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1 Introduction 
The prrd i r t io i i  of radiation and scattering from microwave circuits and Innll i layered pat.rli 
ani.cnnas is e w m t i a l  i n  the dcsigii of ninny coinnii i i i ication systems. 'The analysis of ck!c- 

trornagnetic phenomena involving large-scale quai -p lanar  utruct i i rm requires eflicient ai id 
accurate nurnerical trchniqiies. The mm1 popular approach for analyzing 8ca1,Leriiig a d  
radiation from such structures relies on surface integral eqitation forniolations arid mrt.hocf 
of moments (hlohl)  based solution tecliniques. 

, /  I Ire application o f the  hlohl to solve siirface integral equations lrads to a matr ix  cqiiatinn 
involving a i le i iu r  matr ix .  I n  tlrf: past, thc s t c r p d  desrenl fa t  i nu l t i po l i~  rnet.hod (SI1Fhl hl)  
( I ]  h a  provirlcrl a rneans to rrrliice the CPU t ime and memory ~ o s t ~  l o  O ( N )  per itrrat.ion 
(VSr8118 l ,hr  claesical O( N 2 )  coal,) for iteratively solving t l ie  Mob1 fqiiatioiis for roilgh mrface 
wattcri i ig. I n  this work, t l ie  SDFMhl is applicd to the full-wave arialysin of microstrip 
struct i i rm ori firiitr siihst.rates and groiind plan-. l'lre qimqi-planar nature ofsurh striictiirca 
is exploit,cd to ohtain rnat,rix-vector prodiir:ts i n  O ( N )  CPU l ime  and memory, resiilti i ig 
i n  rlraniatic: xdut ioo cfficicncy. Owing l o  the rnii l t ircgion ni l lure of the p r e x t i l  analysis 
prohlem, not, al l  N hloM l)a..is functions arc i i i~lapcndent. The r r q i i i r d  identifi<.at,ion of 
indcpcndcnt tiasis functions, Nlnd i n  niirntier. arid cnrorcernrnt of appropriate horiridary 
condit,ions arc incorporat.cd t.hrougli another matr ix  trandormation. The SDFM hl pcrinits 
thc soliition o f  xa t t c r i ng  a i d  radiat ion from extremely large a i d  cotriplex structurm wit liiii 
realistic times. Tl iw  incli ide IarKt: nricrontrip patch arrays wi th  finite solrsl.rates and ground 
planes rnodelrd using 90,000 or inore Mob! h a i s  functions. 

2 Integral Equation Formulation for Scatteririg by Peri- 
etrable Microstrip Structures 

T o  formulate int.rgral rqi iat ions for analyzing scat,t.rring and radiation from mult.i-rrgian 
p c n ~ t r a h l r  microstrip structurw,  we follow the approach outlined iii Hef.[Z]. A n  arhitrary 
iiitnlher of hnlilogelieolls rrgioirs RT is pr r in i t led.  'I'lie interface hctween ally two rt,giaiis 
ran t x  a I)cnetrnhlc t,oundary, a pcrfmi.ly conducting lmii i idary, or a Yrgmciit.c(l coint)iiia- 
t,ion 'l'tic ov~ri i l l  C1;IF: rair he &aincd hy eiiinrciiig ronst.raiiits o n  t.hr fields atid ciirri,iits. 
Spccilicnlly. otic r:qiiatrs tangcnt.ial compoirriii.s nf total elertric and inngiicl.ic firlda x r m q  
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3 The Steepest Descent-Fast Multipole Method 
The MoM inatr ix Z i n  K q i ~  (I) pow.sxu i l irnensionsof N x N ,  where N is t h e  total n i i n i l w  
of basis functions, ~ i i d  hau the for in 

L, -Kl 0 0 ... 
K, ZLl 0 0 .,. 

z =  ( 2 4  

with the  rntries of the niihinatricw given hy 

& ( i l l , t i )  = ( fq,m, Lq j q , , , )  , I 5 frl,n 5 N , ,  (21)) 

K , ( w  T i )  = (fq,,,,, [i, j,r,,,) , I 5 m n 5 N ,  , (2c) 

where j , , ,  and f,,,,, arr basis and t rs t i i ig  fiinrt,ions, L, arid h', are (:reen's fiirict.iari oper- 
ators (21, and Nq is tlic ni i inhrr of ha.sis/tcsLing fiinctioiis ill rrgion q ,  with E,"=., Nq = N .  
A n  i trrat ivc soliition of Eqn.( I) i H  rxprnsive, since hotli thc CI'U t ime pcr iteration and the 
nieiirory scale as O ( N a ) .  For large wale prohlenis. one nrcds to dcvrlop elticiriil fast algrr 
r i t l i inn t,o al1cviat.r t,he i :ompiilational biirdcii. To this wid. thc SDFMM [ I ]  is introdliced. 
I n  a single lwel  inipieri irntation of the iii i i lti-region S O F M M ,  the microstrip structure in 
eiiibeddni in a block, which in then sii ldivicled into snraller blocks in t l ie 2- aiid y- direc- 
tions. A matr ix  elrrnent. is clawifiecl as a iiear-field eleiiiriit, if the correspondiiig hasis and 
test,ing functions reside i n  blocks which are urparated hy less than a p r e - s p d i c d  niirnher 
of tilocks. A l l  other eleinents are ternred far-field eleinents. This cla&ficat,ion is usrd to 
forinally dcconrpoue the in ipdance matr ix  2 as 

(3)  2 = t' ,. 2" 

where t' and z" coiit.aiii iiear- and far..field intcractions, resprctively. 

I n  tlir SDFhIhl, t,lre actioii o f  2'011 R vr:ct.or is conqnited classically. Howevrr, t.hc product 
of z" wi th  a vector is conrpiited ind i r rc t ly  and rapidly, wi l l io i i t  ever goncratitrg the  matrix. 
l'liis procediire in hriolly siirrirnarized Iiere. ' 1 1 1 ~  lhreedirncnsiorial dynamic ucalar (:rem's 
kinclinn in first rxprrn.wul in a conloiir iiit,cgrnl form, using the Soninierfold idciitily. TI& 
integral can be evaliinted efficiently through a ntwpcst descent pat,lr integration. hloreuver, 
a Ilaiikcd function appearing i n  t h e  int,egrand is expanded in the spectral domain using the 
adilil.ion throrein. This  overall stwpcst-drsceiit fast mult ipole expansion caii he used to 

1531 

Authorized licensed use limited to: University of Washington Libraries. Downloaded on July 13, 2009 at 20:08 from IEEE Xplore.  Restrictions apply.



clRricnt.ly r q i r r w i i t  terms arising in the product of 2" wi th  a tr ia l  vcctor i n  the following 
rnanncr [ I ]  

Ilerc, ky) arc complex waverimiihrrs,and n#d., and U,;"'" are the niinihcr of points and 
int.cgrat.ion wrights associatrd wit.h int.cgration along tlir ~ t c ~ p r s t  dnrent  path of the Smn- 
rnerfrld int,c~gral rnprcnrntat.ioii o f  the frro-space (.;rem's fiinc.t.ioii [I]. Source and testing 
Iilock cenlcrs arc Oirnoted by r. arid r l ,  respcct.ivrly. The (.ranslation operator 7,yS (r i  - r.) ,  
intcgration wcights i i > ~ ~ " ' ,  and nurnher o f  Iiarnionics P, arc analogous to thoa! drfincd i n  
wrl l-ki iown fa.& i ir i i l t ipolc algorit,tinis. In  a niiilt.ilevt:l SDFhlhl, thr inirrnsl.rip st.ructiirc is 
rt:cursively divided iii1.o blocks, by hierarcliically part i t ioning a hlock (the pnrenl) a t  acoarse 
level into four Iilocks (the children) at a finer level. Plaiie-wave cx~iansions are shifted 1.0 
centers of parent blocks, and incoming spectra are shifted to centers o f  chi ld blocks. Such 
an oprrat ion is termed an FMM tree traversal. Dist inct translatioil operators and s t e p -  
est descent r u l m  are utilized at earli FMM level. For an Hr region prohlem, It?. separate 
FMM trees and trce-traversals are n r r r s s i t a t d .  Moreover, i t  can bc shown that the rllccl. of 
both the clectric and t h r  magnrt ic surface currents i n  a part ici i lar rrgiori can he arroiiiitcd 
for t,hrougli a single trec: forrnalion and travfmal. Also, rnagnctir fll'ld.8 a t  the olmcrvcr 
locations arc! ohl,aincd t l i rougl i  transforiniiig each plane-wavr roniponciit, of the  coinputrd 
electric field. 

4 Sirnrilatioii Results 
111 this section, niimerical rrniilts are prrsented whir l i  denionatrate tire efficacy of the S D F M  hl 
in analyzing scattering and radiat ion from large micrratr ip structurm. The computing 1~I:it- 
form used is a single I38000 processor on an SGI Power Challenge, w i th  2 Gbytes of  RAM 
arid an average ; r i - I m > g r a n i  throughpiit  of 60 MFlorm A 1'FQMR iterative .solver is tmcd 
with the SI)FAlh(. 'l'lie mult i - r rg ion SDFMM i9 applied to analyze scattering f rom a large 
microstr ip patrh array (Fig. I (a) ) .  The overall diniensionsof the  finite sulntrate (c, = 2.17) 
are G . I A  x 6.lA x 0.051. The 10 x 10 mic rmt r ip  array, the substrate. and I,hc l i i i i te groi i i id 
plane IwIow Llie sul,slrate are inodeled using a total of N = 92,280 hlnhl Imsis foiictionn, 
w i th  N , n d  = 41.952. The histat.ir RCS for a norriially inr idcnt plane wave is rlepictcd iii 
Fig. l(h)). 'l'hr srcaiid cxani(,le i i ivolvrn a 6 x 6 prol,r-excitcd array. The pat,rlim have d i -  
niriisions 0.3A x 0.31, ai id arc wparat.cd I#y 0.2A i n  ex11 direct.im. T h e  siihsthatr ( c r  = 2.55) 
poawsses rlii i irnsions nf 3.2X x 3.2A x 0.04.l. I h r  normalized rat l ial ioi i  pa t t r rn  for a t~a lanc rd  
in-pha.. cxcitatiori is shown i n  Fig.  2. Coaxial prol,cn arc modclrd iinirig 36 wirw, cwlt 

havi i ig 5 I I U ~ I ! ~ ,  wi th  juirr l ions connecting the wire to the ground plane and patch, a i d  
exritatiori provided a t  thc  lower junctions. 
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Figure 1: (a) I O  x I O  inirrwt,rip array wi th a finite substrate and ground plane. (b)  Histatic 
I I C 3  for a norinally incident plane wave. 

Figiirr 2: Normalized radialion pattern of  a probwxci tcd 6 x 6 array 

5 Conclusiot:~ 
A ncw iiiitlt.ilrvel algorithm, the SDFMM,  h a y  brcn YIICJWII to  permit tlie rapid analysis 
of acattrriiig aiid radiation froni riiicrostrip slriictiircs. Ilue t o  the dramatic sprtrlrip and 
nirri iory mvings powil>k, it is expcc1.d that Ihr SDFMhI wi l l  hccoine a u d i i l  tool i n  
iiiicrowavc circuit analysis ancl deign.  
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