
1056 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 6, JUNE 1999

Electromagnetic Scattering from
Multiple Rectangular Apertures in a

Thick Conducting Screen
Hyun Ho Park and Hyo Joon Eom,Member, IEEE

Abstract—Electromagnetic wave scattering from multiple rect-
angular apertures in a thick conducting screen is studied. The
Fourier-transform and mode-matching technique are used to
obtain simultaneous equations for the modal coefficients. The
simultaneous equations are solved to represent the scattered and
transmitted fields in series forms which are suitable for numerical
computation. The numerical computations are performed to illus-
trate the aperture transmission and scattering behaviors in terms
of aperture size, incident angle, and frequency. The effects of the
finite number of apertures on the transmission characteristics
are discussed.

Index Terms—Apertures, electromagnetic scattering.

I. INTRODUCTION

ELECTROMAGNETIC penetration into an aperture in a
conducting plane has been of importance in EMI/EMC-

related problems. Electromagnetic scattering from a rectan-
gular aperture in a thin conducting plane has been recently
studied with an operator equation [1]. Electromagnetic scat-
tering from a rectangular cavity and aperture in a thick
conducting plane are also extensively studied in [2] and [3]
using the finite-element method. A conducting plate perforated
with multiple apertures has been widely used as a microwave
frequency selective surface. The method of moments and
the Floquet space harmonics have been applied to solve
the integral equation for scattering from infinite number of
apertures in thick conducting screen [4]. The method of
moments has been also used for computing the magnetic
current on the finite number of apertures in an infinitely thin
conducting plate [5], [6].

In this paper, we provide a formulation for electromag-
netic scattering from multiple rectangular apertures in a thick
conducting screen, by using the Fourier transform and mode
matching as used in [7]. The Fourier transform and mode-
matching method were also used to study electrostatic pene-
tration into a rectangular aperture and a slit in a conducting
plane [8], [9]. The solution presented in the paper is a
fast-converging series form that is numerically efficient and
reduces to a closed form in high-frequency limit for a single
aperture. The organization of the paper is as follows. In the
next two sections, we show the expressions for the scattered
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Fig. 1. Geometry of scattering problem.

and transmitted fields in the spectral domain by using the
boundary conditions. In Section IV, we perform the numerical
calculations and compare them with other existing solutions.
A brief summary is given in Section V.

II. FIELD REPRESENTATION

Consider number of multiple rectangular
apertures with area , thickness in Fig. 1. Assume
that and are the periods in the and directions,
respectively. An electromagnetic wave is obliquely incident
on the rectangular aperture. In region (I), the incident and
reflected -fields are

(1)

(2)

where , , and are the unit vectors, ,
, ,

is the wave number, and is the free-space
intrinsic impedance. The polarization state of the incident field
is determined by and .

The scattered - and -fields in regions (I) and
(III) are represented by the components of the electric and
magnetic vector potentials and ,
respectively [10]. Note that the superscriptsand are used
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to designate the vector potentials in regions (I) and (III)

(3)

(4)

where . Assume and
are the Fourier transforms of and
given by ,

.
and are similarly defined.

In region (II), ( th and th aperture in the and directions)
the vector potentials and within the
rectangular aperture are

(5)

(6)

where , ,
, , and .

III. B OUNDARY CONDITIONS

To determine the unknown coefficients , , , and
we enforce the boundary conditions on the and
continuities at and .

First, we apply the boundary conditions on and
at .

for
otherwise

(7)

and

for (8)

Applying the Fourier transform to (7) and solving for
and , we obtain

(9)

(10)

where

(11)

Substituting (9) and (10) into (8), multiplying (8) by
or

, and performing integration
over the area of the aperture, we obtain the simultaneous
equations for , , , and

(12)

(13)

where , and

(14)

(15)
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(16)

where , , , and
. The efficient numerical

evaluations of are possible by using the quadrature
method used in [11].

In high-frequency limit for a single aperture (
), have main contributions from the poles of

at and

(17)

where , , and . This
means that the high-frequency approximate solution for a
single aperture is represented in analytic closed form, thereby
significantly reducing a computational amount.

Similarly, from the boundary conditions on and
at , we obtain the simultaneous equations for ,

, , and

(18)

(19)

In case of a single aperture ( ), the field
expressions (12), (13), (18), and (19) reduce to simple forms
with . This means that the summations
over and vanish.

If the region (III) is filled with the perfect conductor (i.e.,
rectangular cavities), the field representations associated with

and are unnecessary. By matching the
boundary conditions with (3), (5), and (6) at we obtain
(12) and (13) with .

If , we obtain (12) and (13) with
and .

IV. NUMERICAL COMPUTATIONS

The angular behaviors of radar cross section (RCS) from
a rectangular aperture are extensively studied in [3]. In order
to check the accuracy of our formulation, we evaluated the
backscattered RCS of a single aperture for , ,
and , cases where , ,

Fig. 2. Transmission coefficient versus aperture length2a=�: 2b=� = 0:1;
u = 1; v = 0; � = � = 0

�; k1 = k0.

Fig. 3. Angular behavior of backscattered RCS for rectangular cavity
2a=� = 2:5; 2b=� = 0:25; d=� = 0:25; u = 0; v = 1; � = 0

�; k1 = k0.

and . We compared our result with [3, fig. 5] and
confirmed excellent agreement.

The transmission coefficient of the aperture is defined as
a ratio of the total power transmitted through the aperture to
the power incident on the aperture.

In Fig. 2, we show the transmission coefficientversus
size for a rectangular aperture of size . Our
results for and agree well with [3]. In
our computation, we used when
in (12), (13), (18), and (19). Our computational experience
indicates that the number of modes and used in the
simultaneous equations (12), (13), (18), and (19) must be at
least the number of the propagation modes given by

plus a few higher evanescent modes. It
is interesting to note that our high-frequency solution based
on (17), which is independent of aperture depth, gives
reasonable results for when .

In Fig. 3, we show the angular behavior of the backscattered
RCS for a rectangular cavity. Our result agrees well with [2].
Note that our high-frequency solution based on (17) also gives
a rather accurate result owing to a rather large size .
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Fig. 4. Angular behavior of transmission coefficient for flanged rectangular
waveguide:u = 1; v = 0; � = 0�; k1 = k0.

Fig. 5. Angular behavior of transmission coefficient for flanged rectangular
waveguide:a = 1:143 cm, b = 0:508 cm,u = 1; v = 0; � = 0�; k1 = k0.

In Fig. 4, we illustrate the behavior of transmission coeffi-
cient versus incident angle for an infinitely thick rectangular
aperture ( , i.e., flanged rectangular waveguide an-
tenna). Two different cases are considered when a uniform
plane wave is obliquely incident on the rectangular aperture.
We compare (equivalent to the receiving power pattern)
with the radiation power pattern of the flanged rectangular
waveguide antenna when the TEmode radiates from the
antenna. Note that we used [12, eq. (11)–(39)] to evaluate the
radiation power pattern for and . The
angular trends betweenand the radiation power pattern given
in [12] are quite similar except for near grazing . The
similarity between the receiving and radiation power patterns
stems from the fact that only a single mode TEis allowed
to propagate in the waveguide.

In Fig. 5, we plot the behavior of versus the incident
azimuth angle when a uniform plane wave is normally
incident on an infinitely thick rectangular aperture with

Fig. 6. Normalized transmission coefficient versus the normalized frequency
at normal incidence:2a = 0:7 � Ta, d = 0:2 � Ta, b = a; Ta = Tb,
u = 1; v = 0, � = � = 0�; k1 = k0.

Fig. 7. Normalized transmission coefficient (averaged) versus the normal-
ized frequency at normal incidence:2a = 0:7 � Ta, d = 0:2 � Ta,
b = a; Ta = Tb; u = 1; v = 0, � = � = 0�; k1 = k0.

cm and cm. When , the incident -
field vector is in parallel with the direction and maximum
occurs. Note that three curves corresponding to
GHz show a monotonic decrease ofto zero as increases
to 90 . This is because only two modes TEand TE are
allowed to propagate in the rectangular waveguide, thereby
making near . When GHz, the TE
and TE modes, in addition to the TE and TE modes,
propagate inside the waveguide. Note that the presence of the
TE and TE modes results in at .

In Fig. 6, we show the behavior of normalized transmission
coefficient [ ] for 6 6 apertures
versus the normalized frequency ( ). We note that for
the aperture on the corner (first aperture— , ), for
the aperture near the center (15th aperture— , )
and for 36 apertures (averaged over and

) are shown. Note that for the aperture near
the center is almost the same as that for the infinite number
of the apertures [14] when .
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In Fig. 7, we show the averaged versus the number of
apertures. As the number of apertures increases, the resonant
peak shifts toward , which is approximately that
for the infinite number of apertures.

V. CONCLUSION

Electromagnetic wave scattering from multiple rectangular
apertures in a thick conducting plane is investigated. By using
the Fourier transform and the mode-matching technique, we
obtain a solution in a fast-converging series form. In high-
frequency limit ( aperture dimension) the solution for a
single aperture simplifies to an analytic closed form, thereby
significantly reducing the computational amount. Numerical
computations are performed to show the transmission and
scattering behaviors of the multiple rectangular apertures. Our
series solution well agrees with other existing solution for the
rectangular aperture or cavity in a thick conducting plane.
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