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Absteact

Eleciromagneiic systems form an (ntegral and mportant part of all modern electeonic system [n thewr early stages of
evolution, the design of electromagnetic systems stemmed on expensive will-and-iry approach The advent of relatvely
mexpensive high-speed computers has made it possible to accurately predict the fundamental mterachon of electro-
magnetic field with materal hodies This led to the of (CEM) as 2 field of
great importance sud scienlific interest The central 1ssuc i CEM 1s the solutions of Maxwell’s equations 1n 2 varkety
of physical madsa and geometrical environments

Over the last two decades, the Department of Acrospace Engmeermg at the Tndian Institute of Scicace has actvely
pursued research m the hroad area of aerospace electronic systems n general and CEM m particnlar The research. 15
broad based and 1s of applied natre The complexity of the problems tackled by tus group has grown over the years m
tune with m and natonal needs In this paper, a sample of the re-
search efforts 1 the broad ara of CEM 15 presested

1. Introduction

The emeigence of computational electrornagnetics (CEM) can be attmbuted to two factors.
Furstly, the electromagnetic systems m recent tumes have become an mtegral and 1mportant part
of all modern electronic systems Further, the advent of relatively mmexpensive high-speed
computers has made it possible to accurately predict the fundamental interaction between elec-
tromagnetic fields and matenal bodies In theur early stages of evolution, the design of eleci
magnetic systems stemmed on expensive butld-and-try approach But, today, the level of ma-
turtty of CEM has ensured that experumental efforts are linited mostly to that of final vahda-
tion The central 1ssue 10 CEM 15 the solution of Muxwell’s equations n a vanety of physical
media and geometrical environments

Over the last two decades, the Department of Aerospace Engineenng at the Indian Institute
of Science has been actively pursung research m the broad area of aerospace electronics sys-
tems in general, and CEM m particular. The research work has been traditionally broad based
and 15 of applied nature The complexity of the problems tackied by this group has grown over
the years i tune with the intermational developments 1n computimg techmques aod the national
needs In the early 80s, the major thrust of the group was towards designing antenna arrays
with spanal and excitation constramts for apphcations mcluding monopulse radars and also
towards designing antennas mounted on a spacecraft 16 I tins paper, a sample of the recent
research efforts in the broad area of CEM 1s presented
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2. Shape beam doubiy curved reflector for airborne

In arbome tadars, the antenna 1s often mounted on top of the amcraft Due to practical
constderations, such antennas have a larger aperture in the honzontal direction than 1n the ver-
tical This leads to a radsation pattern that has a narrow beam in the azimuth plane and a broad
beam 11 the elevation plane Conventional parabolic reflector antennas grve Gaussian beams
which, when broad, illuminate the ground with varymng radiation mtensmes In order to illum-
nate the ground with constant power, the antenna 15 shaped appropriately so that the radiation
patiern 1n the elevation plane has a cosecant-squared pattern Such antennas are called doubly
curved reflector antennas The design problem 1n airbome radar antennas 1s that of designing
the reflector shape so that 1t yields a prespecified cosecant-squared pattern 1n the elevation
plune

One of the popular and sumpler asymptotic techniques 15 the geometrical optics (GO) tech-
mque Using GO and the prmciple of conservation of energy, it 1s straightforward to determme
the reflector shape for a given feed pattem However, the radiation characteristics of pracnical
antennas are affected by diffraction from the antenna nim, scattenng from struts that support
the antenna and the blockage due to the feed Each of these has a geometrical shape and size
that 15 unique to 1tself thus calling for combined apphication of several well-known CEM tech-
niques

The central portion of the reflector 1 our work has been handled by aperture integration
method In Al the aperture plane in front of the antenna 1s discretised and the fields mn each of
the discretised cell are calculated by tracing the rays from the feed The far-field 1s then com-
puted through aperture integration

The GTD 1s well developed for predicting the scattenng from wedges Thus has been ex-
plorted to compute the diffraction from the antenna im The struts are essentally cylmdncal
structures and are amenable to treatment as wnfinite cylinders The method of charactenistic
moments has been used to compute the effects of struts The feed blockage 15 treated using
physical optics (PO) The above techmques are combined to accurately design and analyse
doubly curved reflector antenna that yield prespecified shaped beam radration

In order to verfy the theoretical predictions, an S-band antenna of size 46 x 14 wavelengths
has been used The feed has been chosen to yield a cosime squared function with
—12 dB taper along the elevation plane The measured radsatton pattern for the above antenna 1§
available 1n literarure Theoretical values as computed are plotted along with the experimental
values 7m Fig | The closeness of the theoretrcal and the esperumental results are seen clearly
g1

3. Instrument landing system

The mstrument landing system (ILS) provides the pilot of an awrcraft with steenng mformation
to make an accurate and controlled runaway approach and landing even under adverse weather
conditions This 15 accomphished by the provision of azimuth guidance, elevation guidance and
distance-from-threshold mformation
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The mam constituents of the ILS are the localiser, ghde path and marker beacons The lo-
caliser, operating 1n the 108-112 MHz band, provides azimuth gmdance informaton through
the differential depth of modulation (ddm} of two signals at 90 and 150 Hz The ddm 1s zero on
a vertical plane through the centre line of the runaway and vares linearly over the course sec-
tor The elevation gudance 15 provided by the ghde-scope equipment 1 the 328-336 MHz
band, also operating on the ddm primciple with 50 and 150 Hz tones

Stmullaneous nulling of the ddm from localiser and glide path equipment 1s expected to
define a straight lime descent path, at a deswed elevauon angle, lymng 1o the vertical plane pass-
ing through the runaway centre line However, an awcraft on or near the ghde path recei-
ves signals not only durect from the antenna system but also those reflected from the interven-
ng terrain The effected terrain must be taken into account in determining the course provided
by the glide path equipment

Most widely used antenna design makes use of reflection characteristics of an 1deal ground
o establish a proper glde path The design of arrays 1s based on unage theory sn which the
ground plane 1s rdealised as being mfimte and perfectly conducting Smce the elevation angles
mvolved are small and wavelengths farly large, wide stretches of plane ground must be avail-
able m front of the antenna to obtain a reasonable approximation to the 1deal umage patterns

The presence of unevenness, reflectrvity fluctuations or other iregulanties m the ground
around the ghde slope antenna causes kinks and bends m the electromeally defined glide siope
An aireraft trymg to follow such a course 15 subjected to unnecessary maneuvers and, 1 ex-
treme cases where the undulations come close to the ground or other obstructions, the result
may be fatal Ghde slope aberrabions have been mmphicated m serious awcraft accidents m the
past It 1s therefore clearly desirable to have an estimate of the quality of ghde slope that may
be obtamed at specific ILS locations at the planmung stage itself Such estunates can be ebtained
expermmentally through actual mflight measurements with temporary installations However,
such installations as well as fhght calibration operations are very expensive More mmportantly,
this procedure would only give ghde slope data for the exusting terrain and cannot provide 1n-
sight mto remedial measures such as terrain development, system reconfiguration, etc
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Since the extent of terram to he modelled 15 of the order of several wavelengths, asymptohc
techmques are generally used Traditionally, PO and the physical theory of diffraction (PTD)
have bheen appiied m hterature These techmques suffer ether from fack of accuracy or from
egcessive computational effort required

In our approach, the wniform theory of diffraction (UTD) and umiform asymptotic theory
(UAT) have becn adopted to evaluate the terrain effects This was then applied with suecess t0
the measurement made at an airport n India

The texram 15 first modelled using stragght lme segments resulting n a2 mulu-wedge struc-
ture shown A computer algonithm has been developed to idenufy all the possible ray paths
mcluding the ngher order rays such as reflected-reflected, reflected—diffracted, reflected~dif-
fracted—reflected, etc ®

Following the ray-tracing operanion, the field contnbution due to each ray that 1s found to
exist may be computed using UTD or UAT Both the approaches have been applied to the ILS
glide-path problem Real airport sites 1 India for whuch measured data are available have been
chosen for vahdation. The starting pownt of the chawn of computation ts an aenal altimetry or a
contour map of the site under evaluation The profile line derived from such a contour is then
used to generate the plaie model

Figure 2 shows the profile lme for an existing arport approximated to a six-plate structure,
up to 4 distance of 1,220 m from the ghde-path antenna The ray tracing and field evaluauon
algonthms have been applied to this site, using both UTD and UAT, and the resulting fields are
cxpressed in terms of equivalent ddm. These computed ddm values are compared with the
measuted vatues for validation of the theory

Two common experiments routmely conducted for ILS calibration are the level run and the
low-level approach, standard procedures for which have been Jad down by the ICAQ Figure 3
is a plot of the ddm as a function of the clevation angle for a 1,000-fi-level run The measured
values and the computed values are nearly comnctdent, and are very close to the measured curve
over the entire run

The glide-path parameters denved from the fevel run are shown i the accompanymg table
along with measured values The difference between the measured and the computed path an-
gles 1s only 0 02 degree The computed course width also agrees with measured values within
an accuracy of 4%
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The results for low-leve] approach mun are shown in Fig 4 Here, both the computed ddm
values along the nominal glide path remain throughout the run withwn the ICAO strpulation of
20 murco amperes, as does the measured curve Subsequent efforts included the modeling of
the terrain surface roughness and imperfect conductvity whach improved the accuracy of pre-
diction of the course bends m the glhde-slope °

4. Characterisation of clutter echoes for airborne radars

Aurborne radars are designed to detect targets agamst background echoes known as clutter
Accurate knowledge of the clutter echoes 15 essential in the optimal design of the radar data
processor Thus calls for the study of the scattermg from different types of terrains, such as
farm-land, urban-land, sea surface, etc , over which the radar may be required to operate Such
charactensanan of clutter echoes 1s accomphished by combining both analytical and expenmen-
tal approaches World over, several countries have intated successfully programs to character-
1se clutter echoes These have resulted 1n a substantial data base and empirical models How-
ever, they are often specific to the local geography and are not easily extendable to Indian
conditions

In view of this, a clutter charactensation program was nitiated to make measurements over
Indian region and to develop theoretical models validated by the measurement The latter
would make 1t possible to extend the analysis to arbitrary terrain and frequency

A non-coherent ‘S’ band radar with a pulse width of 800 ns and azimuth beam width of
1 6° was used for the measurements The radar was calibrated agawnst standard trihedral corner
reflector placed at different ranges The radar was calibrated first by mounting 1t on a hull top
(at Nand: Hills near Bangalore, approximately 1 km above the fixed ground) Once cahbrated,
the radar was fitted 1n rotodome atop an awcraft and measurements were made over Kolar (a
farm-land tract near Bangalore) and over the sea (Bay of Bengal). Two sorties were flown over
Kolar on Tuly 16, 1992 Sortie-I was flown at an altitude of 2 28 km above the ground and sor-
tre-II at approximately 1 67 ki above the ground On Sept 7, 1992, another sortie (sortie-III)
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was flown at an altitude of approximately 1 km. The measurements from this sortie yielded
data from grazimg angles as low as 2 8° The sea clutter data was measured on July 17, 1992,
using the arrborne radar flown at an alutude of 2 28 km above the sea level The wind speed
was around 10-12 Kts and the sea state was 1 1 the Beaufort scale dunng the measurements
Dunng the avborne measurements, the aircraft was flown m an orbit of 4 km radius at 1°-s/
turn rate

Mezn ¢, measured at vartous grazing angles agreed well with those documented i litera-
ture Statistical fluctuations in the ¢, was then modelled to characterise the clutter The fluc-
tuation has been quantified using log normal and Werbull distributton. The choice has been
made because the Werbull probability density functton has the advantage of having a mathe-
matically tractable form and the log normal distribution function has been chosen to cater to
long-tasled distribution of the measured data.

Two methods, viz plotting on probability paper (PPP) and the maximum hkelihood estrma-
tor (MLE) have been used to estimate the parameters of the distributions from the measured
data for the farmland and the sea It was found that a third-degree polynomual adequately fus
the vanauons of the parameters of the Weibull and log normat distributions The distribution
parameters are also sigmficantly different for farmland and sea implying that discnmination
can be done using a well-traned neural network and with the distribution parameters as the
feature vector These observations and the model parameters are of critical value to the air-
borne radar designer

Experimental approach to clutter characterisation has a limated utthity, in that the measure-
ments are specific to the radar used and the terram over which the measurements are made
Duplicating the experiments over all tervams, frequencies and polansation 15 an expensive
proposiuion. To this end, a theoretical scattering model for the clutter echoes has been devel-
oped using full-wave analysis Unlike the method of moments approach, full-wave analysis has
the advantage that it can be applied to surfaces that are described in a statistical sense. Land
and sea surfaces are described by dielectnc constant, mean square height and correlation
length. The theoretical approach can then be validated at spot frequency over which the meas-
urements are available

Figure 5 shows the experimentally measured and numencally obtamed values of the mean
o, for sea (Bay of Bengal) The experimental values of o, have been plotted from the data ob-
taned durnng measurements conducted over Bay of Bengal on July 17, 1992 Theoretical and
experumental models have been observed to agree well with each other i Fig 5 Once the ter-
ram parameters are established, at which the theoretical and measured o, values compare well,
full»wi:tove analysts can then be used to predict o, at other frequencies, polanisation and grazing
angle

5, Scattering from weather targets

Weather radars transmit electromagnetic energy and measure the echo power The reflectivity
factor, Z, 15 a measure of the intensity of the echo and 1s proportional to the echo power. From
Z, one could estimate the rain rate R, usmg a sutable R-Z relauonship Mult-parameter radars
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permut the estimation of more parameters besides Z For example, polarimetric radats measure
the reflectivity factor at both horizontal (Zy) and vertical (Z;) polansation and thewr ratio, the
diffcrennal reflectivity, Zpg Most polanmeinc radars use coherent transmission and thus
measure not only the mean Doppler and spectral width but also polarisation-related parameter
such as specific differential phase shift Kpp and the correlation between honzontally and vern-
cally polanised echoes, rhoy,

A long-standing problem in meteorology is that of distinguishing, by remote probing ra-
dars, between 1ce and water phases of preciputation This 1s especially challengmg m convec-
tive storms, where water can exist at temperatures below 0°C and 1ce can be found at tempera-
ture above 0° C Vitually, all simgle and multi-parameter radar techmiques conceived so far,
have at one trme or another been aimed at this problem Equally mmportant 1s the problem of
quantifying rain and hai fall rates when the precipitation 15 a mixture of the two

The contribution in this direction inctudes the development of a comprehensive framework
for interpreting polanmetrc radar data substantiated by CEM models for scattering from
weather targets that addresses both the above problems

Using extensive scatterng computations, parameters Zy and Kpp that would be measured by
a polarimetric radar when the precipitation 15 a mixture of hail and rain have been simulated. In
these sumulations, the size distributions of ram and hail have been obtained from earher ohser-
vations This 15 first plotied for vanous hail forms and rain and hail rates Superposmg on this
simulation results, the actual measurements of Zg and Kpp from a storm before and after the
hail fall gives an estimate of the rain and hail rates separately This demonstrated the utility of
simulation m the 1dentification of the presence of mixed phase prectpitaon and the quantfica-
tion of ramn and hatl rates from the composite echo !

A sigmficant contribution that was made includes the development of an algonthm that can
be implemented 1 real tme to estimate Py, from time senes data and the statistical and mete-
orological significance of Py, 12 Rain and hail have different shape and size distributions as well
as fall modes This manifests 1 the value of py, measured by the radar Extensive CEM sunu-
lations and comparnson with actual radar measurements have shown that p;, 15 an excellent tool
for eslxmz]lgmg the size of hal—a parameter of high utihity m estimating crop damage and storm
mtensity

Satellites are likely to be deployed in the future for global rain fall estimation For these
measurements to be frutful, the height of the ram column 1s to be predicted accurately. This
can be done, once the melting layer is identified The correlation cocffictent between horizon-
tally and vertically polarised echoes has been measured with ground-based and awrborne radars
at nearly vertical merdence The data acquisition geometry and polarisation coordmates for the
awrcraft-based measurernent are depicted m Fig 6

A sharp decrease 1n py, at the bottom of the melting layer has been observed This is m ac-
cordance with theoretical predictions of the scattering from an ensemble of randomly onented
prolate spheroids and/or distorted spheres The dormnant factor that 1s seen to contnbute to the
i decrease 1s seen 1o be the differential phase shft upon scatterng™® Ths has established the
fact that a ground-based radar can be used to 1dentify the height of the ramn column and to cali-
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brate the global ran rate measured by a satellite. The latter use 1s much 1n the same way a ramn
gauge is used to calibrate a radar

The soplustication of the electromagnetic scattering models developed has been validated
using a coordmated expermment Polarimetric radar data consisting of complex weather signals
at alternate vertical and honzontal polanzations were collected at 2109 h in a range-height
mode The National Oceamc and Atmosphenc Administration (NOAA) P-3 awrcraft, which was
equipped with a two-dimensional cloud probe, executed 4 sprallng descent 1n the strabform
region starting at 2157 (7 km above the ground Jevel (agh)) and ending at 2229 (27 kmagl) A
radiosonde was launched through the system from the National Severe Storms Laboratory
(NSSL) mobile-class (M-class) platform at 2243 Ths sounding provides profiles of pressure,
temperature, water vapour, and hotszontal wind from the stratiform region (The loran signal
was lost for a portion of the flight, hence no nuddle-level winds were obtained) Data from the
Me-class and aircraft descent sounding were used to determune the temperature profile for inter-
pretation of radar measurements From those soundings, the meltmg level was determuned to be
at 34 km The weather signals were processed to produce the reflectivity factor 7, the differen-
nal reflectivity Zpg, the correlation coefficient between copolar echoes |, and the two-way
differential propagation constant Kpp '

A sample output of height profile of average reflectivity from the ground radar, the radar of
the P-3 amrcraft and the electromagneuc scattenng model 1s given in Frg 7 The close agree-
ment among the three measurements 1s a testumony to the fact that the EM scattering computa-
tons when properly used with radar measurements provide a framework for distinguishing by
remote probmg varous types of precputation This has culminated m a more sophisticated
mappmg of 2 vertical profile of a storm (Fig 8)." This provides nvaluable mput into the un-
derstanding of microphysics
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Since the weather targets are of sizes of the order of the wavelength, conventional MoM
techntques may not be adequate Hence, electromagnenc scattermg calculations that (ormed the
hasis m the 1dentification and classification of the weather targeis have been done usmg T-
matnx method T-matrix method 15 well sutted for handling large scatters of complex geometry
and material terisucs The only restriction that the T-matox method poses 1s that the
geometrical shape of the scatterer must be smooth with contmuous first derivanve. Further,
polansation 1s inherent 1n the formulation T-matrix 18 also 1deally susted for handling multilay-
ered {coated) scatterers

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

Although the radar cross-section (RCS) of a body 1s determmed signtficantly by us shape,
what the medirm 15 composed of also plays an wmportant role'® From RCS pomt of view,
the most mportant property of composite materials 1s that they reflect electromagnetic
waves less than metals The exact consutuent and primary constants (4. & and o) of the com-
posite matenals that are used for RCS reduction are either classified or trade secrets, essen-
tially, they are graphic fabric epoxy resins or thermo plastics matrix-graphic composites To
achieve zero reflectivity for electromagnetic waves, the constituent parameters of the matenal
must satisfy certain conditions not ordmanly satisfied by conventional radar-absorbing matern-
als (RAMs)

Chural composyteslé'” provide an additronal degrec of control that makes them better suited
for use mn the reduction of RCS. Churality refers to the Jack of geometric symmetry between an
object and its murror 1mage. The murror nnage of a chiral object cannot be made t© comeide
with the object mvolving rotations and/or translations Some common chiral objects are heli-
ces, Mobs strips and gloves Materials that are made up of such micro structures with hand-
edness extubrt dufferent propagation charactenstics for left and right circularly polansed waves
Some natural matenials possess chirabty at optical frequencies and hence chirality 1 also
known as optical actity.
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With recent advances 1 polymer science, 1t has now become possible to manufacture ma-
tenials which possess chirality at Jow frequencies ' Planar chiral samples can be made by em-
beddmg large number of micro mumature helices 1 a host material The property of such ma-
tenals can be controlled by altering the s1ze and concentration of the embedded particles, to
yield prespecified churality

The wtraduction of chiahty complicates Maxwell’s equations in that the propagation con-
stants are different for left and right circularly polanised waves Further, since the chural mate-
nals are merely used as coatings, the need anses to develop techniques that will be able to theo-
retically predict the scattermg from layered materials The extended boundary condition
method (EBCM) or the transttion matrix (T-matrix) method'® has several properties that make
1t 1deally swited for thus purpose As evidenced by our earher work on weather targets, T-matnx
method 1s well suited for handling large-sized arbitrartly shaped, layered scatterers and has
been successfully applied to the prediction of RCS of chirally coated bodies »

In order to evaluate the effectiveness of the chiral coaungs on canomical and arbutrary-
shaped objects i reducing RCS, two Jands of chiral matenals have been used They are the
RAM-type chiral polymers and realistic chiral polymers

® RAM-type chiral polymers were used such that permutitvity and permeabiiity were as-
sumed to be the same as that of the RAM and the chirality parameter  was added The proper-
fies of RAM-type chiral polymers were chosen such that the relauve permuttivity and the
chyrality parameter were assumed to be independent of frequency The relative permeability
was assumed to be umty.

The results are presented for a churzl and RAM-coated conduching sphere. It 1s furst coated
with a RAM of dielectric constant 1 3 +10 29 at 10 GHz The coating thuickness was taken to be
0.4 cm. The variation of scattening parameters with &kqa is shown m Fig 9 Also wcluded m the
figure 1s the RCS of a conducting sphere It 15 seen that there 1s a reduction of 2-3 dB by RAM
coating.

Next, chirality 15 added to RAM and the results are shown for two values of §=02 and
03 cm The normalised RCS 1s reduced by 2 dB for the RAM coating and by about 5 dB for a
chural coating of S=0.2 cm The reduction n RCS has been found to be about 15 dB for the
chirally coated perfect conductor for f=03 cm The Mie oscillanons are absent when the
sphere is coated with a chiral material There 1s an ncrease 1 the absorpuon cross-section from
05 for a RAM coaung to 1 2 for a chiral-coating sphere The scartering cross-section reduces
from 3 dB for a RAM 1o 0 dB for chural coating

To study the effect of chural coatmgs on arbrtrary-shaped bodies an oblate conducting sphe-
roud 15 taken as a typical example Generalised EBCM has been used to analyse such bodies
Results for the vaniation of the scattering characteristics as a function of size parameter were
computed using the code developed

To dlustrate the effect of diameter vanation as a functron of the normalised scattering pa-
rameters, 2 RAM of £ =13 +10.29 at 10 GHz has been chosen as earlier The mner layer has
been taken as a conductor of equivalent radwus 7 This 1s the base agamst which the extent of
RCS modification by RAM and chural coating are compared The coating thickness 1s fixed at
04 cm The axs ratio for the mner layer a,/by has been chosen to be 0 8 The outer aspect ratio
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will be slightly different due to coaung thickness The plots as shown m Fig 10 are for a con-
ducting oblate spherord, coated by a RAM, and by a RAM-type chiral polymer, for honzontal
polansation  Churality has been mtroduced mn the RAM material so as to represent achiral
RAM-type polymer To this end, the mtnnsic & has been taken as that of the RAM The values
ot § that have been considered are 0.2 and 03 om These values cnsure that the propagation
constants for the LCP and the RCP waves (k;, and kg) are posiive numbers As can be observed
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from Fig 1, the Mie oscillations have smoothened, which 1s an indication of icreased band-

width

In the case of honzontal polansaton of the incident field, the normalised RCS for
churally coated spheroid has been found to be below 15 dB for k,r, varying up to a value of 7,
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whereas the reducuon 1n RCS 15 only 2-3 dB for a RAM-coated body (Fig 10(a)) The normal-
1sed absorption cross-section for a chirally coated spheroid has value 1 on an average for k,ry
varyg from ¢ to 45 This value s higher than that for the RAM-coated spheroid Scattering
and extmction cross-secuons have been found to be only shghtly different for RAM and
chically coated bodies, the scattermg cross-section bemg lesser for chiral than for a RAM
coatmg

® Realistic chiral polymers In the RAM-type clural polymers, the constilutive parametess
were assumed to he mdependent of the frequency and the relative permittivity was chosen to be
unity Such a treatment 15 nol appropnate while dealing with chural media These chuiral mate-
nals are made by cmbedding miniaturised helices m a low-loss host medium Thus, even
though chiral inclusions are non-magnetic o begm with, the composite medum will have
magnetic properties The effect of scatlermg charactenstics of objects (both canonical and arbi-
trary shaped) coated with such realistic chiral matersals 1s presented m thus paper

To compare the scattering charactenstics of a conduction sphere coated with a RAM and a
realistic chiral polymer, a RAM of & =13 +:0 29 has been chosen at a frequency range of 8—
13 GHz Permeabiliy has been assumed to be unity, and independent of frequency RCS of the
RAM-coated conduciing sphere has also been mcluded mn Fig 11(a and b) for coating thick-
ness t=01cm and 7=035 cm, respectuvely RCS for a {1 cm coating thickness using RAM
and 1 6% concentration of right-handed helices 15 simmlar as seen from Fig 11{a) However, the
fimte size of the helices needed for measurable chirality at microwave frequencies demands
that the coating thickness be larger than =05 cm Hence, computations have been made at
r=05cm RCS for § 6% concentration and 7 =5 c¢m coating thickness 1s plotied m Fig 11(b)
for a frequency range of 9 7611 63 GHz Tt s clear that for £=0 5 cm coating with T 6% con-
centratwn of right-handed hehees reduces the RCS by 7 dB from 3 5 dB {(for t=0.1 cm) for
1=015 em RAM coaung
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In order to appreciate the effect of concentration, computations of RCS have been camed
out for the 3 2% concentration and 0 § cm-coating thuckness m the frequency range 8 66—
9 87 Hz This, as seen from Fig 11(b), has reduced RCS to Jess than 10 dB

Tn most cases of scattering from coated surfaces, RCS variations would exhibit Mie oscilla~
tions as the coating thuckness 1s varied This 15 depicted in Fig 12 wheremn RCS 1s plotted as a
function of coating thickness The frequency is chosen to be 10 42 GHz, and a 1 6% concen-
tration chiral compostte 1s used RCS for thicknesses larger than 1 cm reduces by 10 dB * The
vagiations at other frequencies are sioular and hence are not ncluded

For studying the effect of realistic chiral coatng on an arbitrary-shaped object a conducting
oblate spherotd 1s chosen For the purpose of comparison, a practical RAM was chosen from
Bhattacharya and Sengupta”® of &= 1.3+1029 An oblate conducting spheroid was coated by
such 2 RAM and the coating thickness was kept fixed at 1= 05 cm as that of chiral coating
Outer aspect ratios were chosen to be 0 8 The outer equivolume diameter was kept at 6§ cm, the
same as that for chiral coatmg RCS of the conducting oblate spheroid coated by a conventional
RAM 15 compared with the churally coated spheroid The response 1s shown for the frequency
range of 8~12 GHz RCS comparison between the two coatings has been shown for both hon-
zontal and vertical polanisations (Fig 13) It can be seen from the plots that, for the same coat-
mg thickness, RCS for a RAM coating gets reduced by 5 dB, as compared to a reduction of
more than 15~20 dB when coated by a realistic chural matertal Thus was seen i both horizon-
tal and vertical polarisations.

The variation 1 the normahsed RCS and absorption cross-section as a function of the
angle of weidence for RAM and chiral coating 15 shown m Fig 14 The frequency has been
fixed at 987 GHz The values for complex permuttivity, complex permeability and complex
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chirality are &=3529+:3731, =0820-0353 and B=(18.091~:1201)X 10 cm
These are for RCP helices embedded in the host medmm with a 3 2% volume concentration
The results are compared with a conventional RAM coating of &= 13 +1029 at 9.87 GHz
The coatng thickness 1s kept the same as that for the chiral coating. An aspect ratio of 0 8 has
been chosen for the RAM As seen from the graphs, normalised RCS for RAM-coated oblate
spheroid for this particular frequency 1s less than that for the chirally coated spheroid The re-
duction m RCS 1s over a larger aspect angle clearly indicating a wider bandwidth The absorp-
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non cross-section for the RAM-coated conducting spheroid has been found to be 0 55 as com-
pared to 1 4 for a clurally coated case

7. Target recognition

Conventional radars are merely devices for detecting the presence of a target and te estmate
their range They use sumple continuous wave (CW) or burst EM for transnusston and recep-
tion In recent times, there have been considerable improvements 1n the technology of generat-
mg lugh-power short-duration wideband signals. The avadability of high-speed computers has
m fact enabled the development of high-resolution methods of sumulaton These factors con-
tributed to the birth of applications of radars for target recogmfion and classificatron.

Radar-target recogration methods are analogous to those employed 1 system 1denuficauon
wherem either the mmpulse or the frequency response 15 used for 1dentrfying the system The
methods that are used w radar-target recognition are depicied in Fig 15 The two methods, viz
E-pulse and fimte-difference time domam (FDTD), are described below

Radar targets such as the arcraft are several wavelengths long Short-duration pulses take a
fimte trme to propagate across the target The echo from the target, 1f anatysed 1n ume domam
with lgher resolution, will reflect the target characteristics Experience from circut theory has
shown that such charactenistics can be 1dentified from the location of the poles Thus will lead
to the features of the target that are mdependent of the aspect and mcident polarisation
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Extraction

i

iTime Domain Analysis
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Target

Recognition Stealth

Fic 15 Radar target-recogninon methods
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The singularity expansion method (SEM) 1s combined with the method of moments (MaM)
t obtamn the natural response of the target Then, this 18 used to obtatn the E-pulse which 1s an
excitation waveform synthesised so as to mmimse the transient scattered field response In
other words, E-pulse 1s a transient, finite-duration waveform which annihrlates the contribution
of a select number of resonances n late tume response Target discimination results from a
umque correspondence of an E-pulse to a particular target Excitaion of dissumilar targets
yields ngher response Thus, one could have a library of E-pulses for the targets that need to be
discriminated and convolve the echo from the actual target wath that stored m the hbrary and
thus classify the targets

The second approach that leads to belter understanding of the echo from the target 1s
based on FDTD method In the FDTD, a differential equation 1s replaced by its corres-
pondmg difference equation, which 15 obtained by replacing various orders of derivatives
by thewr fimte-difference approximations The finite-difference approximation to any deriva-
uves of a function 15 obtamed from the Taylor's series expansion of the funcuon Different
kinds of difference approximations that may be used are the forward, backward and central
difference

Forward and backward differences can be used to approximate the first-order dervatives
However, central difference can be used to approximate both the first- and the second-order
derivattves smce 1t gives the least error

In electromagnetics, Maxwell's curl equations were first approximated using central differ-
ence approximations, by Yee™ 1 1966 He imterleaved the electne and magnetic field compo-
nents n space and time, 1 a cubord of dimension Ax x Ay x Az, called the Yee unt cell shown
m Fig 16, so as to permut a natural satisfaction of the contmusty of the tangental field compo-
nents at media mterfaces The electne field 1s updated at every Ar and the magnetic field at
every Ar+0 5 time step

The FDTD method 1s very stmple t concept and execution, yet 1s remarkably robust, pro-
viding highly accurate modelling predictions for a wide vanety of electromagnetic wave inter-
action problems It does not employ any potentsals, but 1s a simple second-order accurate cen-
tral-difference approx:mation for space and ime denvatves of the electnic and magnetic fields
FDTD works well both for conducting and dielectnic matenals, which may be homo- or nho-
mogeneous, 180-, aniso- or biamsotropic, single- or multilayered Differential equations bemg
local 1n nature can be used o analyse objects which have sharp comers (complex objects) and
also for narrow pulses The required computer storage and runmng time is dimenstonally low,
proportional only to N, where N 15 the number of electromagnetic field unknown m the volume
modelled #

The greatest disadvantage of the FOTD 1s that the entire computational doman has to be
discretised, thus requirng a lot of computer storage However, this difficulty has been over-
come by restricung the computational domain to a smaller area by mtroducing absorbing
boundartes Many methods find mention 1n literature, some of them are Yee's? and Mei's
boundary conditions® and the perfectly matched layer (PMLY*
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Out of the above-menuoned boundary condittons, the PML boundary conditton 1s the most
popular PML absorbs the electric and magnenc field components by sphtting the electric and
magnetic fields mio two subcomponents each. These subcomponents are absorbed by using
different electric and magnetic conductivities 1n different directions. However, the ratio of the
magnetic-to-electnic conductivity, i a given direction, ts kept equal to the square of the mtrm-
sic impedance of free space. As the tume rate of absorption 15 high in the PML one has to make
use of the exponential time-stepping scheme

PML has an absorpuion of about 70 dB down over a wide band of frequencies and at all
angles of mcidence It also has a global error power of about 107" over the entire computa-
tional run

Frgure 17 shows the radar cross-sectron of an awrcraft when mcident by a pulse having a
pulse wadth of 3 3355 ns {or 1.0 m) As can be seen from the figure, there are three peaks
which are reflections from the nose, the wings and the tail of the awcraft, respectively In Fig
18, the currents on the amcraft are shown at four different tume steps The spots whuch contrib-
ute to larger reflections and hence to the enhancement of RCS are clearly 1dentified 1n Fig 18
The absorbmng paints can be apphed only at these spots and this would lead to enormous saving
m cost and reduce the weight penalty for the aurcraft

8. Conclusions

The power of the techmques m computation electror 1 solving a wide vanety of

problems mcluding antenna design, spacecraft-mounted antenna, scattering from land and sea
surfaces, site diversity for ILS, identification, classificatton and estumation of precipita-
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{a} Tune 73381ns by Time 10 6736 ns

s

(c) Time 16 6775 ns (d) Time 20 6801 ns

Tic 18 Currents on the surface of the awrcraft for a pulse meident on the nose, with a pulse width of 2 6684 ns, mov-
mg towards the tail

ton habitats, RCS reducuon of areraft and target identificauion has been demonstrated The
mayor strength of the work 1s that m all cases, appropriate expermental verification that formed
part of the national and mtetnational imiatives have been carried out This has i a large meas-
ure mereased one’s confidence m the sophiscation of the CEM techmques described m this

paper
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