IEICE TRANS. ELECTRON., VOL. E80-C, NO. I1 NOVEMBER 1997

1457

[PAPER Special Issue on Electromagnetic Theory—Scattering and Diffraction— |

A Comparative Study of RCS Predictions of Canonical
Rectangular and Circular Cavities with Double-Layer

Material Loading

Shoichi KOSHIKAWAT, Member, Dilek COLAKf, Ayhan ALTINTASTTf, Nonmembers,
Kazuya KOBAYASHI111”, Member, and Alexander 1. NOSICHTT11T, Nonmember

SUMMARY A rigorous radar cross section (RCS) analysis
is carried out for two-dimensional rectangular and circular
cavities with double-layer material loading by means of the
Wiener-Hopf (WH) technique and the Riemann-Hilbert prob-
lem (RHP) technique, respectively. Both E and H polarizations
are treated. The WH solution for the rectangular cavity and the
RHP solution for the circular cavity involve numerical inversion
of matrix equations. Since both methods take into account the
edge condition explicitly, the convergence of the WH and RHP
solutions is rapid and the final results are valid over a broad
frequency range. Illustrative numerical examples on the mono-
static and bistatic RCS are presented for various physical parame-
ters and the far field scattering characteristics are discussed in
detail. It is shown that the double-layer lossy material loading
inside the cavities leads to the significant RCS reduction.

key words: Wiener-Hopf technique, Riemann-Hilbert problem
technique, scattering and diffraction, radar cross section, rectan-
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1. Introduction

The analysis of the electromagnetic wave scattering by
open cavities is an important subject in radar cross
section (RCS) reduction and target identification
studies, since these obstacles contribute significantly to
the RCS due to the interior irradiation. Cavity struc-
tures are encountered in many radar targets such as
aircrafts and ships and hence, it is often required to
reduce the RCS either by loading the interior of cav-
ities with absorbing materials or by shaping cavities.
Some of the cavity diffraction problems have been
analyzed thus far using a vartety of analytical and
numerical methods [1]-[8]. However, it appears that
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the solutions obtained by these approaches are not
uniformly valid for arbitrary cavity dimensions.

The Wiener-Hopf (WH) technique [9]-[11] and
the Riemann-Hilbert problem (RHP) technique [12],
[13] are established function-theoretic methods for
solving scattering and diffraction problems associated
with canonical, two-dimensional (2-D) structures. It
is well known that the former and latter approaches are
suitable for the scattering analysis of 2-D obstacles
formed by parallel-plate and circular-arc boundaries,
respectively. Both the WH and RHP techniques are
mathematically rigorous in the sense that they incorpo-
rate the edge condition explicitly into the analysis.
There are some recent contributions on the scattering
by cavities based on the WH and RHP techniques [14]-
[22], in which accurate and reliable results have been
obtained over a broad frequency range. It has also
been shown in [16]-[22] that the efficient RCS reduc-
tion is achieved by loading the interior of cavities with
absorbing materials.

Taking into account the above-mentioned analyti-
cal advantages of the WH technique for parallel-plate
geometries and those of the RHP technique for
circular-arc geometries, we have carried out a compara-
tive RCS study in [23] for 2-D rectangular and circular
cavities with single-layer material loading by using the
WH and RHP techniques, respectively. As a generali-
zation to the cavity configurations treated previously in
[23], we shall consider in this paper 2-D rectangular
and circular cavities with double-layer material load-
ing, and analyze the plane wave diffraction rigorously
using the WH and RHP techniques, respectively. Both
E and H polarizations are treated. It is shown via
illustrative numerical examples on the monostatic and
bistatic RCS that the intertor irradiation is
significantly reduced over a broad frequency range for
cavities with double-layer material loading. In the
following, the analysis procedure is presented only for
the H-polarized case, but numerical results are given
for both polarizations.

The time factor is assumed to be e
pressed throughout this paper.

~%! and sup-
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Fig. 1 Geometry of the rectangular cavity
(—a<ce<d<a).

2. A 2-D Rectangular Cavity: The WH Solution

In this section, we shall consider a 2-D rectangular
cavity with double-layer material loading, and analyze
the H-polarized plane wave diffraction using the WH
technique. The geometry of the problem is shown in
Fig. 1, where the cavity plates are perfectly conducting
and of zero thickness. The material layers [{—a<z<
¢) and II(¢<z< d) inside the cavity are characterized
by the relative permittivity and permeability (&m, ttrm)
for m=1, 2, respectively. Let the total magnetic field
be

Hi(x, y)=H/(x, y)+H.(x, y), (1
where H;(x, y) is the incident field defined by
H;}'(x, y) :e—ik(xcos¢o+ysln¢0)’ 0o ¢0§ 7T (2)

with k(=w+weo) being the free-space wavenumber.
For analytical convenience, we introduce a slight loss
into the medium as in k =k, + ik, with 0< 4, < k;. The
solution for real k is obtained by taking the limit k,—
+0 at the end of analysis.

Let us define the Fourier transform of the scattered
field H.(x, y) with respect to x by

O(s, y) zﬁ[:Hz (x, yYe™*dx, s=o+ir.
(3)

In view of the radiation condition, it follows that @ (s,
y) is regular for |7|< k.. Taking the Fourier transform
of the 2-D Helmholtz equation and solving the resul-
tant equations, we may derive the scattered field repre-
sentation in the complex domain. In particular, the
field for y = *+ b is given by

¢ (s, ) =F[1/2x(s) e *[U-(s) £ V_(s5)]
+eisa[ U+ (S) + V+ (S) ]}eik(s)(yib)’ (4)
where x(s) =ys?—k? with Rex (s) >0, and
U (s) =Wi(s, b) +Wi(s, —b), (5a)
Vi(s)=Ti(s, b) — ¥i(s, —b), (5b)
Pi(s, y)=0L(s, y)
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k sin ¢Oe—ik(tacos¢o+ysln¢o)

27i(s—k cos @o)

1 [*0H.(x, y) .

(s, y) ==+
el =t | . oy

(6)

is(xia)dx_ (7)

In (5a), (5b), (6), and (7), the prime denotes
differentiation with respect to y.

Applying boundary conditions at the cavity sur-
face and the material interfaces, the problem is for-
mulated in terms of the WH equations satisfied by
U.(s) and V.(s). These equations can be solved
exactly in a formal sense via the factorization and
decomposition procedure with the result that

_ _ A
Us:(s) =M. (S)[—l— Vb (s—k cos ¢g)

+ T 4(s) =B F;<s>], (8a)
_ A7,
Vals) _Ni(s)[i Vb (s—k cos @)
+J2(s) — B Ff(s)], (8b)

where M. (s) and N.(s) are the split functions defined
in [18], and

[/
A 1,2— 7

[2b k sin poe™ ™25 cos (kb sin ¢o)
T M. (k cos @) ’

(9a)

4v,—_ [2b iksin @oe* #3059 gin (kb sin ¢o)
b2 Vd N= (k cos ¢q) ’

(9b)
JIZ,IZ(S)}_L/k-O-iwL
J%(s)) e x (w) (wks)
M (w) Uz (Fw)
{ ' }dw, (10)
No(w) Ve(Fw)
u - Xen-3 annur:_r
Fi(s) _ngz{ I }b(Siikzn—a)’ (1)
v _ < Xen—2 VZn—Zgnan%
i(S)_ngl{ 1 }b(Sil'an—z)’ (“b)
w=1/2; v,=1 for n=zxl, (12)
—2kn{a—d) O1n —2K2n(d—c)_0 n
= gt 13
Oin= (SrZ/Erl) Kin— 1:Kzn — | — g 2Hinlcta)
1 (5r2/5rl) Kin+ 0Kz’ " 1 + g~ 2K1nlc+a)>
(14a)
— Erakn—Ksn
O2n = Eraknt Koy’ (14b)
fi=(bixg) Y fu= (bixan-3)™' for n=2, (15a)
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= (bixo) ™Y ga=(bixsn_)~" for n=2, (15b)
pn=+bM.(ixo); pn=+vbM,(ixzn_s) for n=2,
(16a)
@1=+b N, (ixo); g.=+b N, (ixzn2) for nz2,
(16b)
ui =Us (Lixo); uz="Us(Fixen-s) for nz22,
(17a)
viE=V,(Lixe): vi=Vi(tixano) for n=2,
(17b)

xo=—ik; xn=+ (nm/2b)*—k* for n=z=l1, (18a)
Kmoz_ikrm; Kun=y (n7r/2b)2—k3m

for n=1, (18b)

krmzvﬂrmsrmk~ (19)

We may apply the method established in [17], [22]
to derive approximate expressions of the infinite series
F¥(s), F¥(s) and the branch-cut integrals J,%(s),
J 1% (s) defined by (10}, (11a), and (11b). In particu-
lar, J % (s) can be expanded asymptotically as

J i (s) ~

+ . 2As, cos (kb sin @)
VB fip{ [+ 2z costhbsingd T 1)

2aA2,1
%

cos (kb sin ¢o) n(Ls, Tk cos qoo)}

(20)

for large |k|a, and approximate expressions of F¥(s)
are derived by using the edge condition as

N - +

1 b(sxixzn_s)

I Xz»z—sﬁ}izi__g_)_'__c‘i
+C1,2n=§+1{ | }b(sii}(zn—s) @D

for large N with ¢,=7/6 and c;=1, where C /% are
unknown constants, and

£(s)= k"ei(::a_umn[l/z, —2i(s+k)al, (22)
7(s1, %) =§%11-):_*sf-)%)~~ (23)

In(22), I(+, +) is the generalized gamma function
defined in [24].

Using (20) and (21), we can derive approximate
expressions of (8a), which are valid for the cavity
depth 2a greater than the wavelength. The unknowns
uy for n=1, 2, 3, -, N and C% are determined by
solving an appropriate matrix equation numerically
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[22]. We have verified from the detailed numerical
experimentation that sufficiently accurate results are
obtained by choosing N =2kb/7.  Approximate
expressions of (8b) are derived following the same
procedure as above. The scattered field in the real
space for |y|>b is evaluated asymptotically by taking
the inverse Fourier transform of (4) and applying the
saddle point method. The solution obtained in this
section is a special case of the results presented in our
recent paper [20].

3. A 2-D Circular Cavity: The RHP Solution

We now consider a 2-D circular cavity with double-
layer material loading, illuminated by an H-polarized
plane wave, as shown in Fig. 2, where the cavity wall
is infinitely thin and perfectly conducting. The mate-
rial layers T (d<r<a) and II (¢<r<d) inside the
cavity are characterized by the relative permittivity and
permeability (&m, ) for m=1, 2, respectively. Let
the total magnetic field be

Hi(x, y)+H:(x,y), r>a,
Hix, ) =] g (24)
H:(x,y), r<a
with H; being the incident field defined by (2). The
scattered field H; in (24) can be expanded as
H.(r, go):n;,jmfn(r)e"”“’ (25)

in cylindrical coordinates, where
AHV (kr), r>a,
Budn(kpir) + CHV (kpir), d<r<a,
| Dadn (krer) + EHP (Kyar), e<r<d,
FuJ.(kr), r<c

Ja(r)

(26)

with H"(+) and J,(+) being the Hankel and Bessel
functions, respectively.

Applying boundary conditions for H} and oH;/
or at r=c, d to eliminate B,, C,, D,, E,, F, in (26)
and taking into account the boundary condition at r=

Fig.2 Geometry of the circular cavity
(0<ce<d<a).
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a, we arrive at the dual series equations (DSE) as in

i xne™=0, 0<|o|=Zm, (27a)
D xarme™=— 3\ de™, |pl<§,  (27b)
where
Xn=AnH{" (ka) + (—i)"J; (ka) e” 7, (28)
_ 2(“‘i) n+1e—in¢o
== e Y (ka) (29)
_ H"(ka)
Yn= H’gl)/(ka)
Ean(krla) - gnHrgl)(krla) (30)

T 0 (k@) — GH (Kria)
with

En=anPin— Wnf2n, &= nBin— Aunf2n,  (31)
a1n=H{" (kr1d) J; (kr2d)

—9sH{V (ki) Jy (krod), (32a)
an=Hy" (kpd) H{" (ky2d)

~ psHY (kpid) H{V (krod), (32b)
sn=Jn(kr1d) Jy (kr2d) — 95Jn(knid) Ju(krod),

(33a)

in=Jn (krd) H{" (kr2d)

— psta(kryd) HY (krod), (33b)
Bin=H (kyac) J5 (ke) — praHiY' (kroc) Ju (ke),

(34a)
BanJn(erC) Jr:(kc) "77er7;(er€) Jn(kc), (34b)
Nrm=—~ €rm/l1rm, NNs= 7771/77r2- (35)

In the above, the prime on H;V(+) and J,(+) implies
differentiation with respect to the argument. It can be
shown that y, given by (30) behaves like —|n|™!
‘ka(es+1)7! as |nj—oo. Taking into account this
asymptotic behavior, we can rearrange (27b) so that its
left-hand side contains the weight factor |n|. We now
introduce the functions X *(z) of a complex variable z

o
=|z|e?®®% as X *(z) = 2} nx.,z*" with plus and minus
n=1

signs corresponding to |z|<1 and |z|=1, respectively.
Then such a DSE can be reduced to the Riemann-
Hilbert functional equation satisfied by the limiting
values of X*(z) on the unit circle |z|=1. Provided
that the right-hand side is a known function, this
functional equation can be solved exactly based on the
theory of Cauchy’s integrals [12]. In our case, the
right-hand side of such a DSE depends on the
coefficients x,. Application of the RHP technique now
results in the matrix equation of the Fredholm second
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kind as
Yn= 3 KnmiputLm, m=0, £1, £2, -, (36)
where
Kmn:PnTmn, (37)
Lm:—ka(€r1+l) i ;{n Trn, (38)
P,,=—~k"(6y”+” +n, (39)
yn:xn7n+dn’ (40)
Qun(—cos ), m=+0,

Tmn:(_l)m+n Qno(_COS 6), m=0, n=+0,
—In[(1—cos ) /2],

m=n=0,
(41)

and Qu.(+) is defined in [16] using the Legendre
polynomials.

We can show by taking into account the
asymptotic behavior of Ku, for |m|, |n}—co that

3 |KmP<ooand 3 |Ln['<oo. Hence it follows

by application of the Fredholm theorems that the
solution of (36) does exist and is unique. In addition,
the solution can be approximated with any desired
accuracy by means of truncation of the matrix equa-
tion. Practically, after separating the matrix into even
and odd parts, |k,i|a+10 equations are sufficient to
obtain the far field quantities within the 0.1% accuracy.
Unlike the conventional moment method solutions, no
numerical integrations are required for computing the
matrix elements and hence, the present solution is
efficient in the computational sense. It should be noted
that, in view of the asymptotic behavior P,=0 (k*a*
-|n|™!) for small ka, the procedure described above is
equivalent to the analytical inversion of the static part
of the DSE given by(27a) and (27b).

4. Numerical Results and Discussion

In this section, we shall present numerical examples on
the RCS to discuss the far field scattering characteris-
tics of the rectangular and circular cavities in detail for
both E and H polarizations. In order to have a better
ground for comparison, we take a square-shaped cavity
(a=b in Fig. 1) and a three-quarter circular cavity (¢
=45° in Fig.2). In numerical computation, we have
considered the double-layer material with &,;=1.6
+i0.9, e,2=1.4410.35, py1=p,2=1.0 for the rectangu-
lar cavity and €,1=1.4+i0.35, £,2=1.6+i0.9, yr1=pr2
=1.0 for the circular cavity. These material constants
have been taken from the existing absorber known as
Emerson & Cuming AN-73 [25]. It is to be noted here
that we have chosen the material constants such that
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(er1, 1) and (&r2, pr2) for the rectangular cavity are
equal to (&s2, fr2) and (er1, wr) for the circular
cavity, respectively, since the incident wave first
impinges the layer I1 (¢ <z < d) for the rectangular case
and the layer I(d <r<a) for the circular case. The
thickness of each layer is chosen such that c+a=d —¢
(=1t/2) for the rectangular cavity and a—d=d —c(=
t/2) for the circular cavity. The total thickness of the
double-layer material has been taken as kt=3.84 for
the rectangular cavity and hence, the corresponding
thickness for the circular cavity has been chosen as kt
=1.92. This thickness is an optimum value from the
viewpoint of RCS reduction, which has been deter-
mined by numerical experimentation so that the
reflected power becomes small when the plane wave is
normally incident on the double-layer material coated
on a perfectly conducting plate. This choice of param-
eters for the material constants and the material thick-
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ness may enable comparison on the scattering charac-
teristics between rectangular and circular cavities. The
RCS data for empty cavities have also been plotted in
order to investigate the effect of material loading.
Figures 3 and 4 show the frequency dependences
of the monostatic RCS for rectangular and circular
cavities, respectively, where the incidence angle is o=
0° for both geometries. For empty cavities, we see that
the average RCS level becomes large with an increase
of the normalized frequency kb in Fig.3 and ka in
Fig. 4. It is also found that the empty circular cavity
exhibits stronger resonances than the empty rectangu-
lar cavity. This is perhaps due to the whispering-
gallery behavior of the higher order natural modes in
the circular cavity, which does not appear in the rectan-
gular case. We also notice that the lossy material
loading inside the cavities leads to the reduction of the
average RCS level over the whole frequency range
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shown in the figures. Comparing the characteristics for
loaded rectangular cavities between E and H polariza-
tions, we observe sharp oscillations due to the
waveguide resonances in the E-polarized case, whereas
these resonance phenomena are not clearly seen in the
H -polarized case. For circular cavities, we observe
strong oscillations in both empty and loaded cases, and
the RCS characteristics for both polarizations exhibit
similar features. Sharp minima and maxima in the
circular case correspond to the natural resonances of
the cavity, shifted from the zeros of J,(ka) and J, (ka)
due to the free-space leakage and the material loading.

We now present the monostatic RCS as a function
of incidence angle ¢, in Figs. 5 and 6 for rectangular
cavities, and in Figs. 7 and 8 for circular cavities, where
the cavity dimension is chosen as ka=kb=3.14, 31.4.
Comparing the results for empty and loaded cavities,
the RCS is reduced for loaded cavities in the region
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Fig. 5 Monostatic RCS versus incidence angle ¢, of a rectangu-
lar cavity for E polarization, a/b=1.0.
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+1i0.9, £,2=1.441i0.35, pr1=pr2=1.0, kt=3.84.
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where the cavity aperture opening is visible from the
incident direction. In particular, the RCS reduction is
significant over 0° < ¢,<<30°. Shown in Figs. 9 and 10
and in Figs. 11 and 12 are the bistatic RCS as a func-
tion of observation angle ¢ for rectangular and circu-
lar cavities, respectively, where the incidence angle is
fixed as ¢o=45° and the cavity dimensions are the same
as in Figs. 5-8. It is seen that in all numerical exam-
ples, the bistatic RCS has the largest values along the
incident shadow boundary at ¢=—135° and these
shadow lobes become sharper and narrower at higher
frequencies, as expected. Comparing the RCS charac-
teristics between empty and loaded cavities, we also
notice that the RCS is reduced for the loaded case over
the region where the cavity aperture is visible from the
observation point, and that the RCS reduction is
noticeable for |¢|<60°. This feature becomes more
pronounced for larger cavities.

40
2 20
n [. o
[ N 7 \
R S AN N /]
S v \
= t
Reny " 1
= ;
(%) 1
g 20}/
o
=

_48 i " i

%] 38 68 99 120 150 180

INCIDENCE ANGLE <(DEG>
(a) kb=3.14.

40
B 20t ﬂ
® J ]
Q H
e :
o 9 “
|._.
<T
[_
3
= —-20 T I 1 t
5 (- l Kl
-40

4] 36 60 9S8 120 150 18@
INCIDENCE ANGLE

(b) kb=314.

C(DEG)>

Fig. 6 Monostatic RCS versus incidence angle ¢, of a rectangu-
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5. Conclusions

In this paper, we have considered 2-D rectangular and
circular cavities with double-layer material loading,
and analyzed rigorously the plane wave diffraction by
using the WH and RHP techniques, respectively. Both
E and H polarizations have been treated. Illustrative
numerical examples on the monostatic and bistatic
RCS have been presented, and the far field scattering
characteristics of the cavities have been discussed in
detail. As a result, it has been clarified that the
double-layer material loading is very effective over a
broad frequency range in reducing the monostatic RCS
when the cavities are illuminated towards their aper-
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tures. However, this reduction becomes weaker in the
case of the bistatic RCS if the observation direction is
away from the aperture direction. It should be empha-
sized that the WH and RHP solutions obtained in this
paper are based on rigorous techniques and are valid
for arbitrary cavity dimensions. Since the accuracy of
the solutions is in the digital precision of a computer,
our results may serve as a reference data for validating
other approaches.
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Fig. 10 Bistatic RCS versus observation angle ¢ of a rectangu-
lar cavity for H polarization, ¢,=45.0°, a/b=1.0. Other partic-
ulars are the same as in Fig. 9.
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