
Applications of computation electromagnetics 
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broad baaed and is of vppllrd m u l e  The complcnity of Uie problcrns tackled by Uui group haa g o w n  over ihe year, m 
rune alth mernalond developmcns ~n curnpunng rc~hnqucs and n a m d  ncedi In ihlr paper, s rmplc  or thc r a ~  

1. lntroduction 

The emergence 01 computauonal electromagnelss (CEhl) can be nttnhuted to two factors. 
Rrstly. the electromagnet~c systems m recent tunes have become an integral and important part 
of all ~nodcrn electlnnlc systems Further. the advent of relatively Inexpensive high-speed 
computers has made ~t possible to accurately predict the fundamental interaction between elec- 
uomagnetlc fields and matenal bodlcs In the11 emly stages of evolntlon, the des~gn of elzclro- 
maenetlc svstems stemmed on exoenslve burld-and-w amruach But. tudav. the level of ma- - d . .. 
tunty 01 CEM has ensured that expenmenl~l efforts are lnn~led mostly to lhal of final vdida- 
t~on The cenml rssue in CEM 1s the solut~on of Maxwell's equalmi In a *aneLy of physrcal 
medn and geometrical env~ronments 

Over the helast two decadcs, the Departlnent of Aerospace Engmeenng at the I n d m  Insuture 
of Scicnce h a  bcrn acuvelq pursumg rawarch m the broad flea of zeroapace c lec t r~nm sya- 
terns in general, and CEM nt particular. The research work has been tradiuorllly broad based 
and IS of appl~ed nature The complex~ty of the problems tacklcd by this goup has prom over 
the years in tune 141th the ~nte~nat~onal developments m computrng techniques and thc national 
needs In the early BOs, rhe malor thrust of the goup was towards dcsrgn~ng antenna arrays 
wlth spaQal and excltlhon constrants for appkations mclud~ng munopulse radars and also 
towards desmunr antennas mounted on a snacecrait '" In lilrs papel; a ~amplc of the recent " 

research effoas in the broad area of CEM 1s presented 
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2. Shape beam doubly curved reflector antennas for airborne applications 

In alrborne radars, the antenna 1s often mounted on top of the axcraft Due to pracocal 
consrderahons. such antennaq have a larger aperture in the honzontal dlrectlon than m the ver- 
tical Thls leads to a radiation pattern that has a narrow beam in the az~mnth plane and a broad 
beam m the elevatton plane Convenfional parabolic reflector antennas glve Gausslan beams 
which, when broad, illurmnate the ground mth varying radlatlon intensloes In order to dlurm- 
nate the ground wlth constant power, the antenna a shaped appropriately so that the radiation 
Dattern in the elevatlon olane has a cosecant-squared Dattem Such antennas are called doublv . . 
curved reflector antennas The design problem m dirborne radar antennas 1s that of desigmng 
the reflector shape so that if y~elds a prespenfied cosecant-squared pattern m the elevatlon 
plane 

One of the popular and s~mpler asymptotic techques  1s the geomemcal optlcs (GO) tech- 
nque Usmg GO and the principle of conservation of energy, tt is stmghtfomard to determme 
the reflector shape for a g~ven feed partem However, the r d a h o n  characterist~cs of practxal 
antennas are affected by Qffraction from the antenna nm, scattering from struts that support 
the antenna and the blockage due to the feed Each of these has a geometrical shape and slze 
that 1s untque to itself thus c&g for comblncd appltcatlon of several well-laom CEM tech- 
niques 

The central portlon of the reflector m our work has been handled by apemre mtegrauon 
method Iu At. the anemre  lane m front of the antenna IS Qscreused and the fields m each of 
the dxrehsed cell &e calciated by tracmg the rays from the feed The far-field 1s then com- 
puted through aperture integration 

The GTD 1s well developed for predlcbng the scanemg from wedges T h s  has been ex- 
ploned to compute the dfftachon from the antenna nm The struts are essenhally cyhudncal 
structures and are amenable to treahncnt as Infinite cylinders The method of charactenstic 
moments has been used to compute the effects of smts The feed blockage is treated u s q  
phys~cal optm (PO) The above techtuques are combmed to accurately design and analyse 
doubly c m e d  reflector antenna that yreld pmpecitied shaped beam radiation 

In order to venfy the theoret~cal predict~ons, an S-band antenna of size 46 x 14 wawlengths 
has been used The feed has been chosen to y~eld a coslne squzed fi~nct~on w~th 
-12 dB taper along the elevatlon plane The measured rad~atton pattern for the above antenna 1s 
avadable ID l~loraturc Theoretlcal values as computed sre plotted along with the expenmental 
values In Ftg I The closeness of the theorebcal and the expenmental results are seen clearly in 
Rg l 7  

3. Instrument landing system 

The Insfrumem landmg system (ILS) provides the pllot of an a~rcraft wtth steenng information 
to make dn accurate and controlled runaway approach and lanmng even under advene weather 
conQtlons This IS accomphshed by the provlslon of azimuth gu~dance, elevahon gu~dance and 
d~stance-froin-threshold lnfomahon 
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Shaped be-npenmcnrai and Uleoretml 

The maln constituents of the L S  are the locahser, gllde path and marker beacons The lo- 
cal~ser, operatmg In the 108-1 12 MHz band, prov~des azimuth gu~dance mforrnauon through 
the d~fferenaal depth of modulatton (rldm) of two signals ar 90 and 150 Hz The ddm is zero on 
a vertical plane thruugh the centre lme of the mnaway and vanes lmearly over the course sec- 
tor The elevation gmdance IS pov~ded by the ghde-scope equipment m the 328-336 MHz 
band, also operaung on the ddm pnnclple wrth 50 and 150 Hz tones 

S~mul~aneous nulllng of the ddm from locahser and gl~de path equipment 1s expected to 
define a straight h e  descent path, at a desued ele\aoon angle, lying In the vertlcal plane pass- 
mg through the runaway centre lme However, an arcraii on or near the && path recel- . . 
ves s~gnalc not only dueit from the antenna system but also those reflected from the mterven- 
me tenam The effected ternam must be taken mto account m detenmnme the course orovlded 
by the glide path equlprnent 

Most wldely used antenna deslgn mnkes use of reflecaon charactenstlcs of an deal ground 
to estabhsh a Drooer ehde oath The deslen of mays IS based on maee theorv In wluch the . - .  
ground plane is ~dealised as bemg mfuute and pertectly conductmg Slnce the elevauon angles 
involved are small and wavelengths fauiv lane. wlde stretches of olane mound must be aval- - , -  A - 
able m front of the antenna to obtam a reasonable approxlmabon to the ideal image patterns 

The presence of unevenoess,,reflcct~v~~ fluctuations or other ~rregular~ties m the ground 
around the ghde slope antenna causes kinks and bends m the electronically defined ghde slope 
An arcraft trymc to follow such a course 16 sublecred to unnecessary maneuvers and, m ex- 
treme cases where the undulatmis come close 1; the ground or other obstructloa*. the result 
may be fatal Ghde s l o ~ e  aberrabons have been lm~llcared m serious arcraft accidents In Ihe 
past It 1s therefore clearly desrable to have an estlmate of the quahiy uf ghde slope that may 
be obtamed at speclfic L S  locauons at the platuung stage ltself Such estrmates can be obtarned 
expenmentally throueh actual ~nf l~ght  measurements w~th temporaq ~nstallations However, 
SU& mstallai&s as well as fllght c&brabon operauons are very expenwe More ~mportantly, 
Ch~s Drocedure would onlv ewe zhde slooe data for the exlsting terraln and cannot provide m- , "  u . 
slght into remedial measures such as temln development, system recontigurahon. etc 
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F n  2 Sirsegment ntdevlwtion of the terra" praflle Pm 3 ddm a vanour elcvatlon mv,les fw s ISIW-foot 
b e  a the a~rporr lsnr to rcalc) level run at .tic arpo~lprrfiled ID F F ~  2 

S m e  the extent of temr to he modelled 1s of the order of several wavelengths, asymptotic 
tcchmques are generally used T~adjtronally, PO and the phys~cal theory of drffract~on (PTD) 
have been applied ~n hterature These rechnques suffer e~ther from lack of accuracy or fmm 
excesswe comp~itat~onal effort requxed 

In om approach. the unlio~m theory of drffract~on (UTD) and untiorrn asymptotic theory 
(UAT) lhave k c n  adopted to evaluatc the tenain cffects Tlus was then appl~ed wth mccilss to 
the ~rieasurenlent mode at an axport In India 

Thc terram 1s first mdclled using straight lme segments resultmz In a rnulu-wedge sbuc- . . 
tun shown 4 compuicr algorithm has been devdoped to rdent~fy all the possihle ray paths 
mcludtn~ the hxhw order ravs such as reflected-reflected, reflected-dftmcted. reflected-dif- - 
fiacted-reflecred etc ' 

Followu~g the my-haang operatmn, the field conlnhunon due to each ray that 1s found to 
exrsi mav be camouted usinn U T E  or UAT Both the a~pmaches have hcen aodied to the 1LS . . 
gllde-path problem Real arpon sltes m lndra for whlch measured data are wnlable hme been 
chosen for wl~dauon. l'he s ta rbe  ~ o m t  of the cham of comoutauon 1s an aend altlmeuv or a . . 
contour map of thr slte under evaluation The profile hne dcnved from such a contour 1s then 
used lo gcneratc the plate model 

Rgurc 2 shows the profdc h e  lor an eltmng auport apyron~nlaied to a aw-plate slructure, 
up to a dlstance of 1,220 m lrom t l~c  pbde-path anlenna The ray tracmg a d  held ebaluauon 
algonthms have bcen apylled to thrs altc, uslng both UTD and UAT, and the rcaultmg fields are 
expressed in tmna of equ~valcnt ddm. Thcbe compued ddnr values are compared with the 
measured values for vall&tmn of the tI3eor). 

Two cwnmon expennlents routmely cunduclcd Tor ILS cdlbrauon are the level run and the 
low-level appmach, standard procedures for which have hcen l a d  down by the ICAO Fimre 3 
is a plot ofthe ddm a? a tunchon of the clcvat~on angle for a 1,000-ft-leiel run The me&ed 
values and the comgutcd wlucs iue nearly comctdent, and are ven close lo the measured curve 
over the entlre run 

The gltde-path pmmders denved from t l~e  lcvcl run are shown m thc acconlpanyng table 
along vnth measmed values Thc d~fferen~c beween thc meaxred and the comouted oath an- . . 
gles is only 0 02 dcgree Thc coniputcd courae a ~ d t h  also agreea with measured values within 
an accuracy of 4% 



The results for low-level approach run are shown m Fig 4 Here, both the computed ddm 
values along the nommal glide path remam throughout the mn witbm the I C M  supulation of 
20 mrco amperes, as does the measured curve Subsequent efforts mcluded the modehng of 
the terram surface roughness and imperfect conducnvlty which improved the accuracy of pre- 
d~caon of the course bends in the ghde-slope 

4. Characterisation of clutter echoes for airborne radars 

Alrbome radars are designed to detect targets against background echoes known as clutter 
Accurate knowledge of the clutter echoes e essential m the ophmal deslgn of the radar data 
processor Tlus calls for the study of the scattering from drfferent types of temns ,  such as 
fm-laud, urban-land, sea surface, etc , over whlch the radar may be reqiured to operate Such 
charactensanon of clutter echoes 1s accomplished by combining both analyhcai and expenmen- 
tal approaches Vvorld over, several counInes have imtiated successfully programs to chamcter- 
ise clutter echoes These have resulted m a substanhal data base and cmplncal models How- 
ever, they are ofen speclfxc to the local geography and are not eas~ly extendable to Inman 
conditions 

In mew of thn, a clutter charactensation program was imtlated to make measurements over 
Ind~an reeion and to develon theoretical models valrdated bv the measurement The latter 
would make rt posslble to extend thc analysis to arbitrary tenam and frequency 

A non-coherent 'S' band radar wth a pulse wldth of 800 ns and azlmuth beam width of 
1 6" was used for the measurements The radar was calibrated aganst standard tnhedral comer 
reflector placed at mfferent ranges The was calibrated firit by mountmg rt on a hlll top 
(at Nandr HJJs near Bangalore. annmximatelv 1 km above the fixed mound) Once caLbrated. .. - .  
the radar was fitted in mtodome atop an arcraft and measurements were made over Kolar (a 
fm- land tract near Bangalore) and over the sea (Bay of Bengal). Two sorhes were flown over 
Kolar on July 16, 1992 Sortie-I was flown at an alutude of 2 28 km above the ground and sor- 
tre-Il at appmximately 1 67 km above the gmund On Sept 7, 1992, another sorhe (sortre-N'I 

DISTAWE FROM OLWE-PAW A M E M  IFEm 

Ro 4 ddm along a nomnai tbree-degree gl~de-pL NU Ro 5 Vamtmn of backwater coeffiaent ntnb grarlng 
atLe qmtprofiled m  PI^ 1. angle for rhc sea 



1% APPLICATIONS OF COMPUIATIONAL ELECTROMAONETICS 

was flown at an altitude of approximately 1 km. The measurements from t h s  sorfle y~e!ded 
data from grazing angles as low as 2 8" The sea clutter data was measured on July 17, 1992, 
usmg the whome radar flown at an alt~tude of 2 28 km above the sea level The w~nd speed 
was around 10-12 Kts and the %a atate was 1 in the Beauforc scale d u n g  the measurements 
Dunng the =home measurements, the aircraft was flown m an orbs of 4 km radius at 1'-sl 
tum rate 

Mcan an measured at vanous gmmg angles agreed well with those documented in litera- 
ture Staasucal fluctuanons In the on wa? then modelled to charactense the clutter The fluc- 
tuation has been quantified usmg log normal and We~bull d~suibuuon. The cho~ce ha? been 
made because the Weibull pmbabtl~ty dennty function has the advantage of h a w ~ g  a mathe 
mahcally tractable form and the log normal Qsrnbuhon functlon has been chosen to cater b 
long-taled dMnbunon of the measured data. 

Two methods, VIL plothng on probabbty paper (PPP) and the maxlmum hkehhood eshma 
tor (MLE) have been used to mtunate the parameters of the d~stnbut~ous from the measured 
data for the farmland and the sea It was found that a th~rd-degree polynormal adequately fits 
the vanauons of the parameters of the We~bull and log normal d~stnbunons The dismbutlon 
parameters are also sip~ficantly different for farmland and sea lmplymg that d~scnminat~on 
can be done using a well-tramed neural network and with the Qstnbubon parameters as the 
feature vector These observations and the model parameters are of cnhcal value to the an- 
borne radar des~gncr 

Experimental approach to clutter charactensation has a limted uhlity, in that the measure- 
ments are specific to the radar used and the terran over whlch the measurements are made 
Dupkatmg the experiments over all terrams, frequennes and polansahon 1s an expensive 
proposluon. To t h ~ s  end, a theorehcal scattering model for the clutter echoes has been devel- 
opedusmg full-wave analys~s Unhke the method of moments approach, full-wave analysis has 
the advantage that ~t can be applied to surfaces that are descnbed in a statlstlcal sense. Land 
and sea surfaces are descnbed by helecmc constant, mean square height and correlatmn 
length. The theorehcal approach can then be vahdated at spot frequency over whlch the meas- 
urements are available 

Agure 5 shows the expenmentally measured and numerically obtamcd values of the mcan 
0, for sea (Bay of Bengal) The expenmental values of uo have been plohed from the data ob- 
tamed dunng measurements conducted over Bay of Bengal on July 17, I992 Theoret~cal and 
expenmental models have k e n  observed to agree well with each other in Re 5 Once the rer- 
ram parameters are established, at wiuch the theorehcal and measured us values compare well, 
fuU-wave analyns can then be used to pred~c~ uo at other frequencies, polansation and gmmg 
angle '" 

5. Scattemg from weather targets 

Weather radars transnut electromagnehc energy and measure the echo power The reflectlvity 
factor, Z, 1s a measure of the intensay of the echo and 1s proporttonal to the echo power. From 
Z one could estlmate the ram rate R, usmg a smtable R-Z relanonsh~p Multi-parameter radars 



pernut the estrmahon of more parameters besides Z For example, polanmetnc radars measure 
the reflechvlty factor at both homnta l  (Zd and vemcal (Zv) polansat~on and theu- ratlo, the 
diffcrcnrlal reflechvlty, ZDR Most polar~meinc radars use coherenr transmssion and thus 
measure not only the mean Doppler and spectral wldth but also polansanon-related pammeter 
such as specific dlfferenhal phase shift K D ~  and the cornelahon between horizontally and vem- 
cally polansedechoes, rhoh, 

A long-standlng problem in mete01010gy 1s that of d~st~ngmshmg, by remote problng ra- 
dars, between Ice and water phases of preclpitahon Thls IS espec~ally challengmg m convec- 
hve storms, where water can exlst at temperatures below O T  and Ice can be found at tempera- 
ture above 0" C Vutually, all slngle and multi-parameter radar techmques conceived so far, 
have at one tlme or another been amed at thls problem Equally important 1s the problem of 
quanufying ram and hall fall rates when the preclpltatron 1s a mxture of the two 

The contnhuhon m t h ~  dlrechon mcludes the development of a comprehensive framework 
for ~nterprehng polanmetnc radar data substant~ated by CEM models for scattenng from 
weather targets that addresses both the above problems 

Usmg extensive scattenng computaons, parameters Zx and KDp that would be measured by 
a polarimetnc radar when the precipltauon 1s a mrxture of ha1 and ram have becn smulated. In 
these smulatlons, the size d~stnbutlons of ram and ball have been ohtamed from d m  obser- 
vauons Thls IS first plotted for various had forms and ram and had rates Superposmg on thm 
smulauon results. the actual measurements of ZR and KO, from a storm before and after the 
had fall glves an esumate of the run and ha1 rates separately This demonstared the uhhty of 
slmulahon m the ldentlficatlon of the presence of rmxed phase preclpltauon and the quant~fica- 
hon of ram and had rates from the composite echo " 

A slgnlficant contnbution that was made ~ncludes the development of an algonthm that can 
be Implemented m real t m e  to eshmate ph, from tune senes data and the stahshcal and mete- 
orolog~cal s~gmficance of ph, '' Ram and ha l  have d~fferent shape and size mstnbuhons as well 
as fall modes Thls man~fests m the value of ph,, measured by the radar Extenswe CEM sunu- 
lat~ons and companson wlth actual radar measurements have shown that p ~ ~ ,  IS an excellent tool 
for esumatmg the slze of had--- parameter of h ~ g h  unlity m estimating crop damage and storm 
mtensity 

Satellites are llkely to be deployed m the future for global ram fdll estmdhon Fur these 
measurements to be fruitful, the he@ of the ram column 1s to be pred~cred accurately. Tlus 
can be done, once the meltlng layer is identified The currclat~on cocffic~ent between horizon- 
tally and vemcally polansed echoes has been measured w~th ground-based and mborne radars 
at nearly vemcal mcldence The data acqlusihon geometry and polansatlon coordmates for the 
arcraft-based measurement are dep~cted m Fig 6 

A s h q  dccrease m ph, at the bottom of the melhng layer has been observed This i s m  ac- 
cordance with theoret~cal predictions of the scauenng from an ensemble of randomly onented 
prolate sphemlds andlor distorted spheres The dormnant factor that a seen to contnbute to the 
phv decrease 1s seen to he the dfferenhal phase shlft upon scanenngl"hIs has estabhshed the 
fact that a ground-based radar can br. used to ~dentify the he~ght of the w n  column and to call- 
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brate thc globd ram mdte measured hy a satelhte. The latlcr use IS much i n  the same way a ram 
gauge is used to calibrate a radar 

The soplusticat~on of the electomgnetlc scaltenng models developed has been vahdated 
using a coordmated expeelunent Polanmetric radar data conastmg of complex weather s~gnals 
at alternate vertical and honzonial palanratlirns were collcctad at 2109 h ~n a range-haghi 
mode The Nntlondl Ocearnc and Amlosphcnc Admhstmtmn (NOAA) P-3 amrdft, w h ~ h  uaa 
equipped wlth a tw-d~mcns~onal cloud probc, execuied a \prraIhng ileqccnt ~n Ihr strahrwnr - ~~ 

rcgon starting at 2157 (7 km ahove the ground Icvcl (agl)) and e n d m ~  at 2229 (2 7 km agl) A 
rad~osondc wa? launchcd thrnurh the svstem from the Uat~oiilal Sevslz Stom~s Laboratoly - .  
(NSSL.) rnohilc-clars (M-cl~us) platform at 2211 Ttns soundmg prov~des piottles ot pressure, 
temperature, m'ater vapou,. and houtontal wind from the stratlfonn repon (The lo~an slgnal 
was lost for a p o ~ t ~ o n  of the fllglit, hence no nnddle-level winds were obbned) D s a  from the 
M-class and aircratt descent soundm? were used to determme the temperature protile for Inter- 
pretahon of radx measurements From those soundmgs, the meltlng level was detennmed to be 
at 1 4 km The wealher s~mial.; were nrocessed to produce thr reflectiv~tv factor %. the drlieren- 
nal reflediblty ZER. the corrzlatm~ coefficient between ccopolar echoes lph,l, and the tw-way 
dirl'ercmal propagatroo consianr Kop " '' 

A sample output of he~ght profile of average reflectlvny tmm the ground radar, the radar oF 
:he P-3 arcraft and die electoma~@euc scattemp model 1s gwen in Fcg 7 Thc close agrre- 
ment among the three memuremenrs is a temmony to the fact hat he EM \cattermg compla- ~. 
Ilona when properly used wth radar measurements provide a fr31iieu'ork tor d ~ s t ~ i l g a ~ ~ b ~ n g  hy 
rcmot: prubw vanous hDes 01 DlecmrVdlion Thls has culm~ilated m a mole roohrs~i~teted . - .. . . 
m.!pp:ng of e vertical protile of a atom (Fig 8) ' 9 h 1 s  pmv~des ~nvilluahle rnput into thc iin- 

dsrstanding oimcrophysics 



Slnce the weather targets ;Ire of slzes of the orda of the wavclengff~. cun~entlonal MoM 
techniques may not be adequate Hence, electlarnagneuc scattamg calculatmns that ronned the 
hsais in the identlilcation and class~fxzbon of thc weather tiligeis have been done usmg T- 
marnx method T-rndtnx rnelhod 1s well suiled for handlmg large scattcrs of cornplex geometry 
slid mabna! cl~>~raclensucs The only rwtnctlon Uiat the T ~ m a h x  method poses IF that Llre 
geomemcal \ h a p  oS the scattcrcr must be smooth uslth continuous first denvatwe. Fulthcr, 
polansat~on rs inhcrent In the ~omulatlon T-matnx 1s also ldedlly sulted fol liandhng mult!lq- 
ered (coated) scatterers 

6. Radar cross-section control and management using chiral polymers 

Although ihp radar cross-sectmn (RCSI of a body is determrned s~gmtlcantly by its shapc, 
what [he medium 1s composed of also plays an important role" I.mm KCS point of mew, . ~ 

thr most nnpuriant property of composm matenals IS that they reflect electromagnenc 
waves less chiin metals The exact constlmenr and onman constdnts (~1.. c.. and a) of the com- . . 
po\~lc matrnals that are used for RCS reduct~m are elther class~fied or trade secrets, essen- 
&ally, they are gaphlc fabnc epoxy resms or thenno plaatics mztnx-graphrc composites To 
ach~eve ien, reilcctlvny for elcctwmagnelic waTrcs, die consitlumt paramcterj of the matenal 
must ~atisfy cmam condrt~ona not ordmmly aat~sfied by co~ivenl~onal ~adar-ahso~hmg maten- 
a 1  (RAMS) 

Chlrd c o n p s ~ t e ~ ' ~ ~ ' '  prov~dc an addittonal dcgrec of coritrol that makes them better sultcd 
Tor use ID the rcductton of RCS. Cl~~rality rcfen to l t~e  lack oI geomneWc symmetry bdween an 
object and its mirror Image The mirror l m q e  of a chml object cannot be made to comc~de 
Wlth the object lnvolvmg latatlolls andlor uanslatlons Some common clwal objects are hell- 
ces, Mobms stnps and gloves Matenalr that are made up of such nucro stnlctures with hand- 
edness exhlblt thfferent propagatloll charactenst~cs for left and nght c~rculddy pulanseil waves 
Some natural matei~als possess c h ~ d ~ y  at optical frequencies and hence ckuahty a also 
known as oprrcal arnmw. 
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With recent advances 171 polymer sclence, 11 has now become poss~ble to manufacture ma- 
terials wh~ch possess ch~ral~ty at low frequencies Is Planar chml wmples can be made by em- 
beddmg large number of mlcro mlmature bel~ces rn a host matenal The property of such ma- 
tenals can be controlled by altenng the srze and concentrahon of the embedded parucles, to 
yleld prespecrfied cbahty  

The introduction of chuahty comphcates Maxwell's equahons In that the propagatron con- 
stants are different for left and nght cclrcularly polmsed waves Further, smce the chral mate- 
rials are merely used as coaungs, the need anses to develop techmqucs that wlll be able to theo- 
retlcally pred~ct the scattenng from l a y e ~ d  matenals- The extended boundary cond~t~on 
method (EBCMI or the ttanstuon matrix (T-matnxl method1' has several DroDetfres that make , , . . 
~t ~deally s u e d  for tius Durpose As ev~denced by our earher work on weather targets, T-matnx 
methoiis well surted for handhng large-sued-arbltranly shaped, layered scatcrers and has 
been successfully applied to the pred~chon of RCS of chually coated bod~es 2o 

In order to evaluate the effechveness of the chml coatmgs on canonical and arb~trary- 
shaped objects in reducmg RCS, two !ads of chual matenals have been used They are the 
RAM-type chual polymers and reahst& chual polymers 

R A M - ~ p e  chiral polymers were ured such that pemuttlvlty and permeabll~ry were as- 
sumed to be the same as that of the RAM and the cinrahly parameter p was added The proper- 
ues of RAM-type c h r d  polymers were chosen such that the relat~ve pennltflvlty and the 
chrahty parameter were assumed lo be mdependent of frequency The relatlve permeabdrty 
was. assumed to be m t y .  

The results are presented for a chud and RAM-coated conduct~ng sphere. It IS fust coated 
w~th a RIM of d~electnc constant 1 3 + 10 29 at 10 GHz The coaung hckness was taken to be 
0.4 cm. The vanatran of scattenng parameters w~th  ka is shown m Fig 9 Also rncluded rn the 
figure 1s the RCS of a conductrng sphere It ir seen that there IS arednctlon of 2-3 dB by RAM 
coaung. 

Next, chud~ty  IS added to RAM and the results are shown for two values of p= 0 2 and 
0 3 cm The normalised RCS 1s reduced by 2 dB for the RAM coating and by about 5 dB for a 
clural coahng of p= 0.2 cm The reduction m RCS has been found to be about 15 dB for the 
chally coated perfect conductor for )J= D 3 cm The Mle oscrllauons are absent when the 
sphere is coated w~th a chrd  material There IS an Increase m the absorpuon cross-secuon from 
0 5 for a RAM coaung to 1 2 for a chud-coatmg sphere The scanermg cross-sectlon reduce? 
from 3 dB for a RAM to 0 dB for chral coating 

To study the effect of chual coatings on arbmary-shaped homes an oblate conductmg sphe- 
ro~d 1s taken as a typical example Generahsed EBCM has been used LO analyse such hodm 
Results for the vanation of the scanenng ch~actensucs as a functlon of sue  pnrameter were 
computed using the code developed 

To rllustrate the effect of d~ameter vanatlon as a functlon of the normallsed scaitenng pa- 
rameters, a R4M of Ez = 1 3 + 10.29 at 10 GHz has been chosen as earher The mner layer has 
been ttakn as a conductor of equwalent radius rl Th~s  e the base agamt whxh the extent of 
RCS modificalron by RAM and cinral coaung are compared The coating thickness 1s fmed at 
0 3 cm The axls ratlo for the Inner layer a,lb, has been chosen to be 0 8 The outer aspect ratlo 
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wlll be slightly d~fferent due to coating th~ckness The plots as shown m R g  10 are B a a  con- 
ductlng oblate spliero~d, coated by a RAM, and by a RAM-typc chral polyrnar. f in  honzonfal 
pulanadt~on Chualrty has been ~ntroduced m the RAM rnatenal so as lo reprcsenl acb~lal 
RhM-type polymer To t h ~ s  end, the mtnnslc 4 has becn taken as lhal of thc RAM The values 
of p that bave been cons~dered are 0.2 and 0 3 cm These valucs ensure that the pmpagatlon 
conmnls for the LCP and thc RCP waves (kL and kR) arc ~ Q F I ~ I V C  numbers As can be observed 
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RG ID Vanatmn of scartennp charanenaucs wth ii.7, (a) Normalired radar cross~secuon, (b) Xo~mahed rcattmq 
cross-iecuon, (c) N o d s e d  abrorpl~on cross-sc~uon. (dl Noimal~sed mttmctmn cross-recDon, for a ehlrally coated 
oblaiespherold of axls ratlo = 0 8. A =  3 em, coawg lhxknnss = 0 4cm for honzmtal pdan~auon 

from Fig 1, the Mle oscillat~on~ have smoothened, whch is an indication of increased band- 
mdth 

b the case of horizontal polansatlon of the inc~dent field, the normal~sed RCS for 
c b a l l y  coated sphero~d has been found to be below 15 dB for k,r, varying up to a value of 7, 



wlierzas ine reducrron m RCS IS oniy 2-3 dB Tor a R&\I-coated body (Rg 10(a)) The normal- 
tscd absorptm cross-section foi a ch~rally urdtzd apheroid h a  vnluc i on rn average for k,,rl 
vdi-ymg from 0 to 4 5 This vduc is hlghcr llian thal roc the RAM-coated rphcvotd Scattering 
and cxtmctlon cross-sectrons have heen foimd to be only ahghtly ditfereut for KA.\,I and 
ch~rally coatcd bodss. the scattcrlng cross-\ect~on bang leiser for chwl  rhan for d R4M 
coatlag 

r Reol~stic ihimipdrmers In the ILZhl-type cliuul polyme~.s, the conmuwe panneters 
were assumcd to be mdepcnilcnt uf llic frequency and the rrlauve pc~~nmrniy  wab chosen to be 
unrty Such s trcatrncnt ir nor appropnale ujh~ic dealing w~lh  chuai medn These chlrai mare- 
nals arc #nark hg cmbcdil~ng mmarunsed helices m A low-loss host ined~um Thus, wen 
though child tncilisiona arc nrmrnagsellc lo bcgm wdh, the composite medluni will have 
rnagnetlc proprrllc\ The rrfccl of acallcnng chancter~stics of oblects (both canonical and arbl- 
trary shapcd) coaled wrth wch iedistlc chml matends rs presented m tlus paper 

To comparc the szattcnng characreristics of a conducnon sphere conred \+tlh a RAM and a 
reallshe chlral polymcr. a RAM of E, = 1 3 + 10 29 ha& been chosen at a frequency r u n e  of 8- 
I3 CHz i'ermeah~l~tg has been assumed to be unny, and ~ndepende~it of frequency RCS ot the 
IUiWcoated conducring sphere ha5 also been included m Fig Il(d and b) for covmg thick- 
ness r :  0 I cm and n d =  0 5 cm, resprcuvely RCS Cor a 0 I cm coatma rhrckners u s l n  RAM 
and 1 6% concentrahon or right-handed helms l a  rinular as iem from Fig I 1  (a) Howcver. the 
finltc a m  of the helms uceded for tncasurable chrral~tv at microwave frcuncnc~es demands 
that the coarrng th?ckncss be larger than r = 0 5 em IIcnce, computationi have bcen made at 
r = 0 5 cm RCS for I 6 8  concentration :md t = 5 cm coatmg hckncai 1s plotted ln FIE 1 I (b) 
for a irzquency rangz of 9 76-1 1 63 GHz It l a  clear thal lor f = 0 5 cnr cualing with 1 6% con- 
cenlratwn of right-handed hel~crs reduces the RCS by 7 dB from 5 5 dB (Em t = 0.1 an) for 
I =0 5 cm RAM coatrng 
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In order to apprmate the effect of concentration, computahons of RCS have been camed 
out for the 3 2% concentmhon and 0 5 cm-coating th~ckness m the Erequency rnnge 8 66- 
9 87 Hz %s, as seen from Rg lib), has reduced RCS to less than 10 dB 

In most cases of scattering fmm coated surfaces, RCS vanations would exlubit Mie oscdla- 
tmns as the coatmg hckness 1s vaned Ths is depicted m Rg 12 wherem RCS 1s plotted as a 

vanahons at other frequencres are s~mddr and hence are not included 

For studying the effect of reahsbc chual coatmg on an arbitxary-shaped object a conducting 
oblate spheroid IS chosen For the purpose of coinpanson, a prachcd RAM was chosen from 
~hattacharya and ~ e n ~ u p f a "  of &,= 1 3  + 10 29 A; oblate conductmg sphero~d was coated by 
such a RAM and the coahnn ttuckness was ken1 fixed at r = 0 5 cm as that of ch~ial coaune 
Outer aspect rauos were chosen to be 0 8 The outer equ~valumc dmneter was kept at 6 cm, the 
same as that for ch~ral coatmg RCS of the conduchng oblate spherord coated by a conventional 
RAM IS compared with the c M l y  coated spheroid The response 1s shown for the frequency 
range of 8-12 GHz RCS companson between the two coahngs has been shown for both hon- 
zontal and verucal polansahons (Rg 13) It can be seen from the plots that, for the same coat- 
mg ttnckness, RCS for a RAM coahng gets reduced by 5 dB, as compared to a reduction of 
more than 15-20 dB when coaled by a realistic chral matend %s was seen in both horizon- 
tal and vcaical polansations 

The vanahon m the normahsed RCS and abvorpt~on cross-sect~on as a funct~on of the 
angle of mcidence for RAM and chud coahng 1s shown m Rg 14 The frequency has been 
fixed at 9 87 GHz The values for complex pemuthwty, complex permeablllty and complex 



Frequency (GHz) Frequency (GIIz) 

RG 13 Vanatlon of the normvi~sed radar crass-seFtlan wth frequency, fara KAM and achxd-coated oblate sphemcd 
of an aspect ratlo of 0 8, for (a) horizontal, ad (b) vemcd palansanun 

chual~ty are &,= 3 529 + 13 131, &= 0 820-10 353 and o= (18.091 - 112 01) x cm 
These are for RCP helices embedded in the host me&um w~th a 3 2% volume concentration 
The results are compared w~th  a convent~onal RAM coabng of &= 1 3 + 10 29 at 9.87 GHz 
The coatmg thickness IS kept the same as that for the chud coafmg. An aspect raho of 0 8 has 
been chosen for the RAM As seen from the graphs, norrndlsed RCS for RAM-coated oblate 
sphero~d tor thls particular frequency is less than that for the chually coated sphero~d The re- 
duction ~n RCS IS over a larger aspect angle clearly mdtcatlng a w~der bandwidth The absorp 
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0 30 60 90 120 150 180 
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Rc. 14 Vsnatlon of (a) n o d s e d  radar cross-aecha, and @) nomvil~ssd absorpnon cross-secuon for a R4M and a 
chm-coated oblate sphermd for an spec1 m o  of 0 8, mth angleon lncrdmce 



tlon cross-secuon for the RAM-coated conducting sphero~d has been found to be 0 55 as com- 
pared to 1 4 for a cturally coated case 

7. Target recognition 

Conventional radars are merely devices for detecting the presence of a target and to esumate 
the11 range They use simple conllnuous wave (CW) or burst EM for transmiswm and recep- 
uon In recent times, there have been considerable mpmvements in the technology of gcnerat- 
mg hgh-power shofi-durauon vndeband s~gnals. The availability of h~gh-speed computers has 
miac;eibled the development of h~gh-re&imn methods of simulatronr~lese fa&s con- 
tnbuted to the buth of appl~catlons of radars for target rccognltlon and class~ficat~on. 

Radar-target recogmuon methods are analogous to those employed III system idenuficauon 
wherein either the nnpulse or the frequency response is used for idenufymg the system The 
methods that are used in radar-taxget recognltlon axe deplcted In Rg 15 The two methods, viz 
E-pulse and finite-afference ume domam (FDTD), are described below 

Radar targets such as the aucclft are several wavelengths long Shoit-duratlon pulses takc a 
flnlte tune to propagate across the target The echo from the target, xt analysed m tune domain 
with hlgher resolution, will reflect the target charactenstla Experience from cucu~t theory has 
shown that such charactenstm Lan be identified from the locatlon of the poles T h ~ s  will lead 
to the feanrres of the target that are mdependent of the aspect and incxdent polansatmn 

Time Domain Analysis 



The singularity expansion method (SEM) IS comb~ned -7th the nethod of moments (MOM) 
to obtam the natural response of the tarpet Thcn, thls IS used to obtam the E ~ u l s e  which 1s an 
excitat~on waveform synthesised so as to rninimise the translent scattered field response In 
other words, E-pulse 1s a translent, fimte-duratlon waveform whlch mnlhdates the contnbutian 
of a selecr number of resonances m late time rebponse Target dlscnminatlon results from a 
umque correspondence of an E-pclse to a particular target Eacrlatlon of dlsslrmlar targets 
yrelds h~gher response Thus. one could have a l~brary of Epulses for the targets that need to be 
dwrinunated and convolve the echo from the actual target wlth that stored m the library and 
thus classify the targets 

The second approach that lead? Lo better understand:ng of the echo from the target is 
based on FDTD method In the FDTD, a d~fferent~al eqtmon 1s replaced by its corres- 
pondmg d~ffcrence equation, whch is obtained by replazing vanous orders of denvauves 
by the= fimte-difference approxmations The fmlle-difference approximation to an)' denva- 
uves of a function 1s obtamed from the Taylor's senes expansron of the funcuon Different 
lands of dliference apprnxmatlons that may be used arc thc forward. backward and central 
dlfrerence 

Fonvard and backward differences can be used to approxmate the first-order denvalves 
However, central difference can be used to approximate both the first- and the second-order 
denvatwes since lt gives the least error 

In electromagnet~cs, Maxwell's curl equahons were fint approxmated using central differ- 
ence approximations. by yeez2 m 1966 He Interleaved the elecmc and magnetlc field compo- 
nents m space and tlme. m a cubold of &menslon Ax x Ay x &, called the Yze unit cell shown 
m R g  16, so as to permit a natural satlsfachon of the continuity of the tangentla1 field compo- 
nents at media Interfaces The electnc field 1s updated at every Ar and the magnehc field at 
every At + 0 5 tlme step 

The FDTD method 1s very smple In concept and execunon, yet 1s remarkably robust. pro- 
wdmg hzghly accurate modellrng pred~ctions for a w:de vanety of elechomagnetrc wave inler- 
achon problems It does not employ any potent~als, but 1s a slrnple second-order accurate ccn- 
hal-dfference approxmatlon for space and time denvauves of the electnc and magnetic fields 
FDTD works well both for conductmg and dlelectnc materials, which may be homo- or mho- 
mogeneous, iso-, anrso- or blanlsotmplc, smgie- or multllayered Diiferential equauons be~ng 
local in nature can be used ro analyse objects shlch have sharp comers (complex ob~ects) and 
also for nmow pulses The requued computer storage and running t m e  1s d~mensronally low, 
propon~ond only to N. where N is the number of electmmagnetlc field unknown m the volume 
modelled " 

The greatest &sadvantage of 111e FDTD is that the entm computahonal dornaln has to be 
drscrehsed, thus requmng a lot of computer storage However, this drfficulty has been over- 
come by restrlctlng the computational doma~n to a smailcr area by introducmg absorbing 
boundarres Many methods find menOon m Irterature, some of them are ~ e e ' s "  and Mei's 
boundary con&tlonsM and the perfectly matched layer ( P M L ) ~  
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FIG 16 Yccunil cell Fro 17 RCS of an m d  

Our of the above-mentoned boundary condihons, the PML boundary cond~uon IS the most 
popular PML absorbs the elecuic and magnenc field components by spltmng the electnc and 
magnetic fields tnro two subcomponents each. These subcomponents are absorbed by nrmg 
hfferent electnc and magneuc conduchvtlies ~n dfferent duechons. Howcver, the ratto of the 
magnetic-to-electnc condnctiv~ty, tn a given d r e a o n ,  1s kept equal to the square of the mtnn- 
s ~ c  impedance of free space. As the tune rate of absorpt~on 15 high in the PML one has to make 
use of the exponential time-stepping scheme 

PML has an absorpnon of about 70 dB down over a wtde band of frequenc~es and at all 
angles of mndence It also has a global error power of about lo-'' over the enun computa- 
Uonal run 

Rgnn 17 shows the radar cross-sectlon of an arcraft u#hen lnc~dent by a pulse having a 
pulse width of 3 3355 ns (or 1.0 m) As can be seen from the figure, there are three peaks 
wbch are reflecnons from the nose, the wlngs and the unl of the aucraft, respectively In Fig 
18, the currents on the arcraft are shown at four mfferent ume steps The spots whch contnb- 
ute to larger reflechons and hence to the enhancement of RCS are clearly ldent~fied in F I ~  18 
The absorbmg paints can be applted only at these spots and th~s  would lead to enormous savlng 
In cost and reduce the we~ght penalty for the aucraft 

8. Conclusions 

The power of the techmques in computauon elecfromagnetm in solvrng a wide vanety of 
problems ~ncludmg antenna des~gn, spacecraft-mounted antenna, scattering from land and sea 
sulfates, site dtvers~ty tor ILS, identtficatlon, classdicatlon and estunatlon of pnnpita- 



(a) Tme i .:3Rl ni 

Uon habltais, RCS reduc~on of arcraft and target ldentlficauon has been demonstrabd The 
major suength of the work 1s thar m all cncs appropriate expenmental veuficauon that fanned 
part of the nattonal and lnternahonal lnrt~atives have been camed out Ths has m a large meas- 
ure increased one's confidence m the soph~sucatiun 01 the CEM techn~ques descnbed m t h s  
paper 
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