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Scattering of Electromagnetic Pulses by
Simple-Shaped Targets with Radar Cross
Section Modified by a Dielectric Coating
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Abstract—We study the scattering interaction of electromag- interest to investigate the effect of the RCSR on the scattering
netic pulses with a spherical target. The target is a perfectly of pulses of short duration. We study the scattering interaction
conducting sphere coated with a thin dielectric layer. Two dif- of ultrawide-band (UWB) electromagnetic pulses of short

ferent hypothetical materials are specified: a lossy dielectric and . . . .
a dielectric that also has magnetic losses. The monostatic radar duration with a spherical target. The target is either a perfectly

cross section (RCS) is computed in each case and we examine th€onducting sphere (for comparison) or such a sphere coated
influence of the coating on the RCS. In particular, we compare with a thin homogeneous dielectric #llenbach [1], [2]) layer.

power when a large perfectly conducting flat plate coated with : . - . .
the same dielectric layer is illuminated at normal incidence by the and a single thickness are specified. It is an established

same waveform. In particular, we find that except for frequencies procedure to specify the radar absorbing properties of a
below those within the efficiency band of the absorbent material, material by referring to its reflection characteristics when
the normalized RCS of the coated sphere agrees well with the the material is in the shape of a plane layer of specified
power reflection coefficient of the plate covered with the same thickness. which is then applied on a metal (or perfectly
kind of coating. For low-frequency incidences, the peaks and dips ! . . . .

in the RCS are more prominent for the coated target than they conducting) backing. As it turns_out in this study, the RCSR of
are for the bare one. Analyzing the response of the spherical @ RAM-coated target of three-dimensional (3-D) shape cannot,
targets in the combined time-frequency domain we demonstrate in general, be determined from the properties of the RAM
that the coating itself, although reducing the RCS could introduce - applied to a flat plate. Following the traditional procedure,
additional resonance features in the target's signature at low we characterize each dielectric layer by computing the power

frequencies that could be used for target recognition purposes. flecti ffici h fl fect| ducti |
This observation is also confirmed by a study of the bistatic RCs €flection coefficient when a flat perfectly conducting plate
of these coated objects, which we have displayed in various color coated with the layer is illuminated by a continuous wave

graphs. (CW) at normal incidence in a selected frequency band. Each
Index Terms—Electromagnetic scattering, radar cross sections. On€ of the coatings is then applied on the perfectly conducting
sphere, the (monostatic) RCS is computed, and we compare it
with the returned power from the coated plate normalized to
|. INTRODUCTION that of the incident wave.
HE determination of radar cross-sections (RCS’s) of The analysis of returned echoes has been traditionally done
targets of simple shape has received much attention andahe frequency domain [1], [2], [4]-[8]. A recent method of
is now a well-studied problem area [1], [2]. The analyticgbrocessing echoes that is gaining acceptance is to analyze them
treatment of scattering by penetrable spherical or cylindrical the combinedime-frequency domain. This approach seems
targets has, in general, considered material compositionstofoffer more advantages because both the spectral content
the targets that produce only small amounts of absorption aff the target response and its time evolution can be utilized
the incident signal power, if any at all. When the materidbr target recognition purposes. The identifying signature
composition of the target includes a radar absorbing materightures of a target can be displayed in a general time-
(RAM), complex-valued arguments enter the Bessel functiofrequency-amplitude plot in 3-D space. Usually, projections
in the partial wave solution of the scattered field. This causes a number of contour levels of these 3-D surfaces are
the break down of conventional evaluation algorithms [3hown in the two-dimensional (2-D) time-frequency plane;
which require stable recurrence relations. By coating a givery., [9]-[11]. However, contour plots tend to emphasize the
target with a thin layer of suitable electromagnetic propertiegsadient of a 3-D surface rather than the amplitude level.
the RCS can be reduced and it is of interest to investigate the¢ emphasize the amplitude displayed in the surface plot
resulting radar cross-section reduction (RCSR). It is also ef each time-frequency signature, the 3-D surface is shown
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tributed to Wigner, Ville, Margenau-Hill, Kirkwood-Rihaczek, Perfectly conducting sphere
Choi-Williams, etc., each with its own characteristics, though with a dielectric coating
sharing the essential properties of time-frequency distributions.
As we demonstrated earlier [9], [10], the target resonances
that can be extracted from an echo backscattered from a target
when a short pulse (from an impulse radar) is incident on itg
can be used to identify the target. These transient interactions o
were preliminary analyzed in the time-frequency domain usin%“f
a pseudo-Wigner distribution (PWD) [9]. The advantages ofe. "V\/\—
the PWD become more obvious when it is compared With_§ K
the standard spectrum (or the RCS) of the considered echg
returns. Thus, using a PWD we extend the analysis to the time=
frequency domain of the target by examining the backscattered
echo when each of these spherical targets is illuminated by
a short broad-band pulse resembling the one that was used
in [6]. The computational machinery illustrated here with theig. 1. Scattering geometry for plane wave incidence on a perfectly con-
PWD can be implemented withny of the other distributions ducting sphere with a dielectric coating.

members of the bilinear class [12]-[14]. It can be stated that

all bilinear distributions can be viewed as smoothed versionsHere, the functionsr,,(#) and7,(6) are defined by

of the WD with their amount of smoothing determining the
amount of suppression of the cross-term interference and the
loss of time-frequency concentration of features. Finally, we
generate bistatic RCS plots of these coated objects for two
pertinent polarizations using a suitable color scale and wa (-) denoting the associated Legendre functions of first kind,
use them to confirm observations already extracted from tfist order, andnth degree, and the scattering coefficients

@,

_ P}(cos#)
~ sinf

_ dP}(cos6)

T (0) o Ta(0) 7 R 3)

time-frequency (i.e., PWD) plots. A, (x) and B,(x) are given by
__Pul=) _ Y@
ll. STEADY-STATE SCATTERING Anl@) = Ca()’ Bnle) = ¢ () @)
A. Scattering from Spherical Targets where the Sgr)nmerfeld fun_ction&n(x) = xjn_(x) and
(¢) = xhy’(z) are defined by the spherical Bessel

. , Cn
A steady-state continuous plane electromagnetic Wajg,ctions of the first kind and the spherical Hankel functions
L, = Egexpli(wt + kz)] polarized in thex direction is of the second kind, respectively.

incident on the North pole (defined by the spherical coordinate|y,q (normalized) radar cross section (RCS) is then defined

¢ = 0) of a perfectly conducting sphere of radius where

FEy is the amplitude of the fieldy the angular frequency,

and k = w/c the wave number in the surrounding medium (6, ¢, ) 2% |Euu(8, ¢, 2)]\ 2

taken to be free-space. Henceforth, we use the notation —— =l <—+>

2 = ka = 2wa/ X for the nondimensional frequency, whexe e TN a |2 in(2)]

is the wavelength in free-space. =|f(8, ¢, )] (5)
The scattered electric far field at the distancér > a)

from the origin of the sphere can be written in the form [1Where the dependence on the angleand ¢ are emphasized

[4], [7] (cf. Fig. 1) and the form-functionf..(6, ¢, ) can be read off from
(1)—(5). We note that the monostatic (backscattering) case is
pilwt—kr) defined byé = 0.
E..(0, ¢, ) :EOT When the target is the above perfectly conducting sphere

of radiusa with a dielectric coating of thicknessapplied on
it, the scattering coefficients (4) assume forms given in [7],
though slightly modified because the coating is here assumed
whered and ¢ are the colatitude and azimuth angles, respeg be magnetic. In terms of the relative dielectric permittivity
tively, e, andey unit vectors in these directions, and and magnetic permeability of the coating layer, the index of
refraction, the relative impedance, and admittance are defined
51(97 x) 12 L 2n+1 7rn(9) by mi = \/m, 1 = \/u,,/s,,,_anle = \/E,,/u,,. These
{52(9’ z) } =3 Z (-1) m |:An($){ 9) } quantities are, in general, funct!ons of the angular frequ_ency
n=1 w. The arguments that occur in the Sommerfeld functions
4B (x){ (0) H defining the form function in this case are= k(a+d), z; =
" 75(6) ki(a 4+ d) = myz, andzy = kia = myza/(a + d), where
(2) ki = mik is the wave number in the dielectric coating of

- [ee S1(8, x)cosp — ey So(8, z)sing] (1)
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refractive indexm;. The scattering coefficients then assum&he continued fraction approach could also be used for com-

the forms puting the spherical Bessel functions of the second kind. We
found, however, that the corresponding continued fraction
A = _ Lu(x) = Tn(2)@n() representation of the ratiog,_,(#)/v.(») of the spherical
" Ry(x) — Tn(%)Sn(x)’ Bessel functions of the second kind [15] is not stable enough
B B.(z) — To(2)Q,(z) g 0 be computed with the numerical precision available in a
n Rn(x) _ Tn(x)gn(x) 6) personal computer (PC). Instead, the spherical Bessel functions
of the second kind and the spherical Hankel functions of the
where the ten function®,(z), Q,.(z) - - - are given by second kind are calculated using the cross products [17, eq.
(10.1.31)]
! !
Prle) =nleen) 9] = V() ) 0(2) = Uin (Dnr(2) = 2 ua (2)
Qn() = Gulw1) ¥}y (2) = Vi tha(2) G (21) Oy Ty
hy ' (2) = in (), "1 (2) + 277/ gn1(2) 9)
Rp(w) =n(21) G (x) — Y1 Cal@) 9, (1)
Sp(x) = Culwr) ¢ (x) = Y1 Culx) ¢ (1) where the latter equation is a reformulation of the former
To(x) = by (22) ] Cnl2) using the definition of the spherical Hankel function [17,
" " 5 eg. (10.1.1)]. These calculations can then be conveniently
Bu(x) = (1) V() = Zy by () 9y, (1) performed using a PC. The recurrence formula given by (9)
Qn(x) = Culzr) Y] (2) — Z1 () (21) was, in fact, recommended by Lentz [15] for calculations of the
Ro() =n(w1) () — Z1 Cal@) ¥, (21) spherical Bessel function of the second kind. The recurrence
$u(2) = Cul1) C(2) — Za Culw) (1) formula for the spherical Hankel function given by {9as
" ™ " " " been tested by us in several instances and found to be stable
To(x) = (22) /G (@2). (7)  and accurate at all occasions. We remark that in scattering
applications where the absorption of incident signal power
B. E- and H-Plane Scattering is large and the scattered energy quite small within a given

We consider two particular cases of polarization, nameffequency band, it turns out that the modulus of the pertinent
those defined by) = 0 and ¢ = /2, which are referred to Spherical Hankel function (the second kind in our formulation)
as E-plane andH-plane (bistatic) scattering, respectively. Thés also quite small in that band. As a consequence, the accurate
case ofE-plane (orH-plane) scattering is defined by the inci-calculation of the spherical Hankel function using the ordinary
dentE-field (or H-field) being parallel to the plane spanned bgiefinition in terms of the spherical Bessel functions of first
the direction of incidence and the scattering direclo®nly and second kind Wizh$ = j, — iy,) would require a large
in these two cases are the scattered electromagnetic far figldgber of significant digits. This is because in many cases
parallel to the incident electromagnetic field for any angle of practical interest the spherical Hankel function will come
and any frequency. The scatteredz-field (polarized in the out as an exceedingly small difference of the spherical Bessel
plane of the incidenf-field) is in these two cases given by functions resulting in ruinous loss of accuracy.

t(wt—kr
{EE“(Q’ z) } —p : ){ S51(6, x)eq } D. Normal Incidence on a Coated Flat Plate

EHsc(97 J}) -0 kr —52(9, .T)qu . . .
We consider a perfectly conducting plate (of infinite extent)
= Eoﬂei(wt—kr){foo(e’ ¢ =0, x)ey } coated by a homogeneous dielectric layer of thicknkssth
r Joo(8, ¢ =7[2, x)ey, a CW illuminating its surface at normal incidence. It can be
(8) shown that the reflection coefficient in this case assumes the

respectively, wheré’-plane orH-plane scattering is indicatedforrn [2]

by the index and the unit vectors are located in theplane. iorgl — Y1 — (14 Y))e @2hd
R=c — (10)
1+Y, — (1—Y))e2kd

C. Bessel functions of Complex-Valued Arguments The modulus of the normalized reflected power is then given

A distinguishing property of dielectric coatings used foby the “power reflection coefficient[’R|2,
reducing the RCS of objects is that the index of refraction
is a complex-valuedfunction of the frequency due to a . TRANSIENT SCATTERING

complex permittivity or permeability or both. The presence ) . o
of complex arguments, often with a large imaginary part We generalize the analysis to pulsed incidences [7], [9] by

in the form function, severely restricts successful numericktroducing a Fourier transform paj(t) — G(w), whereg(?)
evaluation using traditional algorithms for the Bessel functiors the incident pulse andi(w) its spectrum

since the ordinary recurrence relations become unstable. To +oo ‘

surmount the difficulties, we use an algorithm for calculating Gw) = / g(t)e rdt —— g(t)

the spherical Bessel functions of the first kind that was T e

developed by Lentz [15], [16]. This algorithm is based on a — 1 G(w)e™ dw. (11)

continued fraction representation of the ratjps.1(z)/4.(z). 2r ) oo
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The scattered electric far field can then be shown to assumtegration of the WD over the frequency variable at a generic

the form [7] time (or over the time variable at a generic frequency) yields
the signal’s instantaneous power at that time (or energy density
Ep..(6,t)] ¢l +°<>G spectrum at that frequency) [14]. Another property of the
{EHSC(9, t) } —H0 o, - (w) WD, which is desirable for target recognition purposes, is its
S1(0, w)es | iwrotn) excellent _ability_ ofconcentratingthe fgatures of a function in
. {_52(97 w)es } e dw the combined time-frequency domain.
oo Digital evaluation of the WD of continuous-time functions
:Eoii G(w) requires a reformulation of (14) to its analogue for discrete-
2r2r Jos time functions. Existing algorithms for fast Fourier transform

S0, 9 =0, w)es iet=kr) g (FFT) can then be adapted to the discrete Wigner distribution.
Jooll, o =7/2, w)ey Analogous to (13), the discrete-time version of (14)for a
(12) sequencef(n) containing N elements is

where we remember that positive values are obtained for the N N
arrival time at the observation point for scattered pulses if Wik, 1) =2 Z fl+n) f*(l—n) emHam/Nkn - (15)
is chosen to be larger tharu2 n=0
When using the discrete-time Fourier transform (DFT) [19] )
in numerical calculations where the incident pulse is giveiherek, I =0,1, 2, ---, N—1represent frequency and time,

in the form of a discrete-time series, which is assumd@gspectively, andf(l +» — N) is substituted forf(/ 4 n)
periodic, the above formulation of the continuous-time Fourig¥heneverl +» > N. Comparing (15) with (13) shows that

transform pair is Convenienﬂy converted to the WD is periodic with periodr rather tharr, as is the case
for the DFT. Thus, aliasing is, in general, present in the WD
N1 even when the sampling rate satisfies the Nyquist criterion.
ak) = Z g(n)c—v‘/(%//\’)kn — g(n) An approach to avoid aliasing (which we will use here) is
n=0 to use the “analytic function” when computing the WD. This
1 Nt ‘ ) function is defined byf.(n) = f(n) +if(n), where f(n) is
=% Z G(k) 37/ N)kn (13) a given real-valued function anf{n) is the discrete Hilbert
k=0 transform [19] off(n). When analytic functions are used, the

distribution in (14) or (15) is often called the Wigner—Ville
where the sequences$n) andG(%) both containV elements. distribution.
Practical applications of the WD are limited by the presence
IV. TARGET RESPONSES IN THE of “cross-terms.” The cross-terms attributed to the bilinear na-
JOINT TIME-FREQUENCY DOMAIN ture of the distribution, generate features that lie between two

The analysis of the returned echoes has been traditiona@ytocomponents and can have peak values larger than those
done in the frequency domain [1], [2], [4]. A recent metho@f the autocomponents. However, using the analytic function
of processing signals that has been gaining acceptance is'tt?) €liminates cross-terms between positive and negative
work in the combinedtime-frequency domain. This approachrequency components. There is a tradeoff between high
seems to give the largest amount of information since it cé@ature concentration in the time-frequency domain and the
display the evolution of the identifying resonance features efippression of cross-terms interference that can be achieved
the scatterer and their amplitudes as surfaces in a general timgng any kind of smoothing of the WD. Thus, it is possible to
frequency-amplitude plot in 3-D space. Usually, projections slippress the remainingross-terms interference by weighting
a number of contour levels of these 3-D surfaces are shotime function before evaluating the WD using a window func-
in the 2-D time-frequency plane. The evolution of signatungon. This window function can be made to slide along the time
features is extracted by any of the many distributions that aggis with the instant at which the WD is being evaluated.
members of the general bilinear class, [12]-[14]. The (autmjfferent window functions will place different weights on the

Wigner distribution (WD) of the functiory(¢) time segments of the time-varying functigfft), which will
yield different physical interpretations of the resulting pseudo-
+oo T\ e TN i Wigner distribution (PWD). Another important property of
Wiw, t) = /_Oo f(t T 5) f (t - 5) ¢ dr the window function is that, if narrow enough, it suppresses
+o0 ‘ the influence of noise on the PWD. if;(¢) is the window
22/ ft+7) f(t—7)e™7dr (14) function, the PWD off(t) is

+oo
is a member of the general bilinear class that shares with somve(% t) = 2/ FE+7) FH (=) wp(r) wi(—7)
other time-frequency distributions the property of preserving —oo

the time and frequency energy marginals of a signal, i.e., ceT Ty (16)
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of a perfectly conducting sphere of diameter 500 mm. Fig. 3. Power reflection coefficient (main plot) and impulse response (insert

. . . . .. .plot) of a flat plate covered with coating A.
and the corresponding discrete pseudo-Wigner distribution

(DPWD) is given by
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A convenient window function is a Gaussian of the form
ws(t) = exp(—at?), wherew is a positive real number that ]
controls the width of the time window. 10

V. NUMERICAL RESULTS 102

Modulus of RCS

We examine the effect of dielectric coatings on the backscat-
tered pulses returned by the target when the applied coatings  1°°
are made of two different hypothetical materials. Coating

“A” is a nonmagnetic (i.e.,, = 1) lossy dielectric layer 10* T
with relative permittivity ., = 15 — 5¢ and thickness 5 otz 3 4 s 6T 89 10
mm and coating “B” has the magnetic permeability = Frequency [GHz]

18 — 94, permittivity ¢, = 20 — 104, and thickness 5 mm. Fig. 4. Modulus of the RCS (main plot) and impulse response (insert plot)
The electromagnetic properties of the coating materials afea perfectly conducting sphere covered with coating A.

assumed to be independent of the frequency in the broad
band0 < f < 10 GHz, which is not an entirely realistic Dirac delta pulse). We notice the narrow absorption band of
assumption. The assumption means that the energy dissipathua type of coating, which has an echo reduction better than
(or absorption) is instantaneous and it is made here 80 dB within an extremely narrow band centered about 3.9
convenience. Generally, the electromagnetic constitutive eq@Hz. Fig. 4 (main plot) displays the monostatic RCS of a
tions for dissipative materials are assumed to be functionglerfectly conducting sphere of radias= 250 mm with the
of the more realistic Volterra-integral type for which thesame type (viz. A) of coating applied. Comparing the main
Kramers—Kbnig relations apply. plots of Figs. 3 and 4 we see that the modulus of the RCS of
For comparison, we first compute the monostatic RCS tife coated sphere agrees very well with the power reflection
a perfectly conducting sphere of radius= 250 mm in the coefficient of the coated plate for frequencies abe3GHz.
frequency band) < f < 10 GHz and the result is displayedAt lower frequencies the RCS exhibits the peaks and dips
in Fig. 2, main plot. Fig. 2, insert plot, displays the impulseharacteristic of the influence of the secondary surface-wave
response of the target. Fig. 3, main plot, displays the powturns, which can be seen in the impulse response of the
reflection coefficient when a plate covered with coating A i&rget (Fig. 4, insert plot) in the time interval< ¢ < 7 ns. A
illuminated at normal incidence, and the insert plot showdoser examination of the lower-frequency portion of the RCS
the response of the coated plate to an ideal impulse (i.e.rexeals that the RCS relative to the RCS of the uncoated sphere
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Fig. 5. Modulus of the RCS (main plot) of a perfectly conducting sphere

covered with coating A relative to the RCS of the uncoated sphere. Fig. 6. Power reflection coefficient (main plot) and impulse response (insert
plot) of a flat plate covered with coating B.

in Fig. 2 reaches peak values that are almost twice as large in
a 1-GHz band around the frequency 2 GHz. Fig. 5, main plotjith a time separation (viz~~0.63 ns) that corresponds to
displays the modulus of the RCS of the coated sphere relatie speed of propagation in the layer (viz:15.8 mm/ns).
to the RCS of the uncoated sphere. We also notice that olflfe remark that the agreement obtained between the power
a slight amount of RCSR (viz. a single dB, as is apparergflection coefficient and the RCS in broad frequency bands
from Fig. 2 main plot) is sufficient at higher frequencies foonly holds whennormal incidenceon the coated plate and
the contribution to the RCS from the secondary echo returmonostatic scattering by the coated sphere are compared.
to be annihilated (cf. Fig. 4, main plot). Fig. 8 main plot displays the modulus of the RCS of the
In the present work, all calculations of reflected power argphere coated with layer B relative to that of the uncoated
RCS are carried out using 4096 equal frequency steps. Jhere. This relative RCS exhibits characteristics analogous
avoid aliasing errors each impulse response is computed frtonthose obtained for coating A (cf. Fig. 5 main plot). Thus,
the respective electric field in the frequency domain aftéor frequencies below the efficiency band of the coating, it
lowpass filtering has been performed using a second-or@ets as a lossless waveguide and intensifies the constructive
Butterworth filter with a cutoff frequency of 8.5 GHz andand destructive interactions of the primary, specular return and
since the time-domain functions should be real valued, thige secondary (creeping) return that has circumnavigated the
reversed complex conjugate sequence has been appendedrget. In this manner, the coating actually contributes to the
the computed sequence. Fourier transforms (13) or pseu&ES in several narrow frequency bands.
Wigner distributions (17) are then computed using the com-A theoretical model of the pulses being transmitted by an
plete sequence oV = 8192 elements. impulse radar can be conveniently obtained by filtering an
For comparison with the RCSR achieved with the aid of ideal impulse using a Butterworth bandpass filter of suitable
coating with a broad efficiency band, we contrast these restitter order and cutoff frequencies [9], [10]. To achieve a broad-
with the corresponding results when coating B is applied toband, fictitious, but realistic, waveform for illuminating targets
plate and to a sphere of radius= 250 mm, as displayed in we select a filter of order six and cutoff frequencies of value
Figs. 6 and 7 main plots, respectively. The power reflectidh2 and 5.0 GHz. Fig. 9 displays the waveform (insert plot) and
coefficient of the coated plate (Fig. 6 main plot) is practicallits spectrum (main plot) that results from this design. As the
identical to the normalized RCS for the coated sphere (Figfirst target to be illuminated with the designed pulse we choose
main plot) when the frequency is larger than about 1 GHm uncoatedperfectly conducting sphere of radius 250 mm.
and at lower frequencies the occurrence of peaks and dipsfle compute the modulus of the PWD of the backscattered
the RCS again reveals the influence of the secondary (ijeulse using a window size specified by= 0.5 (ns)~? and
“creeping wave”) returns. The impulse response of the coateg display it using the 3-D surface plot and its plane 2-D
plate and the initial return of the impulse response of the coatebjection contour plot in Fig. 10. The lateral grid planes
sphere (Figs. 6 and 7 insert plots) have very low amplituddssplay the waveform and power density spectrum of the
compared with the cases displayed in Figs. 3 and 4. They aaturned pulse using (unnumbered) linear scales. We contrast
both be seen to be comprised of one (tiny) portion that h#is PWD of the perfectly conducting sphere with the PWD
been reflected at the outer surface of the coating and anotfeerthe same target when it is covered with coating A (or B)
portion that has traveled round-trip through the dielectric layér Fig. 11 (or 12). The relative strength of the returned pulses
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Fig. 7. Modulus of the RCS (main plot) and impulse response (insert pld¥)g. 9. The spectrum of the designed incident pulse (main plot) and its
of a perfectly conducting sphere covered with coating B. waveform (insert plot).
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Fig. 8. Modulus of the RCS (main plot) of a perfectly conducting sphere

covered with coating B relative to the RCS of the uncoated sphere.
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(normalized) cross-sections in these respective planes given by
(best noticed in the impulse responses in Figs. 4 and 7 insert
plots) are not evident from the PWD plots since arbitrary units {UEsc(97 x)/ma? } _ { |foo(6, 6 =0, $)|2 }

are used for all plotted functions to more clearly exhibit the orsel0, 7)/Ta fool8, ¢ = 7/2, x)|2
resonance features of the PWD’s. We conclude from those 9 2

PWD's that resonance features can be best extracted at low ‘_51(9, )

frequencies where, possibly, the RCSR is not strong enough to = I* 9 (18)

suppress the effect of the secondary echo returns on the RCS.
Absorbing coatings have long been known to be ineffective
at (sufficiently) low frequencies [20]. Our findings verify
this point and further show that they can generate additionghere S;(6, ) and S»(6, x) are given in (2)-(4) for the
resonance features that may be used as identifying cluesdbate sphere. For the sphere covered with either coating, the
those low frequencies [21]-[23] coefficientsA,, and B,, appearing in (2) are replaced by those
Finally, we analyze bistatic RCS. Combining (5) and (8h (6) and (7). These bistatic cross-sections are displayed in
for the E-plane andH-plane scattering cases, we obtairfrigs. 13 and 14 for the bare sphere, in Figs. 15 and 16 for the

2
552(97 37)
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Fig. 11. Surface plot and its plane projection intensity image of the PWBig. 13. Bistatic radar cross section (RCS) for an uncoated perfectly con-
together with the returned waveform and its power density spectrum wheuacting sphere of radius = 250 mm. For theE-plane scattering case.
a perfectly conducting sphere covered with coating A is illuminated in
monostatic mode by the designed incident pulse.
This is equivalent to 5.2 (nondimension&f-values per circle,

up to ka = 26 at the outermost circle.

Perfectly conducting sphere (500 mm). Coating: B Cross-section levels considerably higher than 3 occur in
the forward scattering direction (i.62,= 180°) for all three
VWl P'E:-'Pl: ;fl;l:ﬂv targets, coated or not. However, the forward scattered power

is usually 180 out of phase with the incident field, and
forms, when added to the incident field, a shadow region
behind the scattering object [2]. Away from the forward
scattering direction there are noticeable differences in the
cross-sections displayed in Figs. 13-18. For the uncoated
PWD sphere (see Figs. 13 and 14) there are fringes of higher and
lower values that are more noticeable in Fig. 1B-flane
case) than in Fig. 14H-plane case). These values oscillate
about the unit value and are due to constructive or destructive
interference between the specularly reflected wave in a given
direction and the creeping wave that radiates off the target
in the same direction. As it should be, there is no difference
between the two scattering cases (i.B-, and H-plane) in
Fig. 12. Surface plot and its plane projection intensity image of the Pwihie monostatic backscattering direction (i~ 0) since the
together with the returned waveform and its power density spectrum whgfyo cases are here identical. The fringe pattern in this direction
a perfectly conducting sphere covered with coating B is illuminated in_ . . . .
monostatic mode by the designed incident pulse. indicates the graduated weakening of the scattering amplitudes
in agreement with Fig. 2 (i.e., about four fringes per gigahertz
division). One apparent result of this bistatic analysis is that
sphere covered with the nonmagnetic lossy dielectric “A,” anfle occurrence of noticeable signature features in the frequency
in Figs. 17 and 18 for the sphere covered with the magnetigmain depend in general on the polarization of the incident
coating layer “B.” Figs. 13, 15, and 17 pertain to tBeplane \yaveform.
scattering, and Figs. 14, 16, and 18 to tHeplane scattering  For the sphere with coating “A” and away from the forward
cases. These bistatic (normalized) cross-sections as defineddattering direction, there are about a dozen color fringes
(18) are represented in an arbitrary color scale (pseudocolagsgillating about a unit value up to a frequency of 3 GHz,
graded from dark blue (0), through shades of magenta, greggain more clearly visible in th&-plane case (Fig. 15) than
yellow, and red, to brown (3 and higher levels). The directioin the H-plane case (Fig. 16). For higher frequencies there
of wave incidence is always from the left (i.6.= 0°) of the occurs a substantial decrease to very low values of the cross-
plots. The outer radius of the bare sphere is 250 mm and section at about 4 GHz followed by increasing values for
the thickness of the coating is always 5 mm, making the outgst higher frequencies. This agrees with the low dip this
radius for the coated spheres= 255 mm. The frequency scale coating introduces in the monostatic backscatterithg=(0)
is displayed in the radial direction and it ranges in gigahertase, as seen in Fig. 4. The dozen fringes seen correspond
units from O at the center to 5 at the outermost circle showto. the curvature-induced oscillations present in Fig. 4 for

2

.
Fraquency [GHz] S0 Time [ns]
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Fig. 14. Same as Fig. 13, but for tifé-plane scattering case. Fig. 16. Same as Fig. 15, but for tié-plane scattering case.

e Frequency [GHz) .goe  Frequency [GHz]
5

Ety w0

Fig. 15. Bistatic RCS for a perfectly conducting sphere of radius 250  Fig. 17. Bistatic RCS for a perfectly conducting sphere of radius 250

mm covered with the (nonmagnetic) coating “A.” FBFplane scattering.  mm covered with the magnetic coating B described in the text. Fplane
scattering.

backscattering and its vicinity. For the sphere covered with

the magnetic coating “B” we see that the scattering amplitudes
are practically zero (dark blue) almost everywhere away from
the forward scattering direction (see Figs. 17 and 18). In theWe have studied the scattering interactions present when
backscattering directiond(= 0) this is in agreement with a waveform is incident on a few targets of simple shape
Fig. 7, particularly above 1 GHz. In brief, the most effectivén the traditional frequency and time domains and also in
coating is “B”; it is the most broad band and it is effectivahe combined time-frequency domain using a pseudo-Wigner
down to frequencies of 1 GHz. The region below 1 GHdistribution. In the latter case, the waveform incident on the
for backscattering is the only one showing relatively higtargets was a short ultrawide-band pulse resulting from a filter
amplitudes, which agrees with the findings in Fig. 12. Onlglesign technique we developed earlier. We have demonstrated
at low frequencies that strong RCS values are observed dhd close relation between the backscattering RCS of a simple
we note in particular that those values occur for a larger ranggget and the power reflection coefficient of an infinite flat
of the bistatic angle in thegZ-plane case (Fig. 18). Hence,plate at normal incidence when both are covered with the same
even when one has such an effective coating above 1 Glige of coating made of a microwave absorbing material. We
high-resonance scattering amplitudes then appearing at lolave also demonstrated the distinctive differences in both those
frequencies can be used for target identification purposes [2@],get responses that are present at low frequencies.

[21] and for a wider range of the bistatic angle usify Comparing the PWD’s of a simple-shaped target without
plane scattering. any coating or with one of two different applied coatings

VI. CONCLUSIONS
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Fig. 18. Same as Fig. 17, but for the-plane scattering case.

[15]
clearly demonstrated that the coating itself, although reducin%
the RCS, could induce additional resonance features in e
target's signature at low frequencies. If extracted by a suitahlg;
radar, those low-frequency features can be used for target
recognition purposes. It also follows from our analysis that &l
absorbing coating would also make high-frequency resonar‘[gﬁ
features negligible even when there is only a small amount
absorption present. [20]

Finally, a study of bistatic RCS of these bare and coated
objects confirms the above observations extracted from tz?]
PWD plots in Figs. 10-12. It further permits the quantita-
tive display of the angular (sectors) and frequency (annu-
lar) regions in which the cross-sectional features of interelgel
appear. Although these features are reduced in some re-
gions, they are enhanced in others and, thus, this behaio
becomes the tool to be used for identification of coated

targets [21], [22].
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