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Plane Wave Scattering by Slots on a Ground Plane
Loaded with Semicircular Dielectric Cylinders in

Case of Oblique Incidence and Arbitrary Polarization
Ioannis O. Vardiambasis, John L. Tsalamengas,Member, IEEE, and John G. Fikioris

Abstract—Plane wave scattering by single or double slots
loaded with semicircular dielectric cylinders is investigated in the
most general case of oblique incidence and arbitrary polariza-
tion. To this end, systems of singular integral-integrodifferential
equations of the first kind are constructed and discretized on
the basis of recently developed algorithms. Several internal tests
and extensive comparisons with available results were made
in order to validate the numerical codes. Plotted results both
for the surface magnetic current densities and the radar cross
sections reveal how the scattering properties may be controlled
by changing several physical and geometrical parameters of the
structure.

I. INTRODUCTION

DIELECTRIC loads are often used as convenient means
for modifying the scattering properties of the basic

slot scatterer. In particular, radar cross-section reduction and
control can be achieved by proper selection of certain geo-
metrical and physical parameters like dielectric constants, slot
dimensions, and angle of incidence. In addition, dielectrically
loaded slots in the form of finlines and microslot-lines are
widely used in microwave and millimeter-wave integrated
circuit (MMIC) technology for reasons of easy fabrication and
conformability.

In this paper, we investigate scattering of arbitrarily polar-
ized plane waves obliquely incident on a two-dimensional slot
(or a couple of such slots) in the presence of semicylindrical
dielectric loads (in general lossy). Figs. 1 and 2 show two basic
configurations from which a number of interesting structures
may be derived as special cases, some of which are shown
in Fig. 3.

The analysis is based on systems of singular integral-
integrodifferential equations (SIE-SIDE) of the first kind with
unknowns the equivalent surface magnetic current densities
across the slot(s). These systems are discretized using recently
developed algorithms, which lead to efficient analytical ex-
pressions for the matrix elements. Analytical expressions are
also derived for the scattered field.

Previous papers [1]–[8]are concerned with the special (and
simpler) case of normal incidence, where TE and TM (to slot
axis) waves decouple and can be treated separately. Reference
[1] deals with the structures of Fig. 3(a)–(b), while [2]–[6]
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Fig. 1. (a) Geometry of a slot loaded with two semicylinders. (b) The
incident plane wave.

[dealing with the structure of Fig. 3(c)] and [7] [dealing with
the structure of Fig. 3(d)] are further restricted to the case

.
Extensive comparisons with the results of [2]–[8] (for

) and of [1] have been carried out to test the numerical
codes and, in addition, several internal tests based on energy
conservation principles were applied. The agreement in all
cases was excellent.

We further note that the novel microslotlines shown in
Fig. 3(a)–(d) can be treated on the basis of a system of SIE-
SIDE’s, which, apart from being homogeneous, is identical
with the system of equations used for the scattering problem
in this paper. The aforementioned tests are, therefore, useful in
validating the numerical codes for these propagation problems
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Fig. 2. Geometry of two coplanar slots on an infinite perfectly conducting
planar interface between two semicylindrical loads. The centers of the slots
are atx = d1 and x = �d2, respectively.

(a) (b)

(c) (d)

Fig. 3. Practical configurations derivable from the structure of Fig. 1 as
special cases.

as well; we note that for these latter problems direct tests
are not available. The propagation characteristics of all these
guiding structures will be investigated in a future paper.

II. FORMULATION

We begin with the single-slot structure shown in Fig. 1. The
slot of width (placed at

) is covered by two semicircular dielectric cylinders of
radii and (regions 1 and 2 in general lossy) surrounded
by regions 0 and 3, respectively. For simplicity of notation,
the cylinders are taken to be coaxial with their common axis
displaced from the slot axis by.

A. Definitions

Assuming an arbitrarily polarized plane wave
obliquely incident in the direc-

tion of
let

(the time-dependence has been supressed).
The field excited at

by the incident wave when (slot absent or short-
circuited) will be termed excitation field. Its components

may be expanded as follows:

(1)

where is Neumann’s factor,
, , and denotes the Bessel

function of order . The expressions of
are given in (A.1).

Let be the total field at
in the presence of the slot . Then the field

will be called scattered field. Define the
equivalent surface magnetic current

. Following field equivalence
principles, the scattered field for may be
considered as produced by acting in the absence
of the slot.

Let and ,
be the fields excited at

by the unit line-sources
( A) and V ,
respectively, impressed at in the absence
of the slot . Its components may be expanded
as follows:

(2)

where , if otherwise,
and is the Hankel function

of the second kind and of order. The expansion constants
are identified with specified

as in (A.2) (for ), (A.3) (for when region 3 is a
dielectric), and (A.4) (for when region 3 is a perfect
electric conductor).

B. Formulation of the System of SIE-SIDE

Using the reaction theorem twice in the way outlined in
[10] we get

(3a)

(3b)

where denotes the -axis interval . Note
that has been most naturally eliminated from (3a) and (3b)



VARDIAMBASIS et al.: PLANE WAVE SCATTERING BY SLOTS ON A GROUND PLANE 1573

as a result of the dependence adopted for both
and and the dependence for .

Let in (3a). Using the relation

in conjuction with the boundary condition
we end up with the

SIE

(4)

Here (and throughout the analysis that follows)

(5)

(6)

whereas stand for

(7)

The second SIDE of the problem may be constructed
as follows: re-express and in (3a) and (3b) in
terms of and , respectively, and use
the relation

. Set
and apply the boundary condition

. Then, after some lengthy
algebraic manipulations, we end up with the SIDE

(8)

Here, in addition to (6), .

C. Solution of the System of (4) and (8)

We set , . In view
of the edge conditions, and are most conveniently
expanded into series of Chebyshev polynomials

(9)

Substitution from (9) into (4) and (8) and following the dis-
cretization procedure outlined in [11]–[12] yields the following
linear algebraic system in and

(10)

where

(11a)

(11b)

(11c)

(11d)

(11e)

(11f)

In (11)
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1) , , and
—originating from the sin-

gular part of the kernels—assume the analytical, very
efficient expressions given by [12, eq. (24), (27), (30)]
(see also [11]);

2) and are shorthand symbols for

(12a)

(12b)

where

if is even, otherwise, (13a)

(13b)

One observes that when (symmetrically placed fins)
. In such a case,

therefore, (11a)–(11f) involves single exponentially converg-
ing series only.

D. Scattered Field

The components of the scattered field at in regions
and assume the following analytical expressions

(14a)

where

(14b)

with (2) if (3). The transverse components of
the scattered field may be evaluated from their expressions in
terms of and . Using the large argument expression for
the Hankel function the
field expression (14a) ends up with the corresponding far field.

By integrating the Poynting vector on the surfaces of two
semicylinders of infinite radius and on the (double-sided)
surface of the slot we obtain for the per unit length far-
scattered power in the radial direction the following two
alternative expressions:

(15)

with defined just after (14b). Equality of results based
on the above two expressions has been observed (within 13
significant decimals) in all cases, thus providing a first partial
check on the validity of the algorithm.

III. D OUBLE-SLOTTED CONFIGURATIONS

We now consider the double-slot configuration shown in
Fig. 2. The two slots are located, respectively, at

and .
The common axis of the two semicylinders is taken to be the

axis of the Cartesian system . In connection with
this structure the following relations:

(16)

can be written with , defined in (4) and (8). Letting
successively and , (16) yield a 4 4 system of
coupled SIE-SIDE with unknowns the surface current densities

across the -th slot . In analogy with
(9) these densities are expanded as follows:

(17)

Discretization of (16) yields the following linear algebraic
system:

(18)

. For the elements of the 2 2 matrices

we obtain

the following analytical expressions.

1) For

(19a)

with given in (11a)–(11d).
2) For

(19b)
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(19c)

(19d)

(19e)

where

(20a)

(20b)

The constant terms in (18) are given by

(21)

with defined in (11e) and (11f).

The per unit length far scattered power in the radial direction
is given by the following two alternative expressions:

(22)

with defined just after (14b) and
.

Equality of results based on the above two expressions for
in (22) has been observed (within 13 significant decimals)

in all cases that have been worked out, thus providing an initial
check of the validity of the algorithm.

IV. NUMERICAL RESULTS AND DISCUSSION

To validate our algorithms, internal as well as external tests
have been carried out as follows: 1) the energy conservation
principle (Poynting theorem)—as tested by separate evaluation
and comparison of the two sides of (15) for the single slot
and (22) for the double one—was verified to within the
round off errors (at least 13 decimals) in all cases and 2)
extensive comparisons of RCS and near- and far-field pattern
with available results from [1]–[9] have been carried out as
discussed below; once more the agreement was excellent.

For and for
several values of , Fig. 4—corresponding to the structure
of Fig. 1—shows the equivalent surface magnetic currents

and across a slot placed
between two lossy semicylinders surrounded by air.

For the structure of Fig. 3(a) and (b) and for several values
of , Figs. 5 and 6 show normalized total scattering RCS

(where ) against
and against in the cases of -polarized\ -

polarized plane waves. The curves for (normal
incidence) are indistinguishable from those in [1, fig. 4(b)], [1,
fig. 8(a)], pointing to the excellent agreement with available
results in this special case.

For the sake of comparison with [2] and [3], we ex-
hibit (in Fig. 7) the quantities

and
versus for the structure of Fig. 3(c), for
and for several values of in the case of - [Fig. 7(a)]
or -polarization [Fig. 7(b)]. The curves are
again indistinguishable from those in [2, Fig. 4] and [3,
Fig. 3(b)]. [We also reproduced all curves of [2, Figs. 3–6], [3,
Figs. 2(a), 3(a), 3(b)], [5, Figs. 2–4], and [6, Figs. 2–5] (not
shown)].

For the sake of comparison with the results of [4] in
Fig. 8 we show the near-field pattern versus in
the case of -polarization for the structure of Fig. 3(c), for
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(a)

(b)

Fig. 4. Surface magnetic current distribution for'0 = 45� and for several
values of �0 (structure of Fig. 1,2w = �0, d = 0:25�0, �1 = 2�0,
�2 = �0, "1 = 3(1 � j30)"0, "2 = 5(1 � j30)"0, "3 = "0,
E0 = Z0H0 = sin �0).

and for several values of . The curves
are indistinguishable from the previous ones in [4, Fig. 8(b)].
(The same was observed when we reproduced all curves of
[4, Fig. 9(b)]).

Comparing further with the results in [7] and [8], we show in
Fig. 9, corresponding to Fig. 3(d), and variable ,
the transmission coefficients
and versus ; ,

are defined in (14b). The curves are
indistinguishable from those in [8, Figs. 5(b), 5(a)]. We also
reproduced all curves of [7, Figs. 3–6], [8, Figs. 5, 6], and the
curves for the unloaded slit of [8, Figs. 7, 8].

As noted in the introduction, dielectrically loaded slots may
be designed to achieve RCS reduction and control. These
possibilities are illustrated in Figs. 10 and 11 where is
shown versus . In Fig. 10, corresponding to the structure
of Fig. 1, one may observe the strong effect on RCS when
both and , are changed. Reductions of about 6–20 dB
from the unloaded case are possible over the

Fig. 5. Normalized total scattering RCS of the structure of Fig. 3(a) versus
'0 for 2w = �0, d = 0, � = �0, "2 = "0, E0 = 0, H0 = 1, and for
several values of�0.

Fig. 6. Normalized total scattering RCS for the structure of Fig. 3(b) versus
"r for '0 = 90� and for several values of�0 in case2w = 0:1�0; d = 0,
� = �0, E0 = 1, H0 = 0.

whole range of the angle of incidence. In Fig. 11, related
to the structure of Fig. 2, a considerable reduction of is
indicated by properly selecting and/or , . For instance
the choice and reduces the RCS by
about 20 dB from the unloaded case.

Convergence of the algorithm is illustrated in Table I where
values of are shown for
several truncation sizes , the number of basis functions
used in (9). These values correspond to the structure of Fig. 1
when , , , ,

, , . Obviously,
the convergence is very rapid and stable; , for
instance, suffices to evaluate the current densities within seven
significant decimals. For the far-field quantity , this same
accuracy is achieved for much smaller values of, as
expected.

As an indication of the efficiency of our algorithms in
Table II, we present values of the transmission coefficient of an
unloaded slot for several values ,
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(a)

(b)

Fig. 7. Far field amplitude versusk0� for the structure of Fig. 3(c) for
'0 = 90

� and for several values of�0 in case"1 = "2 = 3"0, � = w,
d = 0. (a) E0 = 1;H0 = 0. (b) E0 = 0;H0 = 1.

Fig. 8. Near field pattern of the structure of Fig. 3(c) in caseE0 = 1,
H0 = 0, "1 = "2 = 2:5"0, � = w = �0, d = 0, '0 = 90

�, for several
values of�0.

in case of normally incident , -polarized
plane waves. For this special case, exact

results are available in [9] (based on separation of variables
techniques using Mathieu functions). As seen, a value of
less than nine ensures a very high accuracy (of at least five
significant decimals) in all cases.

(a)

(b)

Fig. 9. Transmission coefficient versusk0� for the structure of Fig. 3(d) for
'0 = 90

� and for several values of�0 in case"1 = "2 = 5"0, � = w,
d = 0. (a) E0 = 1;H0 = 0 (E-polarization). (b)E0 = 0;H0 = 1

(H-polarization).

Fig. 10. Total scattering RCS for the structure of Fig. 1 versus'0 in case
E0 = H0 = 1, "1 = "2, "3 = "0, �0 = 45

�, 2w = �0, d = 4:5�0,
�1 = �2 = 5�0.

V. CONCLUSION

An efficient analysis based on direct SIE-SIDE methods
has been presented for the diffraction problems connected
with slots loaded by dielectric semicylinders in the most
general case of oblique incidence of arbitrarily polarized plane
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Fig. 11. Total scattering RCS for the structure of Fig. 2 versus'0 in case
E0 = H0 = 1, "1 � "2, "3 = "0, �0 = 45�, 2w1 = 0:6�0, d1 = 4:7�0,
2w2 = 0:4�0, d2 = �4:8�0, �1 = �2 = 5�0.

TABLE I
CONVERGENCE OF THEALGORITHM

TABLE II
TRANSMISSION COEFFICIENT OF AN UNLOADED SLIT

waves. Our numerical results reveal that RCS reduction may
be achieved by properly selecting several parameters (such
as the dielectric constants, the eccentricity, and/or the angle
of incidence). To validate the numerical codes that have
been developed, internal and external tests have been applied
extensively. These same algorithms may be readily used for
treating the corresponding homogeneous problems describing
propagation in these same structures as will be shown in a
future paper.

APPENDIX

Let us define

with (if or ); (if
or ) (the prime denotes the derivative with respect to
argument).

Evaluation of :

(A.1)

Evaluation of
: and are deter-

mined from the 4 4 linear system

(A.2a)

(A.2b)

where .
Evaluation of ;

:

1) When region 3 is a dielectric
and are determined

from the 4 4 linear system

(A.3a)

(A.3b)

2) When region 3 is a perfect electric conductor then

(A.4)
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