
Freq (x 1 0e)

Figule 4.1 t: ìvlagnitu<le a,ut[ phase of the culleut at cell t5 of the rvile <lipole wit¡ coutour
integral ap¡rloxirnation.
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l'igure '1.12: I'r'arsient r:rrrrerrt tlLlough r,he 50f) lesistauce at t:ell location (ri..l. lir)
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Ëigure 4.13: TÌansient voltage acloss the 50e lesistance at cell ìocation (z,j, i5).
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li'igure l.l'l: Cotrp;ttison of tìte lurn¡retì ïesistarìce value cak:ll¿rterl usin.q lrl)'l'l). CI.'l),1'l)
a,rd the ìrìeal v¡rlue 1l = 50f).
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Figule 4.15: Tr.altsient cur.r'ent thlough the capacitor. ¿t cell location (¡,j, 15).
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Figule 4.16: Tla.lsient voll.a.ge ar:r'r.rss the r:a¡>acitot.at t:eìl location (i. j. I5)
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Figule 4 ' 17: Cornpin isott of the hrrnpetl capacitive l'eactauce value c¿lculated tsing IDlf D,

CFDlllD ald cilcuit theoly.
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Time sec (x10-e)

I'igule 1.18: l'ausieut t:rr'r'euI th.ough the parallel -11-Lú' r:i'crir, àt lo(:ar.io, (t,i, l5).
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rigrr.e 4.19: Transient voltage across the pa'allel IILC circút at locatiol (i,i, 1s).
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I'igure '1.20: ( lortrPalisort o[ l,he t eaì autl iuraginalr, ìuurperl inrperliur:e r:alt:ulat,etl usi¡.q
(.j1,'D'lD auc[ cilcuit theolr,.
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l¡igu.e.1.21: co'r¡raliso. oI the hu.¡red irnpe<la'ce lz¡.¡gl calcllated using cIDTD a'd
circuit tlLeorv.
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ligrrre 4.22: Phase variatiol o1 R, C', and palallel RLC, with fi.equency.
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CHAPTER 5

Application to 3-D Scattering and Radiation

5.1 Introduction

'fhc Il'l)Tl) c¿rìr:rtl¿rtions onl¡' ploclu<rc inforl¡latiorr ol tllr: elc'ctr.orrragnctic fielrls

rvithin or acl.jaccrrt to thc sc¿rttoling ol ladiatirrg oìr.jc<:t, such th¿t tlrr.r [iglcls ar.<:

<nnt¿lirrccl within tllc ì,'l)'['Ì) co¡nl¡ut¿rtion s1;trco. Ilorvevcr-. li'ì)'l'Ì) <:ar¡ also ìrc ¿plrlie<l

to ¿ul¿rlvzc scttttcling ltorn r':r<ìeu tzrlg<,:ts ol r¿rcli¿ltioll lx>r¡t ¿ult<:n¡as. rvit| the flcsir.ccl

results beirrg th<¡ lirt zone sc¿tttclr:cl ol r'¿¡di¿ltecl fields th¿rt lie outsirlo the lì'D'l'D

sptrco. 'lhis ctr.rr be acconplishecl thlough use oI tlx: eclnivtrlence pr.inciplc,, wlg.r:

the neat fielcl infolm¿rtion is nsccl to obtain the cclnìr,a.lert taurgentitrl eìectric ¿ncl

rnagnetic culrents. These crrl'ents ale tìren tr'¿nsfolmecl into the far. fielcl legion

to obt¿rin the scattelecl ol the lacli¿tecl fields. T'he applicatior.r of this tecl.rrricßre

in the I¡DllD algorithrn is clisc'ssed in cletail in the follorving section. Late. in

this chaptel the far lielcl clata ale obtainecl for. some appìications invoh,ing thlec

climensional scatteling ancl antenna racli¿tion.
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Chapter 5 Application to 3-D ScatteLing and Radiation

6.2 Near Field to Far Field Tþansformation

IJsu¿r'll)' tlrr: solution to electlorrragnctic sctrttr:r'irrg/r'¿rcliation by ar'bitr,¿¡r.1, <u¡

clucting ltoclir:s involves to the cle tct'rn in¿rtion of the inclu<r:cl su¡lircc eìect¡ic-cu¡r,e¡t

c.listtibution on tlrr: boclv. ll'hcn, thcsc cunc ts ¿rlc nsccl to ca.lcul¿tr.: nr:¿rr. ol f¿¡L

lir:ltl clat¿r. Sttch a llocr:clnlc is aplrlicabìr: u,hcn tlrr: stluctnlr¡ involv<,'{ is sirrr¡rk:

¿illd has ¿r sltl<>olll stlrf¿rr:c. IIorvr:r,ct. wlrcrt tllr: sur'lacr ]rccornr..s c<lnrplcx in sh4r: ol

lo¿iclccl rvith tli<:lc:r:tlic rrt¿rtr:tials. tltis r'c<¡uilos a urri<lrre lbr.rnrrl¿rtion [<1 r.,¿c| <;|.jc<:t.

À uschrl a.ltr:t:t¿ttit,r: rvottlr.l l;r: t<l obtain thc sc;rt tcrr.rrì /rzid iatr:d fir:lcl inibl.rn¿rtiorr fi.ont

of[-sullìrcc rrr',ar'-fi<:lcì dat¿r. r'¿thcl th¿rr thc sur.lir<:c <l.'r.r.ent clattr [65]. 'l'he rrr',¿rr'-li<,,1rì

(E,H)
- !E:2

(E,FÐ sln
A & B have sarne medirrnr

character¡stics

<¡+>

n+-l
No Sources and Zeïo

Fields
ll

s'r I

s' r I

- -.+- -_ _ __Ð__ _ __t---Þõunoãry--------r

original problem

Irigure 5.1:

Jr"q=¡*¡1 NAeq=-nxtr

Equivalent problem Extemal to S'

Ne¿r field to far field tlansfolm¿¡tion sulface.

infolmation recluilecl fol sr.rch tr'¿nsfolrn¿rtion is a natnlal p.ocluct of I¡D,ID compu-

tations. Assume an albit.ary closed viltual bonnclary snrface s', lvhich sepalates

the exterio. infinite region B ancl the ìnterio. regiorr .zl containirrg the object. Thc
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Chapter 5 Application to 3-D Scatteting and Radiation

closccl snrf¿rce 5' is choscn lectalgnlal irr shape to confolm rvith the clistinct planr:s

ol thc I'I)TD latticc Fig. 5.1. If ñ is the outw¿r.r'cl nrrit norrn¿rl vcctor at thr.r sull¿¡<:c

,5''. the¡r accolcìing to [6ö] rur e<¡rivalent ploìrk:rn extr:r'nal to,s" is sct up l:r, cft:fi¡i¡g

thc cclnivalert tarrg<;rrtial clcctlic culr'<:nts J"o., and r:clnir,alcrrt t:rngertial r¡¿gncti<:

currr.-nts M"",, orr ,5" sur:lr that,

J",,q=rixH(r')

Mserl:-iìxE(r')

lte : (-jk¡¡.)lAo + F+l\.1

D6 : ejk.r.)ltta- I'¡la.l

A, cos 0 cos $f ,4, cos dsin / - A,sin0

tr',, cos 0 cos þ * 17, cos 0 sin / - l;', sin 0

-A,sinþ I Arcosþ

-Ilsind*Qcos/

(r'1.I )

('Ð.2)

'l\'trnslilnrirrg tìrc ccluiva.krnt sour'<r:s o1 (5.1) arrd (b.2) ovcl thc Ilr:<,,sptrc<t Glcel,s

lulr:tion ¿s rìisc:nssccl iir [66] yiclds thc lÌr,r'-liclrl. \,Vith (s,. ¡r.,. ø,,) bcing legio' B

rìe<ìirrrn drzrlar:tclisti<:s, thc lar'-ficld cx¡r'r,'ssiorrs lor. 1/ anrì ó pola¡iz¿tiorr rvill t¿rl<c

tlrr: foln,

whelc

(ö.3)

(5.4)

(5.5)

A6

Ito

A6

Të

rvhele A ancl F alc the nagnetic ancl electr.ic r¡ectol potential in the far.fielcl lcgion,

lespectively, a.ncl they ar.e given by [66],

t5, )



Chapter 5 Application to 3-D Scattering and lladiation

A

F

.r(-iÀ,,.).rrit".., l_ r, 
^ 

t J J l;":,] 
eur",.',.'.erzs,

r:<rs { = (.r" <:<>s i> } ¡1' sin ó) sir 0 { z' t:<>s 0

(i1.6)

(ri.7)

hcrc. (r''. y'..:-:') is thr: loc:¿tion <>l tlre c<¡uivalerìt solllcc in (.i¿¡.tr:sia¡r <:oolclirr¿rtcs.

'l'lrr: 1;ro<:c:rìur'<r discussctl ¿ti>or.c is Irec¡u<:rrtl,y c¿rllc,cl thc lì.cc¡rrc:nc:.r, clorn¿rin l¿rr

zonc tt¿l,lts['ol rn¿rtit>rl. tllis is ltr:r:¿rusc thc d¿rt¿r rrsr¡cl in this tr.¿r.¡ ls lbllr r¿rt ion is lìr:t¡ur:n<:"1,

cl<>ln¿in rl¿rt¿r. Ì;'t <:c¡tt<tt t c:.1, clolrt¿rill r1¿rta c¿ru bc olrt¿rinccl 1ìr>rn tilnc clornailr rì¿rt¿r il
otlc: ol trvo \r'â.\¡s. rlrlì(\ fir'st wa¡' r'ccluilr:s thc I'l)'llD sp¿ì-(ìc to bc illurnin¿tccl 1t.1,

¿t colttiltttotts silusoiclal rvav<: ((-)\Àl). 'l'ltis l¡r:tIocl r.r:c¡¡i¡r:s ¿Lll i¡{ivi<l¡al |.1),1,1)

lun Iì>r' r:r,ety {ìr:cßrr:rrcy ol intercst. lìr:<¡nr:rrr:y tlort¿rilt cl¿rt¿r <:¿rl l>c olrt¿linr:cl rvll<lt

tìl<: rv¿rw: Iì>r'rn t c¿rcìlr:s a. stc:¿cl¡-sf¿¡¡1.. 'llhis c¿rn ltc clonr: l>5, 1¡þsq.vi¡g th<: p<,.alr

positivc- :rucl nr:gl,tiveg<>ing values of ficlcls or,<,'r'¿r c:onrplcte <:ycìc of the rv¿¡,c lì¡r.rn.

A seconcl a.pploach is to usc l'D'l'D rvith a tinle-lirnitecl pulsecl cxcitation (pLrlsccl

IrDTD). 'Ihis ploce clut'e ìs nsccl to ol¡tain far fielcl lcsults at rnLrltiple freclue¡cies.

I¡or c¿rch fi'ec|.renc¡' of intelcst thc cliscletc rour-ier. tr.¿nsfolm (D[¡lf) of the tirne

clomain tangential fielcls (sulface cr.ttt'ents) on the closecl snLface sLrrlonnrìi¡g thc

llD'rf) gcometry is upclatecl at each time step. 'rhis ploviclcs the cornplcx fi,eqnenc5,

clomain cullents fol any nnmbel of fi.e<luencies.

I)ete.minirrg the tange.tial fielcls ancl su.face cu.r,ents can l¡e illLrstratecl by

consideling the cor.rtlibution fio¡n a single FDTD cell. This cell lies on the snrfacc

of .9'. ll'he complete st..cture f¿r' fielcl clata can be obtainecl by s'mr'ing simila.

contlibntìor.rs flom all cells on the snlface. f)ue to the natule or the yee cell. the
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Chaptet 5 Application to 3-D Scatteúng and Radiation

fìelcl cluantities ale not specificcl at any particular. sur.f¿ce of thc ccll [53]. 
.I.hclefole,

neeu'll¡' ¿¡¡ll5 ¿rt'o rtsccl to ck:tculilc the tzrngentierl lìelcì valLrcs ¿rt t|c ccnte¡ o[ the

cell fa<:es. Ás trn cxzrrn¡rl<: consi<ì<¡r' the clcctlic fielcl <nrnporrcrrt f,i'.1Ì tangential t<;

thc tr¿r'sfolrn¿rtion sutf¿rc. ,9' ¿u¡cl at th<-. centcr. of a par.ticrrl¿r' (i, j. À) yec æ1ì

[au:. l;) ,i trlust b<; lburrd l>1, ap1;r'op¡iatr.: spati¿l ai,c¡atgin g, oÍ tlll r,¿rluc fi.onr r:r:ll

(i.j. Ã) arl<l ftottt ertl.iacr:ttt <:t:lls. i\ssulnr.- tlr:rt lralt ol thc irr t<,'gr':rti6¡ sutfar:r.. ¡¡cl<:r.

<:orrsiclclttion llas ¿ul <¡utrv¿ucl rnri1, notrrr¿rl vc:r:tol.fi.: y. .ì.hr:n at tlr<: r:r:lrtcl ol thr.-

cr:lì Ia<r:, ll::: (lt:!(i.i+t,k)+ ll::(i, j+t,],'+t))1,2 (rhc: rnngrrcricfìr:kì <:orrr¡rorrcrrs

at tlris point u'i1l lr:<1uilt: avctagirrg Iìnl t<:r'rrrs)[,ir;ì]. llsìrrg lr)c¡. (ir.2) t|is cl¿c:tr.ir: ficftl

(r)ù) polìcn t r.v i ì I ltr.oclrr<:<., tlrt: nragr r<:1,ì <: snllÌrcc r:ulrcnt.

\,1":-îtxll"']2 (i.s)

thclcloÌr:, li on this sru f¿r<:<¡ t:ontrilntr:s only to /;'-. thr,' srrr.lìr<:<: ¿¡.e¿r ol integ¡atiorr

is À:¿ a, ¿¡ncl tlir.r r,¿¡luc of lljl is assumccl constant ovr:r.this sutf¿rcc.. In or.clcl, to

Itccp tt'irck of thr: r'cl¿tivr: tirnc dela¡' for each ccll f¿rce il the iltcgration sLrLlace, a.

sp.titrl t'efelencc ¿t the centcl of cell (ri",j",fr") r.vill l;e locatecl, cx., thc <;entc. cell

o[ thc c¿r'tesi¿rn com¡'rtation spa.ce rvonlcl be an approp.iate .efer.ence poi't. lf h<:

vectol fi'orn the lefelencc cell to the centel of the yee ccll f¿rce in the integl¿tion

snrf¿rce is

- : (¡ - z")aoå -¡ (i + t¡z _ j.)Lyû + (À. _ ¿")aÀfr (5.e)

Tlre val.e ol If2 is ¿clclecl becanse the integ..tio. s.rface of the 2,.i, À cell face

nnclel consider¿ltion is ollset by Il2 cell in the y clir.ection awaly fi,om the ceìl cerrter,.

similarly a !Il2 cell cont.ibntior.r must be consicle.ecl for' ¿rll thc ce faces on thc s/

integlir,tion suLface.
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5.3 Application to Scattering Problems

Of tlte many applications oI ìì'l)1lD in <:orn¡xrtatiouaì t:lectlornagnctics, thr,r fir'st

Iì'l)'l'D srrcccssfitl ap¡rlicatiolr t cpoltr:cl ilr tlrr: Iitcr'¿ltur'<: rvas thc 1.>r'obk:rn o[ scir,ttcr.ing

¿rnd in tr:r'¿rr:t i<¡n rvith tlvo-d inrcnsiorral (2-l)) objccts [52]. '['h<: algolitlrrrr w¿rs t[r:rr

<:rt<:nclr:d ¿ulrì nrodificcl to irlr:ludc tlu.cc-<l ir rcnsionrLì (il-l)) ob.jrr:ts.

i\s statcd i <:lraptcr' 2, lìl)'l'l) is ¿r dir'<:<:t solutiorr ol ù,[axrvoì]'s tir¡r: rìc¡rr:¡tft:rrt

<:tttl cc¡ttati<>tts. IJV tiitrr: st<.¡;1;ing. arrd I r¡;<:atrxllt, inrl.>ì<,:m<lnting tìrr: [initc rlifli.r,cncr¡

âlgolithrn oI tlrr: cull r',r1n:rriorrs at <:¿r<:h <:c]l o1'tlrr., r:<>r'r.t,sl.rorrding s1;a<:r.. g¡i¿. t¡r:

incirlcnt rv¿ r'<', is tr'¿rckrxl ¿rs it [jlst pr.o¡>ag:ltcs to tllc stmr;tu¡c ¿rnd t|r:rr inter.¿rcts

rvith it vi¿r srul¿rco <:un<-rltt <:xcit¿rtio¡. diflìrsiolr, pr:rrr:tr¿t,iorr. ¿r¡r<l {ifli¿Lr:tioll. l,Ì>r,

scatt<'-t'irlg:r¡rlrJicatiotts, tltc <nnrllrtational sÌ;trce is diviclcd irrto ¿r tot¿rì fìelrì r,r:gio¡.

tìtr: r'cgion cont:iiniirg ¿urd sru louncling tlrc ob.ject, ¿rncl sc¿rtt<.:rr:cì fir:lcl r.r:gio¡, tlr<:

rcgiolt outsicle th<¡ tot¿rl liclcl lcgiorr ¿rncl tlunc¿¡tccl l>y tho outcr.r.¿lcli¿rtio¡ Jrou¡cìa¡ics.

In this section tlvo types of 3-D objects rvill be st,cliecl. li'i.st scattr:r.irg by

a conclucting cnbe is consiclelccl. The cube is ernbcclclecl in ¿r B-D free spacc g.icl

¿rncl excitecl ì:y er. sitrusoiclal z-polariz<lcl plane lvavo rvith ûi : g0" ancì ry'; : g",

zrccolclingly the plane rvave will l.r¿r'e the ficlcl components -Ð] ancl 1{ ancl plopagtrtes

in tlre -¿ clilection. 'I'he cube is a,ssnmed to have an ele ctr.icaì sizt: koa : I, r.vlicre

¿ is the half-rvidth of thc f¿ce of the c'be. The comp.tatio'al space is take' as

50 x 50 x 50 cells ancl each face of the c'l¡e sper.ns 20 x 20 cells. The rnocleling of the

conchrcting cube is clonc b¡, ¡n."'nt the tangential components of the elcctlic fielcl on

the slttface of thc cubc to zelo. A ne¿r'-[ielcl to far'-fielcl tr'¿rnsfor.m¿tion is calliecl out

in a proceclu.e lollolving the cliscnssion in Sec. 5,2. I¡igurc 5,2 shorvs ¿r, comparati'c
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Chapter 5 Application to 3-D Scattering and Radiation

norr¡lalizecl r'¿clat closs-section obtainecl by ['DTD ancl methocl of nx¡rnents basecl

on thc Nunrelic:r.l lllectlomagn<nic Codc (NF)C).

'l'lre sccond typ<: consiclcrecl is the scarttcling b¡' lrortr ,, lossk:ss anrl loss¡, ¿l;s1,,..-

ttir: sphcrc. 'l'hc rrrcdeling of thc sphclc is donc b5' apploxirnating thc s¡rh<:r.r: l;¡, ¿

str:p¡;r:<ì sur'I¿rcr:. 'l'he splrr:rc is situ¿r.tccl irr Ircc s¡rzrce ¿ln<ì excit<:r.l b.l, arl r.-polalize<.Ì

1rliur: rvilvr: rvith ti = IlJ0" alrd (,i :0". Ilclr,.c. tlrr'1rìarrrc rvart rvill |¿ryc: t¡¿ fislcl

<:ornporrrrrts !¡)l trncl IIl, ancl plopagatcs irr tlle .: rìirr:ction. 'l'lrr: splrcr'<: is assur¡r:fl

to ll¿lr,r: ¿,. : ì1.0 lol tlrc lossless c¿rsr: alrcl e,. : ;1.0 an<l o = 0.0.1 IbL tltc ìoss.\, on<:.

¡\rr r:lr:<:ttir:a.l siz<; korL ::¡ is ¿rssurncd. rvhclc r¿ is tlrt: r'adius o[ thc sphcr.r:. lì'ig. rì.ìì

shols ¿r rrott¡rtrtisott ol'tltc t'¿rd¿rr closs-sectiorr o1'thc trvo casr: witll tìl<: l<>sslcss r:¿rs1

r:x¿r:t solrrtion. Ii'ig. 5.4 sllorvs thc lrack st::rtt<,:r'ing c:r'oss-sr:r:tior ol a corrflrr<:tirrg

s1;ltct<,' rvith lr:spr:c:t to l¿¿ ill tlrc vicirrity ol a s¡th<,.ticitl ç¿r,it"\'rcsoll¿ur<.<:. '1,|<: sp[ct.<r

is cxcit<:d Ìry ¿r pl¿rnc rv¿r'c rvith 0i :90'and /; : 0,' ¿rnd ¿¿ : 0.,187À. It r:a,n bc

obselr.r:cl th¿t tllc rcsults ¿r'r: srnooth ¿r,ncl dicl rrct cnconntcr â,n1, si11g¡l¿¡r. beh¿lvior

a,t the r'csona,nce frec¡x:nc¡' of tlir.: conclncting splrere, to the contr'¿rst of a¡ i¡tcg¡zrl

eclr.ration solution.
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1.5

1

ì7 0.75

o
- 0.5

0.25

0

l¡igtr'c li.2: No'r¡alizerl r'¿rda. c'.ss-secr,ion ol' the co'dur:ti'g c.be rvir,h Å:.,r¿ = I ¿llrì

<ó = 0''.

l¡igu'e 5.3: compariso. of the .adar cross-sectior of the lossless and lossy sphe.e, A'oø = r
e'. = 3.0, o = 0,04 ald at çj = 0o.
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I'igrrle 5.,1.: llack scattering behaviol of a conducting sphele, at ó = 0.,0 = g0, and
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5.4 Application to Antenna Radiation

In this section thc I¡l)'l'l) tc<:hnic¡te is irnlrk:rncrtecì to ol;ta.in thc lacliatio¡ p¿t-

tcln o[ thlce antcnn¿r confignlatiorrs. I'i'st. a wir.e antclìrì¿ì- nonntecl o ¿ì. roct¿ngu-

ìaI rnltdu<:ting ltox is c<¡llsiclct'r:c " th<-' lvixr ¿rntonr.ìà is assurircd a r¡uu ltcr'- rvavclt:r rgth

rnorrolrolc colnrq:tcd to thc tol.> ol tlrc lr:c:tanguì¿rl box. ,l.hc grx>rrrctly is ir.n alp¡rr.ox_

ittlatioll to a sltt¿lll lt¿¡.rld-llcld t¿rr.lio rurit rvitlr attaclrr:cl antcnna. 'l'llc r:flbct <>[ tlt<¡

box sizr: otr tllo r¿rrìi¿rtior) l)¿ìtt(ìl r) is stuclirxl usirrg trvo difler.r:llt sizr,'|orss. R¿rcli¿ttion

1;attr:r'rr r'<'-suìts olrt¿rined using tlrc dr:r,dopr:cl li'i)'l'l) algor.itlllrr :rrc: r:or¡p¿r.grl rvitlr

the s¿rnlc lcsults t.epoltccì in [ðil] usirrg rnc,:thoil ol rììonl(,ìtìts.

'l'hc secolld t:on figtr I at iott <:<>nsirk:tctì is ¿ lrr:nt-sìot ¿urtr:nrra flnslr r¡or¡ltccl oir

a lcctângrrìzrl concìu<:ting box nlocl<:ìr:d usirrg Ii'l)1'l). 'l'rvc¡ ¿nt<:nn¿r <r>r r lìgn¡¿1. ions

¿uc rnodolccl l>as<:cl olr slot position. I{nboyarna r:t a1. [(l7] stucliccl six t¡,pcs ol su<:lr

¿rntcrlna. ln thcir' <:ellcrtlations, thc ocluiprn<:nt box rv¿rs ¿rssurnccl rr:ctzrng¡lir.r., tlrc

snrf¿rcc oI thc box arrcl the slot lvelc mocìelecl by lvi.e g'icls. N,lethorl of r¡l.rncnts

rvas then appliecl to fincl l:oth the electlic and magnetic cnr.r,euts clistril¡rrtions on

the slot. l['he tlvo rnoclels cxa,minccl in tliis p¿ì.per agr.ee ve.y rvcll rvith the rcsults

ol¡tainecl by I(uboyarna et a|. [671.

lllhe third antenna config'r'a,tion consiclered is tr, c1'ar.ter,- r.va,r,clengtll monopole

¿¡ntenn¿r, rnourrtecl on an arrtornobile's roof. Nishikarv¿ ancl Asa,no [6g] have replacecl

the troclel of the automobile b¡' ¿¡ ¡¡r"o."¡¡cal rnoclel ¿ncl then the geometlical theor.¡,

of cliflr¿ctìon rvas applied to ol¡t¿rin the racli¿rtion patteln. 'rhe sarne moclel is usecl

in the I¡DTD cornpntation ancl the lesnlts ol¡tainecl agleetl with [6g].

'l-he feed lbl the three configr.u'ations uucler stucl¡, c¿rn be moclelecl nsing thr.ee
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Chapter 5 Application to 3-D Scattering and Radiation

cliffclcnt a,pploaclrr:s [lì9]. I¡ilst, an cclnivalcnt lrill gelelator. can be nsecl by f'orcing

the loul tang-cntiaì in:rgnetic ficld cornponents at tlrr.: position of thc fer:d sur.r.ouncling

thr: wit't: t<> ¿r l<rlorvn f\r¡rctiotr. 'l'his produccs ¿r cullr:rt clistr.ibLrtior on tlle su¡l¿rc:<:

ol thc rvilr:. Âs tlrr: uilit cclì ol'tirc glicl be<r>rnc.s small, the inpnt cnr.r.r:nt ol tlur

l<)cd lroirrt c:¿rrt ìrc., cst,iltr¿rtr.'cl Jt1, r.1,¿¡1,'..¡ ¡t,* tllr: litre itrtçg¡trl of thc I'o¡r. su¡xrurrrli¡g

rttagrrctic: fieìds (Ârnp<:r'r:'s larv). 'l'his rvilì ¡lovidc: ¿ur ¿rcr<:urat<: <:stir¡¿rtc ol tlrr: irrp¡t

intltcdattcr: ol tìlc ¿rrrt<rlllt¿¡. Socgllcl. ¿ul stlrrivillr:rrt clelta-gap ysltagc gcrrr:t.¿trl¡, <:alr ltr.,

tus<'.d b.r' lolcirrg tlrc nolrn:rì r:onr¡->orrort ol tll<: r':le<:tr,ir: [ir:ltl ¿lt thc frr,'cl ¡roirrl to |¿r,<:

a sillusoi<ì¿rl lottn. hr otdcl tt> arxnrrrplish this. ¿r unit dl ol thc. li'Ì)llll) gLid r¡¡st l>r:

r'<:sr:¡ r'<:d Ii>r'this llrr'¡;<;sr:. 'l'lrild.;rrr irrrplr:sscd cur.r<:nt sour.c<.'<:arr be ir r c¡¡r'portrtr:rì

it¡to tlrc lì'ì)ll'l) cc¡rraLtiorls. 'ì'h<: lì:cd rvill l>c moclclccl using an cr¡rivalcrt <ìr.Jta-gap

gr:rrerator.

Sin<r: this clt¿ptcr.d<,'als onl¡' 1yi1¡ tho racli¿rtion pa,ttcln, the sr:<x¡nd t¡,pc of fcr:cì

rvill bc r,'rnplo¡,c<l in ¿rlì sintula.tions, sudr trs,

D" (i, j, k:) : -l/ (n\t) I L (5.10)

rvhet'c A is the space inc.e*lcnt and Iz(f) is ¿r, sinusoicl¿l \¡oltàge soutcc gi'cn bv,

V(t) = sint t (5.11)

5.4,1 Monopole Mounted on a Box

'I'hc ¿ntenna uncler consicler¿r,tion is shorvr in l,'ig.5.5. I(tnz ancl Luel;bels [53] htrve

st,cliecl this type of antenna usirrg thc I¡DTD teclnique. The pnr.pose of leplorlucing

the sa,¡ne lesults is to shorv the i,¿liclity of the computer cocle clevclopr:cl. .rrvo

clille.ert size boxes r.vill be consicle.ccl rvith the climensions given in Fig.5.5.
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Chapter 5 Application to 3-D Scattering and Radiation

'I'lrc antenn¿r is rnoclelecl nsing a spac<.' irrclernent A = A¿ : Ly: Lz = b tnnt,,,

tltis cotlcsporrcls to 40 cells pcl wai,clcngth À/a0. 1'he tine str:pping is c:llosen ¿r.s

Lt = Ll(2().

l¡ol tllc box rvith /," : 1il0 n¿rn thc spzrcc rvas urodr:lccl bv 72 x 6,2 x 86 cclls. ancl

fal fir:lds zonc rvr:r'c r:¿rlc:uì¿rt<;cl in orrc <ìr:glc'e in<:r'cnrr:rrts using th<: lrto<rxlnlc cliscrrssccl

in sr:r:. 11.2. lÌ¡ 1. : 200 rnirr box. tlrr: ì;r'obì<:.r sr)¿rco w¿ìs T2 x 62 x 100 <:r¡lls. 'l'h<,

<:on<ìnc:f ing box ol thc ¿ì.ntcnn¿r is lnodr:lc:rì by for.<:ing th<'- tangcrrtiaì corììpo¡(,ìììts

of tllc r:k¡ctr'ì<: firlcìs on the sulL¿rt:c ol'l,ire box to zr:r.r>, 'l'ìro rnon<;¡rolc ¿rntclln¿r is

lnocì<:lr:d rrsirrg tr rvìr'c ol [iritr: r'adius. ,,\gaìrr tlr. rvi.r: is lrnclc]t:rl l>y fi>r'<:i.g thc

¿rxi¿rl <:lrr:tli<: li<:ld on thc sull'¿r<r: ol l,llc rvir.c to zer.o. h orclcl to inc<x.por.:r.tc tlrc

ntorlcliltg of tlto rnottol;olc' ¿ì,rtonì'r¿r in thc fillitediff cr.crrcc cclnltiorrs, thcr <:o¡tou¡

itttr:gIal intcr'¡lct¿¡t ion ol N[¿rxwcll's intogr.:rì cc¡u:rti<>lrs can bt: n1r¡rlicrì ovc¡ a wi¡q

subglicì rnock:l ol tlro thlr:r: clirncnsionaì rvilr: ¿rnt<¡lnra ¿rs cliscusscd ill scc ,1.2.

ll'he ladi¿rtion patterns wclc clcsir.<:cì in thc çi : 0, (¿ - z) pl¿¡c, þ: g0,' (y - z)

planc a,ncl 0 :90" (r - y) pla'c. Racliatio' p.ttc.ns rvere caìcnratccr ro'box sizcs

I'" = I30 tnm. ancl I', : 200 ntnz, rvith the tronopolc center.<:cl on thc top ol tlte

l;ox. R,esnlts obt¿inecl ale sholvn in I¡ig. b.6 r¡ig. b.l t, It is cle¿rr. that the lacli¿¡tion

patte'ns o1'the ¿ntcnnas is simila. to the beh¿r'io. of a rvir.e ¿ntcnna. 'lhe¡, ç6¡¡¡1¡l¡,

vely rvell with the lesnlts obtainecl rvith the rnethod of motrents c¿rlcnl¿rtions.
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Lx=60 mm
Ly=10 mm
Lz=139 sr 299 rt
h=50 mm
Dipole Radius r=0.5mm

l'igule 5.5: trfonopole antenua on a rectangular. box.
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135 -.......-l- E,, FDrD I

I o E,, Mo[.{ 
|

l'igule 5.(i: ll¿lrli¿r.tion patteln ol uronopole altetìniì o.u a ltox. _r-z plane. qi = 0,, altl
/,, = l30nll¡.

l- E. *'E

Figule 5.7: Rarliation pattern of rnonopole antenna on a box, y-z plane, d = g0, and
Lz = I}lnznt'.
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l¡igrrle 5.8: Rarliation pir .er.n ol nto:topole autelrra ol a llox. tg = g0,, ¿urd L" = l:]}¡nnt

-135 

-

l_ F- FnTn I

lo El uov 
I

180

Iìgure 5.9: Radiation piltteln of rnonopole antetìna on a box, ,t-z plane, þ = 0o an{
L" = 200mnt,
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Chaptet 5 Application to 3-D Scattetin¿ and Radiation

F';*-l
I'igrrle5.l0: lìatliatiolL paIteut of llouoPoìe atLteuua <¡tL ¿rbo.,i,c5: g0,,antl L,:200¡nnt

ligu.e 5'11: Il¿di¿tion ¡ratte.' of'ro'oPole ântenrìa, o' a box, x-y pìa'e, d = g0o and
I'" = 200nzm.
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Chaptet 5 Application to 3-D Scatteting ancl Radiation

5.4.2 Bent-Slot Dipole

'llrr: bcrt-slot ¿ntenn¿ì. rv¿rs filst clevclopcd ìry l(nboytrrna, et a1. [67] for. uHf. por.taìrle

r:ol¡lltlttnic¿rti<>ll cc¡ui1)rnr:ltt. 'llrvo bcnt-sbt alrtenn¿r confignrations ¿rr.q slrorv¡ i¡

Ii'ig. 5.12. 'l'llc box is ¿rssr¡lrccl to ì;c :r r'<tctangnlar. r:onclrr<:ting l;ox.

'l'rvo ol tilc six ¿r.r:tc¡nr¿r. configuratiorrs cljscnss<:cl in [67] rvill br: nroclclc:cl usi¡g

tlrc li'l)'l'l). Ìi'ig, ¡i.i2. 'l'hcsc ttvo c<>nlignlations ¿ur cllos<:l b¿rsr:fl 6n tIc: ]ocatio¡ ol

th<: slot 'l'hc otlrct lilu corr figu tatiolrs <:¿ur bc lnocìclcd dirr:<:tl1, rvit| lro tlilfì<:ultics

antl n<> spccial trc¿ìtnìclìt is rtry:dcd.

'l'ltc corttlrt<:tirtg box in ìroth tllrcs is lnodclo<ì lry lor.cing th<: targcntiaì r:onrlro-

rt<¡rrts ol tlrc cl<x:tlir: [ic:lils oll thc srrllace ol th<: ]rox to zclo, cxccl)1, Ibl tlrc po¡tiorr ol

tìr<' sur'1'¿r<r: that irrr:lurl<:s tìr<., slot. 'l'bc slot is ¿rssunrrxl to lrr¡ ol )/2 lcngth an<ì tl¡<r

1'<*r.ì is nrodclr:d bv ex<:iting tlrr: <x:nter.of thc slot Jr.1,a dclta-gap r,<>ìt¿rge genr:r.¿rtor..

1l'lrr: cornl;ut¿tiorra,l slrace 1i>r. t¡,¡rr: I is rrrock:k:<l l;r, Z0 x Z5 x 95 <r:lls, rvhich

col|esponcls to A:4nznz. 'lhis s¡ru:e inclernent is choscn so that th<: slot rviclth is

only one unit spa-ce stc¡r.

Irig. 5,.tiì shorvs 1J4 ancl ,D¿ p.,tte.ns in r: - y pla'e for tr type I a,'tcnna. ,Ilhesc

pa,ttelrrs rvele genelatecl bv the veltical ancl hor.izont¿ll par.ts of tìre slot, r,espectiyel5,,

ancl are shorvn to be symrnetlicnl figu.e-eight pzr,ttelns orthogonal to each othcr. It

is cle¿r'th¿r,t the pa,ttelns obtainecl using the FD'I'D ale perfectly symmctr.ical chre

to the symmetlic¿l stluctule of the antenna. The tra ancl ,, patterns in the vertic¿rl

cut are shorvn in l¡ig. 5.14, it is cleal that z'¿ is nearly omniclir.cctional. I'he r¿cliation

pa,tte.ns a.e no.malized rvith .espect to their m¿xim.m pattcr.n r,¿rlue in each pìa,ne.

Res.lts obtairred Lrsing IrDTD rn.tch very rvell rvith the ones obtainecl by [67], lvith
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Chapter 5 Application to 3-D Scatteúng and Radiation

a. clillelencc of ¿ll¡out L¿lB in the rnaxinmm br:¿rnr dir.ection.

Iì'ig. l-r. Li¡ sho's tllc r'¿rcliation ¡rattclns lì>r' t-1,pr; I I a,ntcnn¿r. In th<: ¿ - y plarrc,

thc 144 ¿rrd lt, pàttcuìs ale neetrll, s.1,1I rnetlir:al fig-ur.r:-<lig..ht pa.ttc:r,ns otthogorrtrl to

c¿rcb othcr'. 'lìirr: :rs.1'¡¡¡1¡q¡¡¡cal pattcrns ¿rlc cìuc to thc trs¡,rr¡ ¡ s¡ ¡is¿¡l stluctrrr<: oI thc

¿uttclr¡r¿r. 'l'hc /l'¿ ¡.>attelrr ill tltc l'- z i>lanr: gr:rrcr.ated b,t, tlrc ìtol.izout¿l ¡ralts ol thc

slot bc:c<>ru<:s nc:¿tr'll, ollnirlir.r:ctional lì'ig. li. I6.
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Chapter 5 Application to 3-D Scatteúng and Radiatiorl

Lx=40 ¡nm

Lz-180 mm
Siol L€nglh=124 nm

I¡igure 5.12: IJent-slot ¿lterìrìa or a lectatrgular box. (a) T.ype I. (b) Type IL
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Chapter 5 Application to 3-D ScatteLing and Racliation

I'igure 5.11ì: lì.¿<liatiotr patteÌ.1 ([ue to ])elt-slot arìtetuta. x-.1, pìarLe. fi = g1¡,'. 1r.,ro t.

Iigule 5.14: Radiation pattem due 1,o beut-slot autetìlìa, x-z plane, d = 0,. Type I.



Chapter 5 Application to 3-D Scatteúng and Radiation

figuie 5.15: lìatli¿tiorL patterrr (lue [o l]ent-slot anterutà. x-y plarLe, d = 90,,. T.vpe II

l_ É" FDrD-l
135 l----- E; FDTD I

I o E; MoÀ¡ |

| + Ec Mo[¡ 
|

Figule 5,16: lìadiation patteln due to bent-slot aÌtetìrra, x-z plane, d = 0o. T.ype II.
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5.4.3 Monopole Mounted on a Car

ll'he collfigultrtion of tlrc ¿lutonrobile bodr, ¿rncl thc rnonopoìc ¿ìntenna is sholv¡ in

I¡ig. ó.17. 'l'll. ¿rntc'n¿r <:rr1rìo.1,cd is . cJuartr:r'- rvtrvr.:length (À/4) .ronoporr: ancr is

loc¿ited in thc ccrtcl of thc loof. '['hr: ]rottor¡r of thr: bod.r, is 0.4n¿ high lrorn thc

caltlr ¿r¡d tlrr: r'ool is l.2rn high Irorn tllc r:¿rrth. Nishik¿uva [68]. usccl tr sinrplcr. rnocìeì

ill lvlticlt lrr: ttcglr:r:t<,'d thc¡ cf[<r:t ol thc rvinclshi<r1c.l alld t]rr: intr:r,iol ol ll¡r: ¿nrtonrobik:.

'l'hc tatli¿rtìoll patt<lttr is c:<>t:t¡;ut<:tl in tn,o Iìrn<l¿urrr:lrt¿rl vr:r.ti<:¿l ¡ll¿rrcs. i.c. .r'-..r

¡rlarro aìorrg- tìlc bocl.r, lcrrgtlr and ü - .-: plnnc along the boc\' rvi<ltll. 'l'lrc vs¡tic:al

¡;l^r. ¡;att.r'ns a'r: d<:tclr¡rillr:d b.1, thc ¡'ofilr: ol thc ¿r.rr1,olnol¡ik: bo<ì,t'.rourrting tlrr:

àrìtcnrì¿r. 'llhc l''l)'l'l) g<r>rnr:h'ir:al nrock:l ol |'ig. l¡.t7 <:onsists ol thic<.- pr:r.li:<:tì.1,

t:ottdttctillg Platt:s lcptr:sr:ttting the loo[. r,rlrgilrc hoocl ¿rncl ttuuft hoorì ol t[c þorì1,.

'l'hr'oirglt ¿rll tlrr: siltnrla.ti<>trs tltc crgirrr: ho<¡cl ¿urcl thc tr.rurl< hoocl ¿rrr: ¿rssunrccì to lir:

il the holizont¿rl (ancl tlrus ar.r: not sl:rntcd).

'fht: I.DTD cornpnt.,tiorral spzurc is t¿rken ¿rs 153 x L t6 x 6g cells. 'l'he spatiir,l

stepping is tal<en to be ()/12), rvhich co.responcls to a : 6.25'rz, th<: tir'e stcpping

is t¿ken to be, Àl : LlQc) ¿t ,100M II z fr.equency.

Again the tangential cotlponertts of the electlic fielcl or the co¡clucting ¡rìates ar.e

sct to zer'o, E" : Ey : 0. Also the ¿xial elcr:tlic fielcl t¿'gcntial to the monopolc str.-

face is set to zclo. ilhe nragnetic fielcl componcnts sntrouncling the rvile is upcla,tccl

using the contonr integlal ap¡rioach. l'he e¿r.th is simul¿tecl nsing a lossy mater.ial,

the relative compìex clielectric const¿nt of the eatth is given as 6, : €1 - j€,, whele

e", : o lfu)€,), t't : 2¡r f with / the fieclnency of oper.ation.

I¡ig' 5.18 and r¡ig. 5.19 shorv the racliation patte.ns oI )/4 rnonopoìe at the
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cerrt<l'of the looI in thc ¿ - z planc a,ncl y - z plane, r.cspectivell,. Results ì¡asccl on

the Glfl) ¿r'c ¿rlso sholvn fol r:ou4rau'isorr [6s]. ;\ll patter.ns ¿u.c¡ nor.nralizerì lo. th<:

rnaxirnunl r'¿rluc of thc clcctr.ic ficld in thc,'r; -.: plancr. 'fhc r,¿rìuc of e. Ir¡.clt-1, sojl

c,¿u th rnodcl nscxl is e ,, = 5 - j0. I ¿L 400À,1 Il :: fìr:clucnc¡' [6fì].
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"l

v

Figure 5.I7: ùfoltile ltonopole antenua and r\utolnobìle morlel.
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Figure 5.18: Radiation pattern Ed from the automobi.le antenna, in the x-z plane

Figure 5.1.9: Radiation pattern -Ðp from the automobile antenna, in the y_z plane
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5.5 Antenna Radiated Power ancl Efficiency

il'hc capnbilitics of thc I¡D'llD to calcul¿rt<: ¿ultcnna r'¿rdi¿tion lratteln ¿ncl i¡¡¡rt

itrtpecìancr: lt¿r.s bectt d<,rrnorstr'¿rtccl sucr:css{irlly irr ¡rr.cr,ìons chapte¡s. 'llhis scctio¡

Ì)Ìocc(:ì(ls t<¡ d<¡al u itll àntc nà r'¿rcli¿rtr:d porvcL erncl r.:fñciencl,. ,\ p¡lse excitation rviì1

l¡r: usr:d so tir¿r1 r'csults lìl a rvidc r.algr., ol'ft.<:r¡ur:rrr:.1, c¿ut be ol>ta.irccì lìr>rn a silglr:

l¡l)'l'D lun.

'l'hr: ¿lrrtr:ltlr¿r usr:cl helr'r is tllc s¿r.lrrc as thc <>lr<: rlis<:rrss<¡<l in sc<:..1..1. 'l'l¡r: r.<:¿rsorr lì¡r.

r:hoosiitg tlrc di1;oìc ¿¡rlt<':n¡l¿t is that rr>rrrllalison dat¿r c¿ut bc olrt¿rillgcl r:asiì.1, rrsirrg

tlrc avaiiablc tr4oNI basr:d Nnrnr:r'ical lì)ìcrc:tlon ngrrcti<: c:orìc (Nlìcj).'l'hc ¿urtcrr¡a

stnlctnr'<., ¿rnd <:xcit¿rtiorr wjll bo r.<,,pc¿ltc:d hr:r'c: fi>r. <rrr r,<,-n i<:¡rr:c olll.\,.

l['ltr: clipolr: antr:ltrt¿r is of l-r7 r-:r¡¿ in lcngth arrrì 0.281 r:r¡r in r¿rclius. 'ì'Ir¡ ¡;r'ol;1t,r¡

spa<;r: is ill x ilt x 3l rr:Ils, rvith thc cr,'ll cliulonsions Ar : Ay: A.z = 1.Ocrri. Sn¿rll

l¿clins tr¡;ploxirnation (contor.rl int<:gral rrrcthocl) is usecl to apploxirntrte tho clipolc

r'¿rclius. 'l'hc clipolc is ccntel fecl r.vith ¿r (l¿russian ¡r.lsc of l,0v rnaxir¡¡rn tr,rnplitucl<:,

so th¿t thc r:lectlic fielcl il the gap of the ¿ntenn¿r is specificcl as,

L:(i, j,k) : _v(n^t)lLz

ivhelc 'll(f) is ¿l (l¿urssi¿rn voltage sonlce ol'the for.r.n,

(5.12)

Y(t) : exp -(t - t,)2 /12 (5,13)

rvith l, = 32Al a'cl ¡: t,14, ancl thc p'lse t''ncatecl for f < 0 ancl t > 2t". ,lhe

time stcp lvas set to the Cour¿rnt limit of 11.g3ps.

using the szrrnc proceclnr'e cliscnssecl in scc.4..r the inp.t c.r.r'ent 1(f) ¿ncl 
'oltage

v(l) of thc clipolc antenna ca.n l¡e ol¡tainecl 
'sing 

[lq. (4.14). I¡requency dornain clata
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c¿ur br': ol:tainr:d using a ronrinl tlausfolm ¿ftel all tr.ausients ar.e clissipatccl. 'l|<:

r:rluivalent steacì5,-s;fi¿¡¿s inpnt polel is sirnply gii'cn at cach flcclncnc5, by.

R"(,) : 1¡" ¡¡21ø,¡r"1,¡1 (5. r.r)

I)issi1;atcrì l)owcl (:ân also ìre conrputcd in a sinr¡rìc w¿r1,. Àssurning tlt¿t par.t

ol th<: ¿r:rtcllr¿r has a c:orrrluctivit). ol tr ¿nd thc <.,k:ctri<: fir:lrl 11" is urrilor.nr rvithir¡ a

sirrglc lrl)ll'l) <r:ì1. tllc',¡r tlrc r:c¡uivalcrrt str:¿rcl\,-st¿rtr. porvcr'<lissiptrtr:cl in ¿ si¡glc rx:lì

is giv<¡r by,

rvlr<:r'c ll" (u.') is thcr I'bulir:r' tr'¿ursli¡r'nr ol ll,(i., j,/") at the ìo<:¿rtion ol t|c <urclur:tir,<:

r:lì. llhc.el'ole, it can be sccr ILom (5.I5) tlì¿t thr: clissilratccl porvcr. ca,rr .lso l,c

clct<:r'rninecl iry considc.ing the I¡D'.ID cell to <x¡nt¿in tr lr,lped .esistor ,B ivith

volter,gc V, ¿rcross the ccll in the z-clilection. When rnany l¡D'I'D cell loc¿rtions cont¿rirr

clissiptrtive rn¿¡,teli¿rls Dq. (5.15) is .epetrtecl for. e¿rch cell in c'ach fielcl <xrrnponent

cìilectiol, ancl the total poler clissipatecl is given by the surn. 'I'hc efliciency of the

systen c¿ì,n l¡e calcul¿tecl as follows,

P,¿r"(,,) : 
.f ,,,o 

l|"(a)1, rLt,

oAr;À¿.
lir'(.,'')r:|'?

: ct lt/"("ù)l, = j lr,;r,)1,

t). D ..
ef fici.en.u - 

r ¡'t ¡ drs

" P;,,

(5.lir)

(5.r6)

In orcle. to illLrst.atc this p.ocecl'r'e a 50o .esist¿rnce is placecl 15 cells fi.or'the

lorvcl cncl of the clipole, the implementation of thc lesistance is clone numer.icillly.

The input p<xve. is c¿rlculatccl 
'sing 

llc1. (5.1a) ancl the r.es'lt is compa.ecl rvitlr
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Chapter 5 Application to 3-D Scatteting and Radiation

tha.t <¡l,taincd usi'g the N,ION[ solution, I'ig 5.20. 'lhe clissì1>atc:cl porver. in the 50o

rtsisl;¿rn<:<.' ¿lncl tìle tot¿rl radi¿rt<;cl llo\.veÌ'¿re shorvn in I¡igs. 5.2 t iurd 5.22, r.espectivcl¡,.

'l'lle lesnlt Iì>r'thc dipol<: r:flìcir:ncy is shorvn in lt'ig. 5.2ìì ancl corr.r¡->¿rccl rvith th<:

lesult olrt¿rinccl Lrsing N,loN4 solution. 'l'h<l aglecmr:nt is <1uitr: goocl, <.-xccpt at th<_.

lorvcl lìr:c¡ttenci<:s. 'l'ltc d isaglcr,:n tr,:n t ¿rt lorvcl flr:clncncies r:¿trr lrs att¡ii>ntecl to th<:

l.root llct lì>l'ttrzrncc ol tl¡c lìl)'l'l). 'l'his is lrr:<:¿rusc tl¡r: ¿¡rt<tinr¿r ¿rpÌ)c¿rì s r,gr,.1, slro¡ts

(ol<:ctlicall.1,) ¿urrl tlrc voltagc a.rrtl cllrrcrìt arc ¿rlrrost !)0,, orrt of ¡rIas¡. 'l'lr¡s, a snlaìl

cttot ill tltc <:otttptttctl pltasc ol'tlr<: frr:rl r:urlcllt will lcsult in ¿ la¡gr,: st1or, irr tlrr:

r,¿rluc ol P,,,.
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Chapter 5 Application to 3-D Scatteûn¿ and Racliation

Ii'igule 5.20: Input porver'1or tlte dipole ¿ìl[etìtì¿ì..
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CHAPTER 6

Application to Planar Microstrip Circuits

6.1 Introduction

\'[i<:rostlip ¿ì]ìtcnlrâs and plarrtrr' lrrintc<ì <:ilcrrits ìr;rvc gairrccl n gr.cat rl<:al ol

Po1;ul:rrit.1, ir th<: past clr:<:adc. 'l'his is cluc to a nLunbcr.o[ adv:r¡tagcs suc| ¿rs lorv

<:ust. lorv rvr:ight,. lorv ¡;r'ofilc. <nn lot rn-abilit.y rvìtlr cxisting str.uctur.os. ¿ur<l <:¿rss of'

lirlrric¿rtiorr and intr:gr,tr.tion of plirrtuì cilcuits lvith ¿rctivc clcviccs.

lJsrt¿rlh' rnictostlip cir'<ruits ¿rncl ¿ntrrnn¿rs ¿itr: l¿rl;r'ir:¿rtcd on a suþst1¿tr,., or o¡ ir

rrurnbcr oI substr¿rtr:s blrliecl b¡' ¿i rnet¿¡llic sìrr:ct (<rrrclucting glonncl ¡rla¡c). libl

rniclostrip ¿urtenlas thc raclia.ting elernents c<¡nsist of thil rnetallic patc|cs o¡ slots

in ¿r rnetallic shcr:t, locatecl zr,t an interläce, cornmonly consisting of ¿r clielect¡ic ¿rncl

¿il. Plactic¿rllv, rnic.ostrip antennas can bc classifiecl into thr.ee categor.ics Ì;asecl

on thc feccl stlnctnr-e type. 'I'hese ¿re: ¿ coaxial probe feccl, a, mic.-ost.ip lin<,'feecl,

ancl an apeltulc-conplecl feecl. '.lhe coaxial-{ccl stmctur.e is often usecl r.vith a single

elernent ol srnall allay because of the ease of matching its char,¿cter.istic impeclance

to th¿rt of the ¿ntenna. On the othel hancl, micr.ostrip line-fecl stmctnr.es ¿ì,r.e nìore

suitablc fol lalgel allays due to the easc of fabr.ication ancl lorvel costs, holvever', the

serio¡.rs clrarvback of this feecl strnctnle is the st.ong parasitic lacli¿tion [6g]. The

apeÌtnle-conplecl stmctule has all the ach,antages of the folmer trvo str.uctur.cs, a¡cl
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Chapter 6 Application to Planar Microsttip Circuits

isolates thc racli¿rtion ftom the lcccl netwolh, lcavir.rg thc mail ¿lntenna ¡acliatio¡

uncont¿lnt in¿lt<:d. 'l'lris færl sttLlcturc was first plolrosccl by pozar.[70].

ìÌctlttcIrc1' clorlt¿rin ¿ut¿¡lysis o[ rniclostip circrrits h¿rs gcrìer¿lly b<,'cn clorrc nsirrg

1>lilnat citcuit corttrpts in rvhich thc substr¿rt<,' is ¿rssunrccl to þc thi¡ oro¡gh tlìât

lrt <4..>agati<.rrr r:¿rn ltc r:onsiclct.<:d in two clirnc¡rsi<¡ns Jr¡, sur.r.otncling thc rnictostr,ì1;

s'ith nragrr<,'tirr rvalls. l,ilnit¿tiorrs ol this rrcthocl ¿ur: that. fìingirrg. <:ou1;1irrg. arrtì

ladi¿rtiort rnust all lro it¿l.llrllcrl r:nrp ir.ica.ì1.1,. ;\lso tlrr: ¿ìcclìr,¿rcl, is c¡rrcsti<>rrablc u,lrr:n

tll<', suÌrstr'¿rtc lx:<nnl<:s thir:k lcl¿rtivr: to th<: rvidth ol tll<: nri<:r,ostr.i¡r [i]6]. lrr olclr:r. t<>

lìtlì.f ¿r:r:ourrt lbr tllr:sr: cffccts. it is ll<¡r:<.,ss¿tr',\, to llse ¿r lìrll-u.ar,c solutioll.

Rl:rrrutl;' l,lrr: lì'ì)'[']) nrr:tllocl has br:crr us<:rl l>,y nrilrr\, ¿ruthr¡rs to stucìt, tlrc

Ircclucn<:.r'-<ìr¡><',n<krnt ch¿u¿r<:t<:r'istics ol'rniclostrip cìis<:orrtirruitics [iìììj ancl [71]. r\na1-

)'sis ol'a lillc-lì¡d rnir:r'ostri¡r ¡ratr:h àntcììn¿r. n rrriclostlil; lorv-1;zrss filt¡r. ¿l¡{ ¿r :¡ì-

clostli¡r irltrn<:h lirrr: couplol h¿rvc beorr r'<:poltccl in [16]. 'lìhe appìicatìon ol lì'D,I,l)

to thc thlr"c t¡'p<ts ol {i:ccl stlnctntcs h¿rs br:cn r.<¡roltcrl in [72].

'lhis chtptct rvill cliscuss in cletails the choice of tlir: excit¿rtion ¡¡rlsc ¿rncl thc

apPlicatio'of the zrbsolbirrg bo.nclaly conclitions fol rnìclostlip applicertions. Later.,

tluee rniclostlip stluctules rvill be stucliecl, thcse ar.e tr micr.ostr.ip line, tr miclostlip

line-l'ecl patch antenna,, ancl an trpeltnle-couplecl rnicrostrip antenna.

6,2 Source Consideration and the Radiation Conditions

r\ sample rniclostrip stlucture nsecl in most of the cornputzrtion nroclels is shown

in Fig. 6.1. ¡\t time I : 0 all fielcl cluantities a.e assumecl zero th'onghont the
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Chaptet 6 Application to Planat Microsttip Cit'cuits

compr.rtational clo¡n¿in. At tirne f = I ¿rn r:xcit¿tion pulse is launchecl unclelncath

thc nriclost.ip ljn<: as sholvr in l¡ig.6.1. 'l'hc excit¿rtion p,lsc nsecl in this stLrcl),is

¿r Cl¿rttssi¿rn pnlsc which h¿rs a srnooth w¿r,r:forrn in tirnc.. ¿r,rrd its ItÌ>¡r,ier tr.¿r.llsfbr.nr

is ¿rìso ¿r (.i¿urssi¿n pulsc ccntr:r.<:cl at zelo Irr:r¡ucnc5,. 'lhcsc ch¿lr¿rctelistics rn¿rl<r: th<:

(.laussi¿rn ¡rttìst', a pct lìx:t choicc lbl inr<rstigatirrg thc h c<lucnct-cìcp<rrclcnt c|e¡¿1-

t<¡r'istics of rn ir:xrstlil> <:ilcuits.

Än icle¿l Gaussi¿rn pulse which p'op..gates in the positii,e y-clir.ectio. ta,kes the

I'ollorving explession [71],

(6.t )

lvlìel'e c is the velocity of the pulse in the specific meclilrm, rvith the pulse maxirmrm

at y = yo ¿t l: fo. 'I'he choice of the pa,r.arnetcr.s 7.,16 ancl ys ate subject to trvo

E(t,y):".r|-e+="Il

Microstrip

l¡igure 6.1: \,Iicrostlip geornetty and computation domain.
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Chapter 6 ,4pplication to P lanat fuIictostt'ip Cit'cuits

lccluilemcnts [7i]. Irilst, thc pulsc nust ì;c rvicle enongh to contain enough sp¿rce

clivisions fot goocl lesoìtttion ¿rncì ¿rt the sarne tirne to b<: n¿rr.r'orv clough to rnaint¿rilr

¿r subst¿rnti¿rl autltlituck: rvithin the frcquenc¡, r'¿ngr: of int<:r'r:st. Ììo¡ tlr¿t, t[e sparx:

clisnttiz¿rt iott irrten'al Ày has to bc srnall enough to rnock:l tlrr: snralft:st climensio¡

of tllc stltt<:trtlr: ¿rnd tlrr: tirnc illclcrnclt has to be sri'raìl crrorrgh to rncr:t tlrc stal;ility

<:r'itclion rlisr:rrssrxl ilr (.lhal.>. 2. Il this lcclu ilr:rrr <.,n t is ¡rot rnct a snr¿rìlcr.Ày has to

ltr: ttsr:tl. 'l'ltr: st¡k:t:ted lruìsc rvirlth JI/ is rlefin<xl to br: tlrc wi{tll ll<:trv<r¡¡ tl16 irvo

s.\'llttllr:tt i<: lloi:rts ctluitl to 5 l)olcer)t <¡l tho rr¡¿rxi¡lìlnrr r,a]uc ol tlrc Pulsr.,. 'l'ltr:r'<:li>rr¡.

7 is givr,.n ìr.1,

lì¡' u'r'r1"tr* this choicc of 7, the 
'r¿rximum 

ft'ec¡rrcncv rvhich can rre calcul:rtccl is,

I tvltlz¡tl
r:xu 

['1.iÉ ] - 
rrp(-:])(n: ;%)

_ I l0Ay/: :'-,/3 (

,. t L tß,.tn''x:2T:t10A/

((;.'r )

(6.3)

(6.4)

'l'lie seconcl rcclniternent is th¿rt the choice of yo ancl l0 bc rnaclc sncfi th¿rt tìlc initi¿l

tuln on <>f thc cxcitation lviìl be small ancl srnooth.

¡\nothel inrPoltant tlea,turent rvl.rich neccls to be consicler.ecl in moclcling ¡ri-

clostlip cilcnits is the ¿bsorbi'g bo,nclaly conclition. ¡\s sholvrr in lrig. 6.1, the

structnle co'sists of a glound plane a,nd clielectric sul¡stlate topecl lvith a thin con-

cluctor, 'l'hese electric conclnctors are assnnlecl to be pelfectly conclucting ancl h¿r,e

zero thickness. '.lhc)' ¿¡s tleated b¡' setting the tangenti¿1 componerìts of thc elec-

tlic fielcls to zet'o. 'l'he eclge of the conclnctol shoulcl l¡e nroclelecl rvith cìectr.ic fie¡l
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Chaptet 6 Application to Planat luliuostrip Cbcnits

coûrporìents tangential to the eclge lying exactly on thc cclgc of thc rnicrost|ip. ,Ihe

tetnaining live bouncìaties lt¿rvr-'to ìre tlunc¿rtecl nsing snitzrblc al;soll:irrg bo¡ncl:¡y

c:onclitions. l)rrc to tllc stLuctulr: ol thc lnicrostrip cilcnit, thc ¡;ulscs orr thr: r¡ri-

r:tostlip liilcs rvill bc notrn¿rll.y int:irlcnt to thc lncsh rv¿lls. 'lhis lcads to a sinrpl<:

¿¡rll ox itrrzrtiot r to tlrc erbsolltirrg itourr<ìar,1' <rrncliti<;ns, that is thc tangentietl liclds ol

tltc otttr:t ltotlrd¿rt ir:s oltcl' ¡¡¡,. oneclil lr3lts io¡¿ll rvayr: c<1¡¿tì6tr ilr tltc {it<r<:tio¡ llol.-

lr¿l to tllt: rn.sh rv¿rlls. 'l'llis l<:arls to â l,[ur lilst o.cl.r' ilìrsolbing bou'cla,r.¡, r¡llclitjolr

as cliscussr:<ì ill S<:<:. jJ.2. It shoukì l>r.- rotcd lrr:lc that \{ur. sr:<r¡rd otdcl absolbirrg

bortttdatl'<:oltclitiolrs tvlticlt ¿rr:t:otults lbl obliclrre incidcllrrr: rvill ;lot rvor.li olr t|<., ¡rcslr

u'alls ol tllr: rniclostlip stnrctur.c ancl yickì ¿rn unst¿rblc sohltioll. It slloulcì l¡r: rrotr:<l

also tll¿tt tllr: ltotlrt¿rì iltcitlclt<:o assulnptìorr is r¡ot r,¿ìicl lìrl lì'ingirrg (cvarrr:srclt) ficlcls

wltich atc 1;r'oiragatirtg tarngcutitrl to thc rv¿rìls. 'l'hclr,.lìr'r:. tlrc si<ìr¡rvaìÌs shoulrl b<: l¿u'

¿rw¿r)/ so th¿rt the I'r'ingirrg fir:lcls ale rrcgligibk: at the rvaìls. Anotlrr:r. lv.,¡,to irnplov<r

the bclt¿rvior' <>[ tltc al¡sor']ring l;ouncltu'y c<¡rclition is to ns<,'the moclifi<:cl aSsor.6iirg

l;onnclar'¡' <n.clitior.r cliscnssccl in Sr.'c, iì.4, or to implernent a clispc.sivc bonncla.y

conclitior.r schcrre, [7iì] and [74]. one fin¿rl note regalcling the ¿ìrsor.bing bonnclary

<nnclitio' is, specitrl cale shonlcl be takcn r.vhen applying the aìrsolbing bonnclary tr,t

the sou.ce pl.ne. f)u.ing the le*r.ching pcriocl of the Gaussi¿n prrlse no absor.bing

bou'cl:n5, is assignccl to the planc, holve'er,, olce thc purse has passecl the sonr.ce

plane zlncl starts p.optrgating insicìe the glirl, the trbso.bing bonncla,ry shonlcl be

srvitchecl on to altsolb any incoming r.var.e fr.om the conrputational glicl.
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Clnpter 6

6.3 Microstrip Lines

Application to Planar fuIictosttip Circuits

N'[iclostrip linr':s ale consiclclccl an essenti¿l structnr.<-r in miclostrip ¿ì.ntcnnas]

rlrtd rniclostli¡r cilcuits. 'fhey ¿rtc th<: b¿isic bLrilcling stluctnle ol' th<:so circuits.

(-iorrsirìcl thr: rui<:r'ostlilr ìinr': gir'<''n in l¡ig.6.2, thc 50o rnicr,ostr.i¡; lin<: is assnrxxl

lr ¿rtclr tclr ¡r itr¿rt<:rì i I r tlt<., y-cl i r.ection.

'l'his spccific cx.mplc is sclectccl f.om [75]. l'he r.viclth of thc str.ip line is J4l =

2.\4nt.rn. a.ncl the height of the substr'¿rte h. : 0.7 62m¡n, rvith e, = 2.22. Thc sul¡str.¿rte

¿ncl the glonncl pla,ne a.e modclecl .sing two spzrce cells, tlms, Àz: 0.3glnznz. .Jlhc

otìle. tlvo climensions ¿r'<; t¿rkcn to l¡e of thc s¿me length as À2. The tot¿l mesh sizc

nsecl for this sirnul¿rtion is 60 x 120 x 30 cells.

one impo.tant pa.amcte. th¿rt can bc obt¿r,inecl fionr this simnlation is the el'-

fective clielectlic const¿nt e,"¡t(u), rvhich can be nsecl to ¿rccoLrnt fo¡ the clisper.siye

ch¿.r'acteristics of the mic'ostrip line [33]. The effective clielectric const¿rnt e,"¡¡(u)

c¿n be c¿lcula.tecl by taking thc l,buliel tlanslolrn of E 
"(t) 

at tlvo clillelent positions

I'igule 6.2: À4icr.ostrip lile geotletrv
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Chapter 6 Application to Planat lvlicrostt'ip Circuits

rrndelne¿lth the center of the nric.ostr.ip, lvith septrlation L = Lz - tr1 ¿long the

propaLgation dilccti<¡r see Fig. 6.2,

r,),(a,u -- rì: |:tr"(t,y = t,,)e-i-tttt

E,(u.,y: ,,ù = l_: u"(t,y: r,2).-i-trtt

..-.ttùtt.,-t.tt ll (".:. y -- l. ')
ll.(":.Y : I',)

B(L¿\2
- - -L ,\Ltell\wl 

- 
--;-
u"€ ollo

(6.5)

(6.6)

'I.'trlting l;h<: ratio o[ (6.5) and (6.6). orrc gr:ts tho tr'¿nslì.,r. Iìrnc:tion ol t|is sr:c:tio¡ ol

Ilì('nìi(t()slril) lill<: irs fc>ìlc¡u .

rvlr<-r'r

i'(¿¿) = t'(.¿) + ld(r,.') ((r.8)

a(tu) is tlrr: ¿rttr:rnr¿rtion const¿rnt ¿l.ncl <:¿¡n Jrc rrr:gl<rtccl rhr<: to tho l¿rct t|¿rt t¡c r¡li-

closttip linr: is assunccl pcll'ectly conclucting. 'lìhcr.eforr:, t,"t ¡ (r) is clclirrccì through

,4(u.') as,

(6.7)

(6.e)

'I'he plopag¿tion behavior of the veltical electlic fielcl cornponent E, at clillerr;nt

positions along the propagation cli.ection jr.rst 
'nclerneath 

the micr.ostr.ip lirre is

proviclecl in lì'ig. 6.7. 'rhe clispelsi'e p.oper.ties of the microstlip line a,re obse'vecl

in the clisto.tion of the ¡rulsc as it propagates away fi'orn the pla'e sou.ce. 'rhe

valiation of the ellective clielectlic constant rvith lrequency is given in Fig. 6.g along

rvith a comparison ol¡t¿inecl usirrg tlre empilical folmulas cliscnssecl in [76]. It is clear.

th¿t thc I¡D'I'D resLrlts agree ve.y lvell rvith [26] ove. most of the fiequency .ange.
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Chzrpter 6 Application to PIanat Nlicrostt'ip Cit'cuits

llhe r,¿¡riation of the dr¿.r-acteristic inrpeclance ivith frecßrenc),, Z"(ø), ts obtainecl

thlonglr tlrc t:lation \i¡,,(a) lI¡,(ø). lk:rr. 1¡,,(u;) is the l¡oulier. tr'¿rrsfol¡r of the inlnt

cur'rcnt dr:firlr:cl as thc loop integlaì ol' thc nragnr:tic ficlcls sullouncling tlr<: rrrct¿ì

miclosttip. l,'(u:) is caìculntccl b5, ¡¿fti¡g tlrr., Irouricl tr.¿rnsfolm of thc Iin<: intcglal

ol thc r,<trtir:al tù:r:tr'ì<: fi<,'lrì, /.r',(l). unck:r. thc r:cirtcl ol thr: microstl.ilr. li.ig 6.9 shorvs

tlr<r s1rc.,<:lnrnr of 2..(a) ol the ntit:r.ostt i¡.> linr:.

Nor'r' rcrr¡rsirìel tir<: ¿rirorr: nriclostli¡r ìinr:. rvith th<., r:r<;11>tion tllat t,llr: li¡c is

o1.)r:rr r:ir'<:uitr:cl ¡athcl tharr rrr¿rtch t<:rrnirr¿rtr:d. l,'ig (i.iì (a). 'l'hc tr'¿r.lsicrrt r,çsì)orìso

ol tlle ck:ctlic: ficìd ll'".iust undclr¡c¿rtlr thr: rnictostlilr liuc is givr:r in l;'ig 6.10. It is

clc¿u tlt¿rt titr¡ iltciclcrrt 1xtìst: has lcllcctrrl rvitll rniltirrulr¡l ¿lrnoullt ol rlisto¡tìo¡. 'l'llc

ttta.gnitrttlc ol tllc lc:ll<r:tr:rì ¡rLrlsc is sliglrtÌr, lorvcl th¿rn tÌr¿rt ol'thct irr<:idr:¡1, ¡;ulsr:.

irrdi<:atirrg sonlc loss ilur: to r'¿rcli¿rtiolt fto¡n thc unnr¿ltcll<:d olrcn cncì.

'l'llc scattr.r'ing lnatlix of tltr: opr"n cncl nriclostrip linr: cont¿lins onc cìcurc¡t oirly.

,S¡ ¡ , ?uìcl it is c1cfin<xì as [71] ,

rvhelc I{ 
".¡ 

(i,.,) is the tr¿r,nsfo¡rnecl leflection voltag<: at ther operr encl clisco¡ti¡¡ity, ancl

I/¡,""(a) is the tlansforrnecl inciclent voltage at the s¿me position. In this calcLrlatio¡,

I/,"y (r,,') is obsc.r'ed ¿rt the refe.ercc plzrne 'I'-I', , J0 Ly flon the son.ce plane, Fig 6.3

(a), which is loc¿rtecl fa. enongh fi'om the cliscontinuity to ¿rllorv the sepa.ation of

the inciclent a'cl 
'eflectecl 

pnlses. 'lhus, tr'¿rnsmission line for.m.la (6.10) can be

calculatcd as [71],

s,11,):+#] (6. t 0)

(6. r l)

120
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Figure 6.3: Geornetry oI, (a) ope' end 
'riclost.i¡r 

line, (b) matched ope.-end 
'riclostr.ipline.

v,
4

12l



Chapter 6 Application to Planat fuf iuosttip Cit'cttits

rvherc 1, is the clispl¿cemelt of the lefelcncc plane fiorn tbe cliscontinuity. I¡ig. 6.ll

shor'vs tlrr: ca.k:ul¿rtecl lesults of the rl¿gnitncl<,' ancl the phase o[ ,5!1(c,,,) IoL th<: opcrr

r:nd rniclostli p li nc nn clel r:ousi cìor'¿rt i<¡n.

'l'ltc last cx1>r:tirnent ill this scctiolt is to nt¿rtcl¡ tr:r'nrinltr: thc opcn-r:ncl ¡ric¡ost¡i¡;

lire b-r'a ð0ll lur.pcxl r'<:sist¿rncc I'ig 6.:] (Jr). 'l'h. ir npìt:rn<:'t¿rtio¡r of th<,' lurrpcxì

Icsìst¿tttt:r:isat:rnrrtlrlishr:dusittgtlrr:tr.clrnic¡ucdisr:usscdiltSrrr.,1.ì1.'l'hr:tci¡ti¡¿rtiorr

cf[<x:t is <:r'i<lort in I''ig. (i. 12, rvhclc tìlc r'<:ll<r:tr:rl pulsc obsr:n,<.,tl irr lfig. (i. I 0 is ¿rì¡lost

olirr ril r¿tt<''rl.

6.4 Microstrip Line-Fed Patch Antenna

il'hr: dr:t¿ilr:d georì ìctr..\'

ilr lì'i9.6.4. 'l'ltis ¿rntcnn¿r

l i rt<:- lìxì r'cc:ttngulal rn i<:r'ostli lr ¿r.nt<.:nrr¿r i s gi i,r:l

r;¿rsilv nror.k k'cl using li'ì)1ìD. llìhc hcight ol thr:

ol th<.

r:¿ur b<:

Figure 6.4: Line-fed rectangular. rnicrostri¡r ânterìÌìa.

snl¡st.ate is moclelecl using thlee ceìls, therefole, az : 0.265 nu¡t, rn olcler. to
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Chaptet 6 Application to Planar fuIicrostt'ip Cit'cujts

moclel the clirnensions of thc patch collectly in the r: ancl y clir.cctions, ar ¿nrl

Ày a.o chosen so th¿rt an iutcger nurnJrcr ol nock:s rvill fit thc patch. ll'hus. th<:

lr:rnzrining sl;at: ìncrr:rnents a,r.o, Ar:0.38g r¡zr¡¡ ancl Ay:0.4 rrznz, which rcsults

irr patdr dir¡r<:nsiolrs of ll2a¡; x 404y. 'lhc rviclth of tlu: rnìclostl'ip linr: is nro<lc¡:tl

rrsirrg (i t:lls in tllc ,r: <ìilcction, ancl ¡10 cclls alc usccì to nrodr:ì its lerrgth. ,l'h<:

tot¿ri trtr:slt tlilrlt',rtsiotls rrsr:cl to tt¡ocìcl tlre ¿urtr:lur¿r ancì tlrr: snr.r'ounrlìng sì)aco ¿u,o

60 x 100 x l6 in tllr,'.¡,, ù. ¿.rrl :: dir.rx:tio:ls. r..s1;c<:t i 
'cì,1,. 

'l'll<: tillr., st.p À1 is

<:lrosr:¡r srrr:h th¿t À1 = Å:l(ù:): 0.l,ll6p,!'. Â (.la.ssi¿'r 1.,.lst: *,itlr ?' : 3.1^f

eutd l¡ = ì17 is l¿utrl<:ltc<l at 1:0 uncìcntr:¿rth tlrr: rnir:r'ostli¡; lirlr: and srvitc[r:rl of[

irrrrncdiatr:ly altcl it ¡;arssr:s tlrr: sorrrr:c ¡rltrnc. 'ì'hc sinmlatio¡l r:<¡¡ti¡ur:{ lbr. z,'r00

tirnr: st<:¡;. 'l'lrr; ap1;lir:a.ti<>n ol th<: absor'l>ing ì>oun<lnr'-r, c<>ttclitiorr at tlrr: s<>ur.<:t: pìarrr:

It¿rs b<r¡t ittt¡:krrrtr:tttccJ fivt: cclls ¿rwö¡ fronì tlrt- sour.cc 1>1trnc. 'l'his will rii¡rirr¿tr: ¿.n.1,

rur l dr:s it'¿ll;le cflì:cts ol srvitchì'g fi'or¡r sonr'<:e to aìrso.bi,g ìrouncliu.¡,.

il'lrc .ct.r'n krss 5 ¡ 1 (a.,) is r:al<;nl¿rtccl Lrsing (6.l0) zlt r.<;lc.ence plar x: ,I' _,1', lvh icìl is

dispìtrcccl ¿r dist¿rncc ol 40Ày foun the eclgc of th<: pertch. 'lhc spatial flistriSLrtio¡ ol

l¡)"(:u,y,t).i.st benerth the rnic.ost.ip pa.tch at 200, 300, 400, ¿¡rd600 tirne steps a.r,<r

shorvn in l¡ig, 6.I3. 'l'he tr'¿rnsient lesponse of the electlic fielcl 1l',, j.st nnclclnea,tlr

the strip line, 
'sccl 

irr calc.l.ting 511(ø), is sho'n in r¡ig. 6.14. '.|ìre 
'et.r.n loss

results ¿r'c plo'iclecl in Fig. 6.15, rvith the oper.ating leson¿nce ¿t 7.5 G11z alr¡lost

cxact lvhile ¿rclclitional Lcsonances ar.e obset'vecl ancl the), ar.e in very goocl agr.cemerrt

with [36].

'Ihe inp.t irnpeclance of the ¿ntenna, c¿rn be calcul¿r,tecl from 511(a.,), by trans_
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Chapter 6 Application to Planat lt4ictostrip Citcuits

lolnring the lr:fct<-.ncc pler,lc to the cclge of the uricr.ostlip lratch i.c.,

t t c' ^2ikl,., L -f t)ttc "
ti,t\u): Zc. -_

L - '\ttc4^t'
(6. l2 )

rvllcrc À' is tlrr: rv¡ r'r: nrurrbcl olr tho rniclostlip, 1, is thr: lr:ngth h'orn thc ¡eli:r-

r:rr<:<r lrlarrr:'l'-'1" t.o tlrc c<ìg<'r ol the nli<rr>stli¡r ¡ratch. iut<1 z, is t|<; c|a.r'ac:tr:r'isti<:

irrr¡;rxìanr:r: ol tlrt: irrir:r'ostli¡;'lin<:, assulred <:onst¿r¡rt ¿t ¡j0 f) l,ith ¿n r:ffì:<:tiyc: l;r:¡,-

Ì)ìitl,i\,it.\'ol l.f) is uscd to r:¿rl<:ul¿rtt: thc: wair: ¡n¡lrl;cr. In¡xt irr¡rr:darrrrr: r,csults rrcar

tltc o¡rctal,irg Irr:c¡u<:rrc.1, ¿ur: sllou,n in tì'ig. (i.l(i. it is loticr:rl th¿rt ¿rt tlrr: r.(ìsorì¿uì(ì(ì

lìrtlucrrr:y tlrr: irrltut inrprrlarrcr: is closr: Lo 50 f).

O.l) Aperture-Coupled Microstrip Antenna

'l'lt<', ttt',¿tt¡rtcrlt oI tltc alrr:ttutc corrplod rniclostlip ¿r,ltr-'nn¿r is si¡lil¿u.to t|¿Lt ol

thr: 
'ri<:r'ostlip 

li'c-ft:cl patch arntonn¿, cxccpt lbl th<; cou¡,l<rl rnicr<rstr.ip ¿r'tcnna.

the lriclosttilr p¿tclt is loc¿rtecl on onr: sul¡str'¿rtr: ¿rncì tlrc fcecl netrvolk is on ¿r,nothcl

subst|a,te Fig 6.5. llhesc trvo sul¡str'¿rtcs ar.c scpelratecl by tr cr>nclucting gtouncl planr.:

rvith a slot on it to allorv I'ol porvcr' <n.pling lrr¡r¡r the lcecl netrvork to the pa.tch

¿lntenna,. 'I.'he exarnple usccl fo. th<: IrDTD sirmrlation is selcctecl after. [72]. Both

srrl¡stlatcs ¿rle clefinecl to h¿rve the same pe¡mittivit¡', e,. : €,b:2.5,1, thc height of

both snl:strates is ¿rssnrnecl eclnal, åo : /¿¿ = 1.66 m,m. Tlx.: othel antenn¿r clirnen-

sions, rvlrich ¿r'c r;lalifiecl il I¡ig. 6.6 ar-e as follolv, lV¡, : 'l.g¡¿rn,\l/* = I.66nzrn, L^ :
l L'2mtn, L" = 20.4ntrn, L" : 40.0ir¿nr. ancl tr, = 30.4m,n2. The total gr.ìcl size usecl

fo' this sirnulatio' is 60 x 130 x 30 cells rvith a¡ = ay : L.z:0.gnzni.. similar.to

tìre mic.ostrip linel'ccl patch ¿ntenn¿ì., a Gaussian p'lsc rvith T : zl\t nncl lo : 47
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l.- Ly 
--*l

ligure 6.5: 3-I) geonretr.y oI a¡terl,ure- rxltllled nriclostri¡r ¡ra,tch a.ntenna.

Iigule 6.6: Cleornetly of aperture-cou¡rled rniclostr.ip patch antenna, x-y plane,
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Cltaptet 6 Application to Planar X,Iictostlip Circuits

is l¿unchccl at f : 0 nnclerncath the glouncl pìane a,ncl a,ì¡ove thc miclostlip line.

'['hc tirnc stcp Al is chosr:n such th¿t Lt = Lz I Qc).

'l'hc spatial c.listlilxrtion of l,J"(rrr.y,f) .just ìreneath tlrr: rrrir:r'ostli¡r ¡r¿t<:[ ¿t

200,;100,'100. ¿rnd 600 tinre stcps zrlr: shown in li'ig. 6.17. 'l'llr: tr'¿¡rsicrrt r'ssl)orìse

ol thc <:lccrtli<: fir:kì l',', orr th<: rnir:rostri¡r lirrr: closc to thc slot is givc¡ i¡ li'ig. (i.tiì.

olr<: r:¿ul <¡asil-r, obs<'r'r,r' thr¡t thc fìrst ¡>uìsc: is rluc to thc ilrc:irìc:rrt 1;uls<:. lì>llorvr:cì ir,1,

tlr<: fìr'st lr:flt:tcxl ¡lulsc clrrr', to thr., slot. ¡.rrd tìrc sr:t>lrrl lr:flr:r:1.crl 1;nlsq rlrrr: to tlr¡

olrr:n cnd sh ip lirr<:.

'l'hr: r'otulrr loss lr',sults ir.r'c ¡;r'ovi<ìt,rl irr I¡ig. 6.19 ¿rirtl w<:1r., oìrrairr:<l rrsi¡g

lÌq. ((;.l0). 'llhc filst lcson¿ìl)(i(ì is obsc:r.r,r:d at tlrc dr:sign Irr:c¡ucrIr:r, <>l' 2.2(ill::

arrrl tlrr: otlrr:r' olt<¡ is obsr:t.r,r¡rl ¿t, ti.'27(l 1lz.
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u 5u ìuu 150 200 250 300
Time Sec (x1Or2)

l'igrrle 0.7: Dler:tiic lieltl. -Ù". tlistlibrrtion jusl undelneath [he stlip li¡e at rlifle¡errt posi-

Liols a lorLg llte y-axis.
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200 300 400
Time Sec (x1û12)

Figule 6. i2: Tlansient eìectrir: fiekI, 11", rlìstrilnr,ion .just benear,h the o¡ren enrl 50o ¡¡atc¡
terurinatecl stlip Jine at a, rlistance./, = J.8.Ln¿n¿.
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i!.

200 Time Steps

Application to Planar Nlictosttip Cjt'cuits

Figure 6.13: Dist'ibution of. E,(x,y,t) iust underneath the dielectric .interface of the
Line-fed miirostrþ patch antenna at 200,300,400 aad 600 tirne steps.

: ...
1!-_

400 Tirne Steps
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Application to Planu lvlicrostt'ip Circuits

fielrl, l,-ì,, distlibutiol .just bele;rth the strip ljlre ol the
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l'igule 6.15: R.etuln loss 511 of the nricrostr.ìp pal,ch antenna.
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l¡igure 6.16: Input impedance of the

rì¿uìce at 7 .,175G II z.

Application to P Ianat' lvIict osttip Cit'cuits

Freq Hz (x1d)

miclostrip patcìr anl,enna nea,r tlìe oper,atìng teso-
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400 Time Steps

Applìcation to Planar fuficrostt'ip Cicuits

i.'''.J.

600 Time Steps

Figure 6.17: Distribution or E"þ,y,t) iust underneath the <lielect'ic irterface of trìe
rnicrostrip patch of the a¡ertu'e-coupred microstrip antenna at 200, J00,400 and 600 time
steps.
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CHAPTER 7

Application to EM Interference and

Compatibility

7.L Introduction

Ñl¿utv r"tl vircrlr t¡<,'rlts ll¿tt,c high lcr.ds ol <:lt:ctloi nagrr r:t ir: r¿rcli¿ltion duc to ¿r <x¡r-

r:r:¡;tr'¿rtion ol tlarrsrritting <lcviccs. oth<:r' tv¡rc:s ol <ù:<:tli<:¿lì r:r¡uipnrort gcrr¡r':rtr:

It:aliag<: ol clcctlor rragnr:t ic r'¿rcliation dulirrg opcr.ati<>n <:r'r:n tll<>ugh it is ¡ot thci¡

furtctit>ll t<¡ racli¿r.tr:. Illlrvalrt<rcl r'¿rdi¿ltion [r'orl souLc<,rs snch ¿rs th<-:sc r:¿rn ilrtcr.l'cr.<:

rvjth tìlc opctiltion of rn¿rnv ckrctric¿¡l r:c1niprucnt. ¡ 1,ç¡5, goocl exarmplc ol'suclr

ìntet'ference is that cxper.icncccl by a n¿rvig¿rtion s)/steîn on ltoar.d of ¿ ship.

All ships ha'c ¿r n¿¡r,ig¿tion ancl cornmnnic¿r,tion system on bo..cl, lvhich oper.-

atcs at high fi'ecj'encics in tlrc ÉlF ancl \i IIF l¿ngcs, in aclclition to the plcscnc<; ol

coÍrrneÌcia,l computing ancl monitoling ecßripment, as rvell as porvel genelation trncl

plopnlsion ecluipmcnt. All thcse equilrments aclcl to the complexity oT the opel¿ting

cn'ironment. Higlì vHF signal porvel le'els intc.fere rvith the computing ecßripment

ancl colmpt collectccl navigation clata. CoLrpling of high le'el RF signzrls into the

computing ecl.iprncnt occurs vi¿r, porvel and intclface caìrles, nncl via clilect entry

through ca,binet ol enclosnt'e apeltur.es, 'Iirne valj'irrg magnetic fielcls generatecl b¡,
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Chaptet 7 Application to EM Intefietence and Compatibility

rot.ting nrerchincr'¡' conlcl inflnence a'cl cleg'ade the perfo'mance oI a nc¿rb), higlr

lcsolution colol rnonitor'.

'l'lre ìntrnunitv ol clectlicaì cclnilrtnr:nt tr,gtrirrst any electrornagrrr:t ic intcr.lìu.cn<xr

is lrrolrr as thc susce¡rtiìriìity of the systcm. It is tìr.s irnpoltant to tr:st clectr.ic¿l

cc¡tt iPttl<',ttt to clctct rrlirtr: holv rvcll it functions wlren subjcctr:cl t<¡ urrrv¿urtecl clcr:tr'<>

ttlagttr:tir: I atli¿rtion. ¿urtl llotv rviì1 is it shir:lclcd agailst un irr tr:trtion al <:lcr:tr.onrag¡qt i<:

irtclli:rr:lrcr:. ìiñl I.

¡\llotlrr',r' r,ictirrr ol lr)À,ll is plintrxl cilcuit ìroalrìs, p(-l[]. 'l'lu¡ I,lN,l I ernissio¡ sourcr:

tltat nlost rnodolrr dìgit:rl clcx:tt'onit: <lcviccs h¿rrc ir <:ornrnoll is tllc {i¡r:c:t <:¡r'l,slrt

(l)(-l) ìrus tltat str¡r¡rlics anrl clisttibutcs r)c'ccss¿ì,r-y <:lt:t;tlic ¡rorvc¡ to intçgratr:fl r:ir.-

crrits. l)(l lltscs ¿rtr,' usccì ill ¿rl¡nost alì digital clrxrtrurir: dcviccs, iitcìuclirrg satcilitr:

tr¿ursrìtittcls a.n<ì rcccivr:r's, r..]c¡c:tloni<: tools lbl nrcdi<:al r'<;sc¿rLr:h ¿rr{ ç¿¡r,r:. ¡rc¡sg¡¿ì

corrtputc|s, ccllul¿u a,ncl <r>r'clless t<:lcphones, a.ncl r:lcctronir: ga.me:s anfl toys. llì[c

DCi lrus bccor¡les ¿rn ltrt itltcntional lacliating ¿r,nterna rvherr rninttc r.csiclu¿rl sr.vitch-

irrg signals ¿ile enittecl flom the ICs. ll'he sirnnltaneons srvitching cnr.r,cnt at 200

M II z o,' at higher' ¡:ates rvill inclucc on thc DC bus a consiclela,ble current flnctu¿rtiorr

¿r,t the clock fiecßrenc5, r'a.te. Thcrelbrr:, the DC br.rs ¡rlays a c.ncial lole in coupìing

llùlI from srvitching solicì-st¿te clevices to both conclnctecl ancl racliatccl paths. pr.c-

clicting DN'Il fiorn DC ì.lnses in cligital ecluiprnent is ¿r r¡a.st topic, a litelatn¡e reyielv

on lt)N,l I in plintecl circuit boalcls has been clone by Gravelle ¿rncl Wilson [Zg]. The

stncly provicles a very good cliscnssion on the Dil,II sonrces a,ncl the rneasules neeclecl

to insnle voltage ancl cnn'ent rva'efolrn integrity thr.o'ghout the intelconnecting

paths. The snppression of conclrrcted ancl racliatecl cmission, and har.cìening against
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susccptibility failule ¿rr.e also cliscnssecl.

'lh.s, tlrr: p.ol>lern of Dù,II/ IìN,l C can be classified into t'o classes. 'I'he first class

is an irtlasyst<:rn plobì<:m, lol lvhicìl the l,lN,lI nì¿ì.)¡ cornc fronì rvithirr the syst<:rn. 'l'll<:

causcs <¡l sucll Ili\'ll nr¿ry l¡c orvecl to 1l'intr:cl cir<:nits. dock, ancì srvitching tr.¿ulsients.

'l'ltc sr:cnrttl r:lass ol'li14l is thc in tr:rsl'str.:r n 1->r'oblenr, which rna.5, <:or¡lr: lì oru outsitì<,-

r:¿rttscs ¿lrcl apltìi<:atiorrs srr<:h ¿rs r'¿rdio 1;r'¿rnsl¡rittcl s. lnic.owar,<¡ r'clzr¡,, ¿¡¡¡ c:r.¿rft. lor:¿rl

os(:illatol. tadat ttaltslnittots. powot lil¡cs alrtl gcìrr:l ¿ì.tors. .rrrd liglrtnirrg stloltr:s.

l.1)ì<'.ctlorrragrr<',tir: tcst cll¿unìrr.¡rs n<;r'c cl<:r'<:lollcd to ploviclr: slridding fi.orrr <:xtr:r.lral

<:l<:t:tloirragrct ir: r'¿rdiation. arrd to ¡rlovi<k: ¿ur <.,rlr, ilonrnclt in whir:h sta¡<.la.r'ilizr¡rl

<:ìr;<:t;r'orrr:r-grr<:ti<: r'¿diatiorr tcsl; pr.ocedurcs <:orrld l;c dcvcl<ì;<xl for. rrrarry f1,1;t:s ol

r'¿rdi¿rtìo:l soluccs. hr or.cìc:r'to rìct<r'¡ri¡rc: tlrc sus<r¡rtilliiitl, ol ¿r clevice to r.¿rdi¿rtion

usi g thcsc tcst r:harrlrr',r's, thc ck:vi<r: rlust l¡c subjor:tr,.tì to thc r¿rdi¿rtioll Iì.<.,<¡ucnc:ìr:s

¿rncl licld stt'r:ngtìts tll¿rt ¿ltc tclrtescntatirrc of thc environrnellt in rvhiçh thc clcyicc rvill

opr:r'tr,tc. ìrorvr:r'cr', nle¿sureurr:nt ccluipnrerrt itsell'c¿ln plocìucc ch:rnges in t|c test

environrncnt lvhidr rnay bc critic¿rl in thc inter.pr.etatiorì of thc lesrrlts. 'I'ìielclbr.e,

¿ln ov<:r'¿rll ch¿rr¿rctcliz¿rtion o1 the DN4C test or' ¿lctn¿l opela,tional cnvirr¡rmerrt is

necess¿r)¡ for' :i completc st.dy ol DN,IC.

'lhele is a gleat clezll of cornplexity in the shapc, intelconnections ¿rncl cletails

of ¿rctu¿r1 r'cal life ecluiprncnt alcl s)'stems. t\4ocleling such eclnipment is not an easy

task. sorne of the l'eaturcs necessàr'y in the ¡nocleling methocl sLrit¿rble fol DNIC

stnclics ale cliscussecl in [79], [80], they ar.e:

¡ it must be capable of mocleling cornplex shapes,

r it ¡¡mst pelmit sinrultaneously thc rnocleling of regions inside ¿rnd ontsicìe ¿r
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sh ielcl,

¡ it rnust ire cerplblc ol rnoclcling lvir.c lik<.: stmctnlcs,

o it nrust be snit¿l;ìc fo. l'oclcling sp.ce rvith inhornogenr:ons p.opr:r,tics,

¡ it lnust bc <:a1;nblc ol clcaling with opcn ì>oru<ìar.y plobk:nrs,

r its trppli<:ati<>tt artcl itrtc:r'¡rtr"tation ruust lct¿rin ¿rs rrrnch ¡rlrt,sic;rl rrrgn¡irrg ¿s

possiJllr:. to ¿rlìorv tllc rtsct sotrtc l'r:cl o1' t]rc n¿rtrrr<., ol sitrrplifir::ttio¡s ¿rirtl ¿rs-

stttttlttions n(.-ccss¿1.t.\¡ i¡ tr¡.1. ¡15¡¡ 1' jss of srr<:[ <nnr¡llexity.

No Iltt¡llt:t ìc¿tl rrtctltotl r:¿rn s<:olr: thc naxinlrun irr all itcl'ns in tlrc list ¿rl>ovc, llorv-

(ìvcr. solìì(:ì l¡rctìlo<ls ¿rlc l;cttcl suit<:d to l,)N,[(_l l>r,ol>]r:rns. r:rt:.. \,lr:tltocl ol À,lotl<:rrts.

fillitc dilfcrr.,nc<: tilne <ìolnailr alrcl tr.iulsrnissiorr-lirr<: rlodcìirrg.

7.2 Field to Wire Coupling

A genelic EN'IC ploblern c¿rn l¡c clescliirccl as an cclniprnent shiclcl, rv|ic[ ma¡,

consist of mcta,llic ol ca.r'bon-fi1¡el coinpositc pa,r,ts antl open slits (n1:eltulc's). par.t of

the DÀ'I enclgy perrctlates thlough palts ol the shiclcl eincl couplcs i¡to thc system

(clcvìcc) rviling tr'cl often th'ough other. penetr.tions of the shielcl such as powcl

cables,.clcl f'r'ther paths lvher.e Iì ,1 r.¿rcliatìo'can co'ple into eclnipment.

An icle¿l ìIN'IC p.oblenr is gi'en in [¡ig. 7.1 rvith the goal he.e to stucly the

field coupling to a lvile placecl insicle ¿r, shielclecl enclosLrLe, rvhele snch a pr.oìrlenr

Iecluilcs sirnultaneous mocleling of the regions internal ancl cxter.nal to t|e cnclos¡r,e,

apcltnles ancl wìr'es. T'rvo examples are consiclerecl for this ap¡rlication. In the filst
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Chaptet 7 Application to EM InteLference and Compatibility

l,'i¡¡ule 7. I : Ci euerir: llìvl (_l l)l ol)leut geotìtel,r¡-.

<:xarrl;ìc a pr:r'lìx:ll"l <:orrcluctirrg box ol clirncnsic>ns 0.ì16 x 0.6 x 0..1 rnctcls is pì:rcccì

ort a ¡rr:tlìrrtì1, corrclu<:ting gr.ound. 'l'hc box llas ¿rn o1.>r:ning ol rlirrronsions g x l2 ¿:n¿

¿urcl ¿r <rontlur:tirrg rvilr., ol' ¿l ladins r' : lr¿rn is placr:<l ¿rt tll<¡ ct:¡tc¡ ol tfic ]ror rvitlr

tlt<: rr¡¡1rct crlcl sltott-t:it<:uitc(l to tlìc ì;ox ¿ulr.l tllc lorvcl crrd tclrrirr¿rtcd rvith .-¡0O. A

pulscrl 1;l¿rrc rv¿r,vc rvith thc cl<rtlic lielcl polarizcd ¡.>iu.:r.ìlcì to thc wix: is irrciclcirt orr

this box. 'l'hc tla,nsicrlt cnu'eut in the 500 r'esist¿¡ncc is ol¡servecl ancl lccorclcrl in

li'ig 7.2. R.esults obt¿rinccl using the I'DTD sirnulation ¿rrc in goocl agr.eern<:rrt rvitlr

the expelirncnt¿r,l lcsult pr.oclucecl by [7g].

'fhe secorcl exarnple of the trpplicatio' of FD'ID to this type of p.orrìern is

consìclelecl for thc configula,tion shown in Ifig. Z.i. A pelfectl¡, conclucting box of

clinensions 0.546 x 0.5.16 x 0.546 r¡reters is place in free space. A center iecl clipole

antenn¿ of length 0.156 meter is placecl a clist¿nce of I meter for.m the center of thc

conclucting box, rvhile a wile of the samc lcngth as the clipole a,ntenna is placed at

the center of' thc box with its ccnte' loaclccl by a ó0o .esistor,. 'lhe lvirc a¡rcl the

clipole irntenna both a.e assnmed to ha'e a .adi.s <>12.6mnt.. The box has an opening

ï
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Chapter 7 Application to DNI IntetfeLence and Conpat,ibility

i' the r' - .'z planc .f clirnensions I iì x 7.8 cm. llhe lvir.e ancl the sperce su'.ouncling

it ¿ue nroclcl:d using FD'l'l). 'lh<; spacc <x,'ll clirxrnsiorrs usecl in thc rnocleling ol the

'plobk:rn ¿rrc 2.6 x 2.6 x 2.6 r:n¿. ¿utd tlrr: box is rnoclelr:cl l¡y ¿rssuning tlle snrl¿rur

tzrlrgerrtiaì cotlrl)oiIonts ol tllc clcctlir: fìolcl to be zelo. 'lhe snr¿rll r'¿rclius rvilt:s. th<:

<li¡;olc antr:nlr:r a¡rd tllc rvirr:. alr: nrodclr:<l using thc <nntoul intcglal a.lrll,oxirnatiorr.

i\ (laussialr ¡,rrìsc is us<rl to r:xr:itc tlrr: cìipoì<: ¿r t(ìurìa. ¿ncl thr: tinrr¡ st<¡r Àt : Å/2r:

is usr¡I.

ht t>t<ìr:t 1,o gc,t ¿ì g<>otl ur tck:r'starr cìing ol tlrc ltlNII/ììI,tCl lclatioirslril.r tllt,r:c: clil-

fìrtr:rtt sillttllati<>lts tvill bc itttlrìr:rrterrtr:<ì . 'l'ltr¡ filst sirnul¿tiolt to bc intl>k:r nci rtctl. is

to lno<.lr:l thc r:orrfignlat ir¡ r ill Ìì'ig. 7.l lvithout tho box. 'l'h<: sr,rlra,ration lrr:trvt;r:n tIr:

atttr:lrl¿r ¿r d tlrr: u'ilr: is l<cpl; thr: s¿rrnc: as dr:sr:r.ilrr:d ¿rbovc. 'l'llc cffcct ol t|o rÌipolr:

¿ìlìtollll¿l l)lcscrì(rc olt thc rvit'c is obst:r'vcrd in I¡ig. 7.i1, rvhcrr,. tltr¡ t:rrtr.crrt tþr.ouglt th¡

501) r'c'sjs1;an<r: is r<rcor'<lccl. '['h<, shiclcling cffi,ct ol thc corrcluctiug box is lcco¡c¡:cl

in lì'ig. 7.4, aLgairr tlx', cun<:nt thtough thc 50o lcsistancr-. is rcr:or'dcd, ¿urcl it is cle¿u.

th¿rt the l;ox has lcclucerl thc llñll gcucl¿tccl l;)' t1," .t ,rnt" ¿l,lrtcnn¿r. Lastly, the

slot in tìre conclucting box is coi'clcd rvith tr lossy absor.bing ma,tcri¿,1. '1.'llo m¿tc-

tial h¿rs a, pelrnittivity e, = 2.5 a.ncl ¿r. concluctiyity ø : 0.04. It is eyiclcnt [r.or¡

I¡ig. 7.5 that the.bso.bi,g ma,te.i¿l pltrcecl ilt thc sbt has reclncccl the co'pling

effect substantially.

'fhc ellect of the shielcl presence on the clegr.ee of elcct.omtrgnetic inte.fcr.ence is

neeclecl, this lvill help in thc clesign of plopel enclosures arcl c¿rbinets. 1b illustrate

tbis cffect, the stlucture in li'ig. 7.1 is moclelecl rvithout the lvile. '.fìre same spacc

inclements and time stepping is usecl, tlicn the fielcl, in this case the ll, component,
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Chapter 7 Application to ENI Inteference ancl Compatihility

is oìrsen ccl at zr ¡rosition ncal'tlrc cr:rrtel of thc box, lol t'o sirnnlations. In th<:

fitst simnl¿ltion tllc box is rcrnovccl ancl thc tirnc-clomairr fielcl lcspousr: is ¡cco¡dccl.

sce I'ig 7.6. illh<:ll thc sa.rrlc fir':lcl <:orn¡rottr:ttt is <¡bsr:r'r,cd ¿lt tlrr: s¿rn<.'pt¡sitio¡ in t[c

pre,sel]cc of'thr: l¡ox. Ir'ig 7.7. It is dc¿rr lìorr thc tlo figur.cs thzrt th<: plcsr:¡cr: ol

tlrc rl<'-trllic box h¿rs rccluccrì thc ilrtcll'clr¡¡r<:c gcn<:ratr:cl fi,onl th<., cxtrl¡¿.rl sourcc.

'l'ltr'r hr:tluc r:1' rcsPOlìsc ol'tllr: two oltsr:l vatioDs is l'r:<:oÌclcrl irr lt'ig. 7.8 anrl lrig. 7.!).

t r:spr:t: t i v clì,. 'l'lrr: cffoct ol tltc shiol<l plcsctì(\) is rìr:il onstr.¿t<:d lr.t, 1.r¡.',,g tllr: r,¿itio

ol l;:,(.1) rvith shielcl arrd //,(./) r'vith rro shirld, tlrc rr:suìts orrtai¡r<:rì ar.r: ¡.lrovid<,'rì

in lì'ì9 7. 10. orlr: c¿ul <:onclucl<', th¿rt thr: nrr:talli<: lrox <lirl lrlor,icrr: a goocl shit:l¿

o\(:cl)t ¿rt sclcck:rl lì<'.c1u<,:r r c i<:s. tlms tlrr,. rìcsìgrrr:r.shc¡nlc avoicl h:rvi¡g ¡.rr.y ol tlrcsr:

lì <:t1ur:nc:ir:s as tlrc o1r<:r'¿tirrg lìr:<1u<.,r r r:1, ìrr thr._ ctluiprrr<:lt ncr:d<lcl to ìtc orclosc:cl l;"1,

this spcci[icr cllr:losu lr:.
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79
time Sec (x10 s)

I.'igule 7.2: (-lutlellt in the 50O r.esistance clue to couPlirrg ,,vith the fìelrl <lue to plarre u,a.r,t:

exr:it¿rt,ior.
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Figule 7.3: cunent in the 50o lesistance due to coupling rvith the <lipole fìeìrl, rvit¡ ¡o
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Chapter 7 Application to ElvI Inte$eLence and Compatibility

u 510 15 20 25
t¡me Sec (x10 s)

lligule 7.'l: L'trtleilf irl the 50f) r'esistarrr:e due to cotpìin¡3 rvitlr the dipole fìeìrl. rvitll box
¿¡u<[ slot.
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Figule 7,5: cullent in the 50o lesistance ([ue to corrpling rvith the rlipole fiekl, rvit¡ box
and slot covere<l rvith absorbing tnateria,l.
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ìrigrr rr.r 7.6: Tinre-rlornain Z,,

preselì t.

Application to EM InteÍerence and Compatibility
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resl)onse near' lhe r:enl,el of tlre box ¡rosition. rvith no box
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I¡igule 7.7: 'I'irne-donlain n, r'esponse ne¿ll the center jnside the box.
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o.4 0,6 0.8
freq. Hz (xl0s)

figrrÌe 7.1ì: FIer¡uency response of the fielrl nea,ì lhe (]enter,of the box ¡rosir,iorr. rvith no

box plesent.
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I'igure 7.9: Ilequency lesponse of the field near. the ceutel inside the bo,r.
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o.4 0.6 0.8
freq. Hz (x10s)

Iigule 7.10: Shielding elfect of the contluctiug box rvith a slot.
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Chapter 7 Application to DM Inteíet'ence and Compatibility

7.3 EMC Test Environment

Practic¿rl lìù{(-l ptoblclns possess ¿r glr:zrt cle:il ol <xrrn¡rlcxity such th¿rt it is irlr-

lrossil;k: I'or ¿rn ¿rr,¿ril¿rblt: arrall,¡iç¿il ¿rnrì ¡umclic¿rì tcc|ni<¡¡e to ll¿ulrllc it rvitholt ¿r

llttrltbct ol asstttrt¡;tiotts arrcl sinrplilications. 'l'his in tuln rcr¡uirr.,s thc vcti[ir:¿rtiorr

artd i'¿rlid¿rtiorl ol a Ilttrltlrr:t<¡l r:atr:lìtl rrtr:¿rsulcrrc:rrts ¿ur<l tr:sts. (luncrrtl), tlrc t<tstitrg

ol ec¡ui1.>nt<:itt ¿ulcl rlcviccs f<>r Iltr,l(.1 ìs rr<:<:r:ssar.1, both fix vaìiclatiotr 1;rrlposr:s and irr

olcl<:r' to <:or r I 1;1,1' rv i tì r l,)14 (.1 lr:gul¿rtion s.

Ilolvcr<..r, lt;À'l(l tr:sting is not an c¿rs.t, ta"li. ¿c:trrall.t, tlrr: r:orrr¡rìcxity is nrur:ll

lllorr: iIIvt¡lr,r:cl. siltc:<: c>ltc tttil.jot lr'-clrtilcrrrcnt is tlr¿rt tcstiug cclnilllrcrrt etnd m<:asnr.irrg

1;toccss sltottl<ì rrot aflc<:t ot rlistoltr:<ì thc lrrr:¿rsrrlc<l clrrantitr'. 'l'lris r'<:rluilcntrtrrt is

<ìifIìcrrlt to tììcc,t, cs¡;cx:ialì,1, lt high Irtc¡u<:ncics, rvh<:r.t: tlrr: cc1ui1;rnr:nt rrnclg tr:st

(lt)Lt't') arrrì th<: ll lc¿rsu Lcrncrìt s¡,sf1'¡¡¡ lb¡nt ¿r closcl.l, intr:g¡titccl illtcr,¿rctir¡¡ st,stcr¡.

ll'hclcfolr:, tltc ecluiprrrcl.tt ¿rttcl ent'ilonrnent ol tcsting rnust bc nrocl<:lql togctlx,.r'

rvith DUT in olclct to oìrt¿rin accru¿rtc r.csrllts ft.onì the simuìa,tion.

7.3.1 Effect of Testing Equiprnent on EMC Envilonment

h.r this sectiorr the effect ol testing eq.ipmclt on scleenecl DN,lC r.oo'rs is stucliccl.

Tlre sclccnecl roorn clirnensions ale takcn as 2.1ì5 x '1.55 x 2,4b rncters. 'J.'he spacr: is

rnoclelecl using er IrDTf) cell of climensions À¿: LU: L":5,0 cm. 'Ihe ivalls of

the scleenccl roo r a.e assumecl perfectly cond.cting a,ncl ¿rle moclclecl by setting the

tangential components of tl.re electlic fiekl to ze'o. An impulsc li'" fielcl cxcitation

is appliecl ¿long a ìirre flom tlie llool to the ceiling ol the r.oorn, 1 m arva¡, from one

encl oI the nauorv rv¿ll. 'l'he lcson¿nces ¿ncl the fielcl plofile ¿¡,r'e then obtainerl fol
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¿r nnml¡er ol configu|âtions. I?ilst the scr'<-:enccl Ìoom is consicleÌecl ernpty a cì the

tesonaltt lir:cluencics atc c¿lculatocl þ5' ol¡.¡¡i,'11g thc n, cornpon<:nt ol thc eìcctric

lielr.l Ilr,'al tìtc <:e¡ltr:t of tlle loom. 'l'llc tirle rlomain /,J" fidd is thr:l tr.a.nsfblrnccl ilto

fiec¡ucnc,1' <loma.in usirrg lbuli<:r' tr¿rn sfolrna.tior r . Itig. ?.1 I illustr'¿rtcs thr: r'cs6na¡ce

lrr:h¿rvior'ol th<: sclcr,'lred rooln. R<¡son¿urcc is obsr:r'r,cd ât. ./' : 75.i'i, gg.i¡, 125.1¡. 200,

22ìJ artl 246M l'! :¿. ovr:r'tlrr: r':rirgc: [r'r>rn ])(l to 250r1.111.;. 'l'lrc s<'corrd c\p('Lir)ì('rt

irr'r>l'cs ¿r sr'¿rll rrrr',¿sr*irrg di¡;olr: ol l¡l r:nl ìcrrgtlr p]^rr:d orì. rììotcr¿ì \v¿r.\¡ Itonì tlr(,

<>tll<',t lt¿ul<>w rvall. 'l'hr: ùcsorì¿ìrìco lrr:haviol ol'tllr: fir:l<l insiclr: tlrr', r.oonr is illrrstlatrrl

ir Ii'ig. 7.12. 'l'h<: r:ffìrt ol th<: srn¿rìl rli¡roìc on thc arn¡riitu<l<: ¿ur<ì L<:sor¿rnt fi<:r¡ucrr<:,1,

is ahlrost ìrrsignili<:arrt .omlrnr<:cl rvith li'ig. ?.11. llorvcrrrr', t sigrri[icilnt cIa¡gc irr

tlrr: arrt¡rlitudr'- alld lr':soll¿ult [r.cc¡ur:ncy is o]tscn,crl rvhcn a cli¡rolc ol' I rnct<r. k:ngtlt

is usrxì, this is d<,'lno¡ rstr.¿rtr¡rl iu lì'ig. 7.lll.

Â¡lothct irrtpolteut as¡:ect is thc c'llect th¿rt thc rncasulirrg clipoìr: rvouìcl |¿r,e o¡

the fìelcl 1,'olìlc insicle thr: sc.ccrecl 
'oorn. 

ft illrrstr.atc this, thc 11, fielcl str.cngth

a,t thc ccntel o{ thc r.oonr is ol¡t¿rirrccl over the ¡: - y plane at one of the r.eson¿mt

1r'ccluencies. l¡igule 7.14 illustr¿tes the fielcl beh¿¡r,iol at f : ¡,¿5 ¡1r¡ ¡¡z for. ¿n crnpty

.oom. Figule 7.15 clemonstlate thc elfect of the srnall clipole on the fielcl pr.ofile at

the s¿mc freclue'cy as the p.e'ions case. The fielcl profile of the long clipole is givcn

in l¡ig.7.t6 ¿t96ÌvIIIz. It is clear fior' tliis figu'e that changes ¿.r'e inclncecl by large

clipoles. 'Ihese elTects l¡ecome nìole pronollncecl at higher.fi,eclr.rencies,
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50 100 150 200 250 3oO 350
treq. (xi 06)

l;'igrrle 7.1 I: R.esol¿r¡rce irrside a screeled eltìl)1,\' Iootìì.
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Figu'e î.-t.1: n, prolìle on a plarLc nridu,a.l and parallel to the grouud plane for an ern¡rtl
I OOtìì.
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Figure 7.15: E, profile on a plane midrvay and parallel to the ground plane for ¡oom rvith

small dipole.
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Chaptet 7 Application to ElvI Inteúercnce ancl Conpatìbility

7.3.2 Scleened and Auechoic Roorns

Pr'¿rti<:¿rllv thcr'<: ¿r.r'e thrcc rna,jor llÀ,lc test envilonmcnts rvhich tlr:, ¿uì open ¿ì,rea

tr:st silx: ({):\'l's). ¿r scr<rlxrcl r'ooln arld ¿rn ¿urcchoic chamb<¡r. I-lorvcr<:r'. r¡¿rch ol

tìrcsr: l'¿r<:ilitir:s ll¿rs sonlr: basic ch ¿,tr'b¿ck. The OA'l'S is ncithcr.solncc nor, c_.nvilo.r-

tttcrttall.l crolltlollr:d. Strtr:errc<l lr;ortts exhibit a stlongì.t, r'csorìarìt br:haviol at high

Iìrr<¡rt<:ttr:ics. arr<1 tltis <:ottt¡>li<:trtr:s tlrc intr:r'¡lctatioll ol ln<:¿rsulc¡tclrts. Olt tll¡ otIr:r'

llalttl tllr'- attr:clloi<: <:ll¿rrrtbcr'<lispìavs lr:sollant lrr:lr¿r,iol at low lìcc¡rrcrrr:ir:s wlrc:rr: tlrr:

c fli:r:t ivr:nr:ss ol thc lac.li¿tiorr aìrsor,bilg nratr:l i¿l (R,,\N,l ) is lirritc:d.

'l'lrc sc:r'ct<:lrccl lo<l:¡ usod li>r'tlrr: sirtrrrl¿ltiol ilt t,lris strrd,l, is oI tlir¡cnsions.l.g x

6.1 x2.'l lltctr:ts. '1.'ltt: <',x<;itatiolr lillc is placr: at tlrr'r c:cntct ol'th<: sir¡ruì¿rtiorr s1>¿<r., ¿¡cì

th<¡ fjc:ld 1;attt:r'rt Iì>t tlrt: s<:r'c<:llc'rì r'<¡orn ol¡t¿rincd at orrr.- ol tlrr: r'cs<;lr¿rirt lìr:<1¡c:¡cir:s.

.Í : l19À't ll::' is sllown in lì'ig. 7.17. It is ck:al th¿t i¡r this qlvilo¡lncnt ¿uld

at this fi r:qrr<:nc¡, any ìt)ì\,1C rlcasnlr:nr<:nt rvill bc ltig-hl¡, affcct<:r.l ìr,y th<,, positiotr

ol ol thc etlrriprnent 
'uclel tcst (Llur) and rne¿¡snlc¡nent ecßriprrrcrt cluc to the

ìoson¿uìcc beh¿u'iol ol sclccnecl loonl. Ouc lv:r.¡, t<> r.ctlncc tltis ellcct is to pltræ

¿rltifici¿rl zrbsorbirtg bontrclaties ¿t the rvalls ¿r,ncl the cciling. l'ig. 7.18 ilìustrates t|e

ttse of N,Iur''s a,bsor'ì:ìng bor.rnclar'¡' conclitions ¿t the w¿llls ancl the ceiling, thr: llool

or.r the othel hand is lclt as pelfectlJ, conducting. It is ck:¿rl that the fielcl ptrtteln

obt¿rinccl is nole lcpresenta.tive of ¿ìtì open site <x¡nclition.

ln pt'actice RAù,I cotrsists of a s¡,¡fþs¡iç mateli¿l loaclecl with conchrcting par-

ticles. It is usually shapecl in blo.ks of a co'ic¿r,l {orm ancl is placecl on the rvalls,

floor ¿rncl ceiling of the scleenecl .oorn. As mentionecl eallier,, the ellectiveness of this

materi¿¡l is lirnitecl at low fi'equencies ¿urcl in olcler to irrrpx¡'e its performance vcr"¡,
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thiclt l¡locks of RAil,I aLe necessar)'.

ll'hc nrrrnclical impìcrnentation ol'th<. RAN4 can l¡e clon. basccl on trvo assutrp-

tioùs. lìilst. thr': cìr:t¿ils ol thc r:olrica.l shzr¡rc rvclc rrot rnod<,:lccl clilr:r:tlt,. Inst<,¿¡cl

thc R.A\'l is rnodclecl bl.' unilolnr cubi<:al bloclis plarr:cl on to¡r ol <,'ach othr:r.wit¡ ¿r

thi<:l<ltcss ol l0 cdls. Sr:r:ondl"1'. tlrr¡ r:l<:r:tr.i<:¿rl 1l.oprlr.ties ol thc R.ÀNI r.¡l¿rtct,i¿tl ¿r¡r:

¿rssulnrrl constânt alld clo rrot var'.t, rvith 1;osition. 'l'h<:r.c li>rr:. i¡ t[<., sin¡r]a.tion tIr:

Ìì;\l{ is assulnr:tì to h¿rvr: ¿r pcr.rrrittivit,¡,¡,.= 2.i¡ ¿r¡ cì <r>rrcluctivit,y a:0.04 g,|ir:lt

<r>r'tr:slrorr<l to cìcc:tlir: r'es¡st¡vi1.l, lt = '2|¡{)¡n.. ll¿rs3{ o¡ tlrr:ss p¿r.ar¡c:tets ¿¡1fl ¿rs-

surrl;tiors. thc ¡lr'olìl<: ol thc cler:tlic [icld /1" is o]rt¿rirrr¡d ¿r¡r{ sllorv:r i¡ li'ig. 7. ig. tlrr:

loorr i this r:as<: is lullr, lirrt:d rvith RANI. th<., 1;ca.k lrc¿rL thc cortr;r'c<>r.r,r:s¡ro¡<ìs tc>

tllr.- c:rt:it¿rtiolr 1;oirrt ard thc: 1-lìo1 is lì¡r. tlr<: snlrc frt<1rrcnc"1, as i¡r tllr,- ¡>r,r:r,i<>us r:as<.,.
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CHAPTER 8

Conclusions and Recommendations

8.1 Conclusions

,\ tr:r'icrv lì>t solttr: ol tllr: availabì<: rtrulrcric¿l tr:<:lrrric¡rrr,'s Il¿rs ìrcc:ir c:olrcl¡ctr:cl irr

alr cffblt to s<:Ìcc:r ¿r suit¿rJrlc: a¡;¡loat:h <:a¡>:rblc ol'rroilcling, sinrrrl:rtirrg ¿r¡rì a.r¡a-

1,1'zitlg cltr:tt ott tagttct ic ¡rltr:ttor t lon¿r. (.lornlr¿u'ison <:r'itcr'ì¿r rvcre- b¿rsr:rl orr i,c¡strtilit¡,,

¿t(:cuL¿ìclj. efli<:ir:rrr:1, ¿utd cosl;.

'l'hc li'ì)'l'D tr:cllttic¡ttc o[li:ls rrt¿rnl, aclvartt:lgr:s ¿rs an clectlorn¿gnt:tic rnorìr:ìi¡g.

sirnttl¿tion ¿rtt<1 arr¿rlvsis tool. lts ca1;abiìities incln<ìr:, tu bittu.y ìl-D urorlelirrg, i¡-

ter'¿rction ol Dtr,[ w¿rves rvith objccts of ¿r¡ry conclnctivity erncl fretlncncv-clepenclcrrt

rn¿ltcli¿ll. It is ctrpablc of p.rxlicting ¿ì,ny typc ol lcspr>nsc sr.rch a.s sc¿rttc¡:ed ficlcl,

r'¿rcli¿ltion p¿ttcrn, r'acl¿r| cÌoss-sr:ction, cuLLent, penetr.ntion ¿lncl inter.ior. coupling.

Ncvclthelcss, tlrr: I¡DlfD techrriclne is eas-\, to irnplenrcnt.

A lte¡' ¿¿lv¿¡¡r1'te otr plefetting thc tse of FD'ID oi'er othcr. numer.ic¿rl tcc[nic¡-res

such as ù'Ioùl ancl l"ll, is its simplicity ancl c¿rse ol irnplemcnta,tion. Irol example, the

'loùI is regalclecl as an integlal equatior.r techniclue, r.vhich lecluircs the neecì of using

spccializecl Green's function fol each specific problem. These Gr.een,s functions ¿r.c

geornctly clepenclent ancl sometimcs are harcl to obt¿rin. Neveltheless, the use of

ùIoN'I o¡ rE tech'icßrcs r.rsnally errcls up rvith a system of n¿¡trix ecl.ations. .l.his
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rvill aclcl to the cornplexit¡,of thc tlvo techniques. Another. impoltilnt kcy aclvantage

of using I,'D'I'D is its cap:rbility of hzrnclling tirnr:-clorn¿in ìrasecl 1rlobk:rns. On tire

othel llancl. thc ì\'fotr4 ¿incl l"ìt) teclrniclur:s h¿n'¡: to iro rLroclifir:cl in or'<.lor. I'ol t|cnr to

It¿rttdlc such fr¡¿rtrtt'c. ¿.ncl usuall¡' ¡]¡1' tirnc deperrcìent tcrnìs ¿r-Lo tr,r:atc<ì usirg tlrr:

linitr: cli[[crr:tr<¡,r tr:r:hn ic1nc.

'l'll<: li'J)'l'ì) ttxrltttic¡ttc is b¿rs<:tl on tltc trvo i\4¿rxrv<:lì's r:rrll <.,t1ualiorrs ilr ¿r <lr:r'ir,¿rt iyr:

lbr'¡rl itl tilrlc-dol I t¿¡irl. Ottì,r, itr:at <:st-r tcighìrcx in tc:r'¿r<:t i<¡n. intn¡roìation arrrl r:xtr¿po-

ìatiorl, rrctr.l to bc rronsidr:tr:d rvitlrout ¡lla1.r'ir ilrvr:r'sion ol irrl;<:glatiorr r.r:r¡uilc:rrrcnt,s.

,\ gr',nr:ral iJ-l) rcdc h¿rs lrr:clr <ì<',r,t:lo1;ccl bascd on th<: yc:c <:dl Ii>r.¡rrrlatio¡1. '['lrq

<:odt: ¿rlso ttscs tltr: r:otttortt itttcgt:tl lnt:tllo<l rvhich is r:ä1raìrlc ol rrrorlr:lìtrg vqry tlti¡

stLtt<:ttttr:s strc:lt ¿rs witr:s ¿urcì r,cty rì¿ìì'r'ow ¿ìpcrtllL(:s. ll'ltr'<:r: out<:r. r'¿rcli¿rtio¡ lt6u¡rlat.1,

c:orrditjo¡ls alc stuclied aird crrr¡rlo.x,'d lor o¡;c:r s1>n<:c ¡;r.<>ì>Ìcnrs in olflcr.to t¡u¡rc:¿rl,r:

thr: corrrpntational spn<:c. 'llrr: c:rp:rbilitics oI the <ndc extr:ncl to ilrcl¡flc th<: ¡rocl-

cling of lrrurpccl linea,r'/nonline¿rr circr¡it <:lernents both. passiye ¿rncl ar:tir,<:. ,l'll<:

rrx>cleling ecluations fol lurnp<:rl cilcuit elcrrx:nts h¿r,e l¡eerr cìorjyecl fo¡ passir,<: a,nrì

¿rctivc lninPccl elerncnts. I¡D'['l) rcsults havc been vr:r'ifìccl ¿¡ncl conrptr¡ecÌ rvell lvith

cilcuit theoly lesults.

A genelal f¿r'-field lontinc h¿rs been clei'elopecl to oìrtain l¿lr ficlcl infolm¿rtion

lrom FDTD near'-fielcl clata. The cocle <:zrpabilities havc becn cleirrcnstlatecl thlo¡g¡

sevelal electlornilgnetic zr,pplications inclucling B-f) scatteling b), concluct.ng .rncl

clieìectr'ìc oìrjccts. In the ¿r'ea of antenna lacliation, thr-ee antenna confign¡at ior.rs

ha,r'e l¡een modelecl. 'I'hese are zr monopole mountecl on a conclucting box, a ìrent-

slot antenna llush-rnountecl on a conclncting l¡ox ¿rncl a clualteL- rvavelength rnonopole
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Chaptet B Conclusions and Recontmendat ions

rnounte<ì on a,n autornobile's roof. Racìi¿rtion lrattell lesults oìrtainecì fol thc th¡ce

configulations ¿rlc in ¿r i,cly goocl agr.ecrncrrt rvith publishccl lesults.

l\r'tltr:r'm.r'r:. thc captrbiliti<.rs ol thc t¡D!ll) tu:h'icl.rc in moclcìi'g pìtrnat.nri-

ctostt'ip t:itcttits lt¿rve l¡et:tr cler¡lorrstla,tr:cl vi¿r th<,' c¿rlcul¿rtion ol a rnir:r'ost¡ip lin<r

clftrr:tii,r: dicl<:r:tlic const¿ult ¿urcì its clr¿rla<:telisti<r irnl;r:clant:. 'l'hc codr: h¿rs lrr:<:lr

suc:r:css{ìt ìì,1' ttst:rl to ttlotk:l lirtelctl lniclostli¡r p:rt<:h arr<l a1;r:r'tur.r: corr¡rl<rl r¡it:rost¡i¡r

¡ratclr atrtotlas.

lrt thr: alca oi ìlI{l/lt)\,1(.1. tltc <:ork¡ lt¿rs lrrtll rrse<ì to stud,1, cìc<:l;rrrnragr rr:t ir:

r:ou¡rìing rvitlr rvilt',s ilrsicl<: sllicldc:d c¡rr:lr>surc:. 'l'lrc shir:ì<ìirrg r:fli;ct ol a ¡r¡t¿rìlit;

<:¿rltintf; alttl ¿ttr cltclosttt'r'- ltas bcr:n oìrta.inocl. Silrlulation antl tr:sting of' tll<: lìÀ{(.j

tr:st clrvilotulx:ltt ll¿rs lr<:r:n stu<ìied lt1, sinrulatirrg o1;cn-sight. sr:l.rr:l¡e<l rrrollls. altcl

s<:tcr:ltc<l l<¡ottts lirtcr.l rvith r'¿di¿rtion aìrsor'ìriug ln¿rtr:r'i¿rìs (R;\Nt).'l'lrc c¿rp¿lþiìit.t. ol

thc li'l)llll) to nroclcl l!)ù,II/Ilù,lC ì;r'oblr:rns m¿rltos it a potcntial substit¡tc to th¡

¿rr,¿ril¿lblo cxpcrrsivr: ì:lNtCi test sitcs ¿rncl cnvilonnrcnts.

8.2 Recommendations

illhe I¡D'fD techniclue has been cle'elopecl, tcstecl ¿ncl applied successf.I), to

sr:r'er'¿rl <¡le ctrrxn algn<:t ic plol:lems, holver.er', still thele ¿r'c seveLal a,r'eas lv|ic[ ncecl

to be ìnvestig¿rtecl ancl improvecl. Potenti¿rl aleas of irnpr.ove¡nent cal þe s¡nrma¡izecl

as follolvs:

r Investigation of the application of mole acct¡rate nnnrerical RBC is one po-

tential are¿r for irnpro'ing the ¿rccu'acv of the FDTD cocle. r\ successf'l RBC
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lvill .esLrlt irr ¿r rcclucti.n ol mernory ¿rncl tir¡re.ec1ui'emcnts of simulations.

r A sr:<:oncì int¡roltartt ¿r'e¿r which woulcl irnl>rove thc capabilities ancl the ¿rccu-

r'¿rc:r, oI th<' l¡l)'fD tr:r:hniclnr: is tllc usc of h1,þ¡¡¡1 tr:chniclur:s, i.c., ntixr:cl I,D'1.ì)

anr.l tr,lo\4. or' tr'D'lll) ¿ncl bonnd¿rr.-\, r:l<:rnent (lìIt)À,1). SLr<:lr irn¡>lcrnertatiorr u,ill

rlinrin¿rtr: tllc rlrrc<l ol RIlCl.

r :\¡tol'llot ¿rl c¿r lvhit:ll u'ill lr:ad to arr inrplovor:rr:lt in th<: capabiìitics 6f t|<r

l¡l)'l'l) is tllc nsr: ol conlblnrc<l <r:lls irr ¡>la<r: ol tllr: tr.aclitiorr¿rl yrr:'s 1¡Jri<;

<:r:lls. orrr: suggcstior is tìrc us<¡ of tho l¡Jìl conlor'¡rrr:<ì cc,'ll. Sur:ll {<:r,<:lopr¡<.,¡t

rvill inrlrlour th<,: t:apabilitv ol thr: Ii'Ì)'l'D in nrocldirrg com¡,k'r e¡rcl :rrþit¡iu.y

stl rrr:tu tc:s.

N.r'r:r'tìrr:lr:ss, thc <rr.c.t ìlì)'lll) cr>dc: r:oul<ì be us<:cl to irv.stig¿ìt(,ì ¿ìr(l studï

tttolc ¿rcìr'¿rncr:d r,.lr:c:tr'<>rrragnctir: ¡l'<tbìrtnrs sur:h ¿rs.

¡ llhc cflèct and thc Ilaz¿r.r'cì of clectromagnetic w¿ì.\¡cs on biokrgical tissucs ¿lncl

stLuctLrr<:s.

r lììc"ctloma.gnetic intelfclence a,rcl closs-t¿rlk in printed circnit þo¿r,r,cls ancl \i LSI

interconnects.

¡ 'fhc nse of ci.cuit sirnnlators sLrch as SPICD, to moclel complex lurnpecl ci.cnit

elerneltts rvhich could be integlir,ted lvith the FDTD cocle.
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APPENDIX A

Realtion of Electric and Magnetic Fields for

R,BC Application

'1.Ì> stu<1,1' tlrc ¡ r:l¿rtion l¡c:ttvr'-ctt tlrc clrx:tlic arrrì rragrrctic: fi<:ld <:orl1;olcrrts ¿ìssl¡¡(

that tll<: cl<:<:tlir: alrcl rrrtrgrrcti<r (:olìl)onents ¿uc ol thc li>llorvirrg lìlrrr:

tvlrt:r'<: thc subscliltts ¿r ¿rncl ¿, collr:sp<trrcls to:r:, y, or: colnporìr:nts. ¿rn<ì i =,t=.
Assurnirrg th<: p.oblcrn ulrde. c<¡nsicler'¿r,tion is ¿r 'I'M 2 - Ð, trrus, on., c¿ìn àssurne

Il": ¡|;u: 0 ¿rncl II": g. Upol sul;stituting (4.1) ancl (4.2) into thc clilïclcnce

c<luzrtions (3,22) ald (:Ì.23), the tollorving lel¿rtions rvill l;e oÌ¡tainccl.

t,t _ t,1 ....i\ü,,^,t_À. ¡^_À.,j.1i)

ll ,, : ¡1 ,,,.,r-i@"ti -¡i' t^-À,7À)

II,$nøLtf 2 : czll" s:1tku\12

IIrsÁto\tf 2 = -czIl.sink'L12

fI, _ czsi¡k,r\f 2

L sinwr\tf 2

t71

(,\.r)

(r\.2)

(Ä.3)

(4.4)

'l'helcfore,

(A.5)



â,nd

Siurilarlv lbl th<',7'll casc:

olrt¿ri¡rr.,d.

IIu _ _r:z sÁ h,,Lf 2

IL=- "'r".Ltl2 
(Ä'6)

rvltctc .11" - Illr : 11" : g ¡¡r" l'oììorving r.cl¿rtions ¿r.cr

_ r:r si¡t ÀrÀ/2
sirr *'À1/2

ll,, _ r:tsi¡IuÅf2
Il, sirr iuÀl/2

ta _ I¡, -Jl\r n^t +t..;^ -t.ù iÀ)

II, : IJ,,oe;@"^¿+t'. t^-r', jÀ)

I;),,

(^.i)

(r\.S)

(Ä.0)

(,^. ro)

(A.1r)

alld

'l'hr: sig.s o. tlrr: r'ig-ht harrd sitk: ol (4.,5), (Ä.0), (Â.7) and (Å.S) rrur.1, ch.'g<:

IiÌ rv¿rvc Ì;r'opagttirrg irl tlrt: othcl dilr¡<:tions. sur:h as il tlrc lv¿lr,c is assur¡c:tl to ìr a.r,r.r

th<: lirlÌorvir rg cx ¡lr'r:ssion.

the¡r

I[, _ cz sin k,,L f2
E" sina\tf 2

for'7'M rv¿rvcs ploptrgating in the (-) ¡ clir.ection.
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APPENDIX B

Discrete Fourier Tlansformation

'l'hc r:ragnitudr: lntl 1;hasr: ol tlrc cnvclopc ol ¡->rrlsc:d I,'l)'l'l) atr: c|rtr:r.r r r ir rrxì ¡.1,

taliing tlrt: rlis<:r'ctr: liÌ>ulict l,r'¿ursfolr¡r ol tlrr: tirnecl<;lrrain rv¿lvd<¡r,rrr. 'l'llr¡ rliscrr:tc

|oulicl tr'¿ulslì¡r'rIr (I)1,"1') is givr.,rr l>r,

v_t
(i (/.1.f ) : Àr I y1,,ìt1, (-!'i'" )

r¡=0
/.: : 0, 1.2, . . .. Nn (B.l)

whclc r7(rzÀf ) is tlrr: clisclt':tc tirnr:-<lorn¿rin ficlrl v¿rluc (ù.r>ru l,'l)'l.l)). r¿ ìs t¡<: tinr.
str¡r i cìcx. À¡ is tìrc lcngth of tllc I)li"l' (rrurnìrc:r'ol ¿l,aiì¿rbk: licclur:ncir:s), À7 is tlrr:

lìr:c¡tr<lrrr:¡' r'r:soìutioir, ancl L is thc flr:rluonc,f in<ìcx. .i is cornlrlcr rmrnì>r:r'. .i : /-t.
'lìIrc rna.gnituclc arrcl lrhaso ol r,;'(Å al ) a,r'<,' r;c¡r ivzrlent to the lnag¡it¡cl<: nrrcl pìras.

ol tlrr: stcaclr'-sta.tc r:nvelope fol ficcluenc¡, l' : l¿L/ . 'ì'Irc sumnratioir in (lì. t) is

'pda.tccl 
trt er,.r'y li'D I'D time step, ancl thc fin¿rl 

'a,l.es 
¿¡re normalizccl by thc Dr.r

ol thc inciclerrt pLrlse. 'l'hc complex valuc G(Åa/) 
'rust 

l¡e sto'ercl for e'er,), fielcl

corllronents .t each freclnenc¡, of ìnteÌcst zrncl trt eveÌy <:ell rvheÌe the lìcclucnc¡,

tcsponse is c¿lcul¿rtccl. I¡ot single fleclucncy calc.lation, the stolagc over.he¿rcl lor

pulsccl Ì¡DTD is smalle. th¿r' fo. continno.s rvave (cw) I¡DTD. Thc o'erhe¿rcl for

pulsccl I¡D'I'D inclc¿rses lineally rvith the nnrnl¡er of flcc¡relcics.

It is rvo'th noting that thc DFT trlgorithr' is mo.e efficient than the fast

Iìou.ier t.ansforrn (FI¡T) algorithm fo' cornputing the freq'e'cy 
'esponsc 

fi.om

pLrlsecl I'DTD when onl¡' a, limitecl nnrnbe. of av¿rilable fi'ecluencies ¿r.e of intcr.-

est. since À¡ must always bc g.eate'o. ecßral to the nnmber of FDTD tir'e stcps,

tlte.efo.e, in ¿ll f¿r'-fieìd computntion À¡ is t¿rken ecl..rar to thc iìDTD time step.

t7ít


