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Electromagnetic Scattering from
Multiple Rectangular Apertures in a
Thick Conducting Screen

Hyun Ho Park and Hyo Joon EomVember, 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

LECTROMAGNETIC penetration into an aperture in a
conducting plane has been of importance in EMI/EMGrig 1. Geometry of scattering problem.
related problems. Electromagnetic scattering from a rectan-

gular aperture in a thin conducting plane has been recently . i i . )
studied with an operator equation [1]. Electromagnetic sc&0d transmitted fields in the spectral domain by using the

tering from a rectangular cavity and aperture in a thicRoundary conditions. In Section IV, we perform the numerical
conducting plane are also extensively studied in [2] and [§flculations and compare them with other existing solutions.
using the finite-element method. A conducting plate perforatégPrief summary is given in Section V.

with multiple apertures has been widely used as a microwave

frequency selective surface. The method of moments and Il. FIELD REPRESENTATION

the Floquet space harmonics have been applied to solVegnsider A, +1) x (Mj,+1) number of multiple rectangular
the integral equation for scattering from infinite number ofhertures with areda x 2b. thicknessd in Fig. 1. Assume
apertures in thick conducting screen [4]. _The method at 7, and 7, are the periods in the: and y directions,
moments has been also used for computing the magngligpectively. An electromagnetic wave is obliquely incident
current on the finite number of apertures in an infinitely thig,, ine rectangular aperture. In region (1), the incident and

conducting plate [5], [6]. reflected E-fields are
In this paper, we provide a formulation for electromag-
netic scattering from multiple rectangular apertures in a thick £ = Zo{(u sin ¢ + v cos ¢ cos §)& — (u cos ¢
conducting screen, by using the Fourier transform and mode — v sin ¢ cos 0)§ + v sin Oz} R=rtiku—ikz (1)
matching as used in [7]. The Fourier transform and mode-
matching method were also used to study electrostatic pene- ) X o
tration into a rectangular aperture and a slit in a conducting — v sin ¢ cos 0)§ — v sin Oz}e
plane (8], [9]' The_ solution pre_sented n the Paper 1S herez, ¢, and 2 are the unit vectors;, = kg cos ¢ sin @,
fast-converging series form that is numerically efficient and L i . o o o
. 7 . y = ko sin ¢ sin 8, k. = ko cos 8, ko = w /oo = 27 /A
reduces to a closed form in high-frequency limit for a single .
L . IS the wave number, an&, = +/uo/co is the free-space
aperture. The organization of the paper is as follows. In the . . . .Y L .
. . intrinsic impedance. The polarization state of the incident field
next two sections, we show the expressions for the scattered .
IS determined byu and v.
Manuscript received October 13, 1997. The scatteredE*-!- and H* !-fields in regions (I) and
The authors are with the Department of Electrical Engineering, Kori?”) are represented by the Components Of the electrlc and
Advanced Institute of Science and Technology, Yusung Gu, Taejon, 305-701 - . o 1 ot
Korea. magnetic vector potential§?:*(z, y, z) and A% *(x, y, 2),
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thy r4iky, ytik .z (2)
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to designate the vector potentials in regions (I) and (lll)

Fi(z,y, 2)
Fs —z(az my—l—zm.d d
— [ B Can
Fi(z,y, 2)

1 o poo o
— F,t —iCz—iny—ik(z+d) 4
ypes /_Oo /_Oo 2(¢ e dCdn (4)

3)

where k2 = k2 — ¢% — 1. AssumeF?(¢, n) and FX(¢, n)
are the Fourier transforms df? (a: u, 0) and Ft(x, y, —d)
given by FS ¢, n f f_ x, y, 0)e’T MY dr dy,
Fi¢n = 7 f_ (z, y, —d)e™= T dg dy.
As(z, y, z) and Al (z, y, 2) are S|m|larly defined.

In region (Il), (th andith aperture in the: andy directions)
the vector potentiald"?(x, y, z) and A¢(z, y, z) within the
rectangular aperture are

o) = 3 S o et )+
m=0 n=0
Emn(z + d)] cos am(z — 1T, + a)
-cos by, (u — kT, +b) (5)
Z, Y, 2) Z Z ck cos Emn(z 4+ d) +d%¥ sin

m=1 n=1

Emn(z + d)] sin ap(z — 1T, + a)
-sin b, (y — kT, +b) (6)
where (m, n) # (0,0), &un = VEI—a2, — b2, k
wy/l1€e1, Gm = mw/(2a), andb,, = nw/(2b).

I1l. BOUNDARY CONDITIONS

To determine the unknown coefficient$,,, d'*, , ¢ and
d'* ~we enforce the boundary conditions on tig , and
H, , continuities atz = 0 and —d.

First, we apply the boundary conditions &f , andH, ,
at z = 0.

E. (z,y,0)+EL (x,4,0)+E (z,y,0)

:{E;{y(x, y, 0), for |317—_lTa|<a7 ly — kT < b 7)
, otherwise
and
Hi @y, 0)+H (2, y,0)+ H (2, y, 0)
= H J(T, 9, 0) for |v — IT,| < a, |y — kT3] < b. (8)

Applying the Fourier transform to (7) and solving for

F3(¢, n) and A2(¢, ), we obtain

(ab)? 60 MMy & ¢nla2, +b2)
ZZZZCM7
{=0 k=0 m=0 n=0
cos (Epnd) + d*  sin (£, d)]

mn

n( ) iClT e +inkTy,

F3(¢m)=—

[lk

rnn

Kp(Ca) (9)

1057

M; M, oo
¢)

e DD I DI . =

T2 L o2\
(=0 k=0 m=0 n=0 C+77

cos (Emnd) + di,’;n sin (&nnd)]
( ) T, +inkTy

m(ca)
M, My oo

CLb MOGO Z Z Z Z am ngrnn

H1e1 =0 k=0 m=1 n=1
. [ gin sin (5mn ) dﬁ;n COs (gmnd)]Km(Ca)
K ()it ks (10)
where
Ko (u) = ZWe e (11)

M%QQ
2
Substituting (9) and (10) into (8), multiplying (8) by
cos ap(z — T, + a) sin by(y — wTy + b) or sin a,(z —
7Ty + a) cos by(y — w1 + b), and performing integration
over the area of the aperture, we obtain the simultaneous
equations forc* , d*  @* —andd®
M, Mg oo

DIDID WP CAIC)

=0 k=0 m=0 n=0
2 b2

—kd%nsuwsmndﬂ{“KOb?b nt i)y,
Whoel

mn?

’ILU

47r2

M, M, oo

330 St sin )

=0 k=0 m=1 n=1
- dg;n coS (Smnd)]ambngmnIQ
e b Wk W
=— [cpq sin (§pqd) — dpg CcOs (€ped)]
Eplp [—1 w

W€l
) Spq 6rnp 6nq 611‘ 6kw - pq COs (Spq )

+ E?"w sin (Sm )]6771]7 671{] 611’ 6k'w
M, M, oo

ab Gob
An2ppe;

(12)

i

Crn €08 (§mnd)
=0 k=0 m=0 n—O

dirl;n sin (Smnd)]
2 b2
. {@aillg— (am+ 'n,) Il}
€1 WHoe1
M; My oo

S5 S S s (Gnd)

i(ab)? Foap

dn?pe =0 k=0 m=1 n=1
- dﬁ:n Cos (Smnd)]ambnfnm,-[?,

_ LE(ICLP

whi1€1

£qbg
y Spq 6rnp 6nq 617* 6kw + ﬁ [Cpq COS (£P(1d)

[c Cpg Sin (&pgd) — dpg oS (&pq)]

+ di sin (£pg@)]6mp Ong Ot Sk (13)
whereeg = 2,61 = e = --- =1, and
Ypg = 2iab(u sin ¢ cos 0 + v cos §)kby Ky (kra)K,(kyb)

. gikarTatikywT, (14)
Vpg = 2iab(u cos ¢ cos 6 — v sin ¢)kya, K, (kra) K (kyb)

. ke rTurtikywT, (15)
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11,2,32/C><> /00 91,2,3L(C’n) 6 k ' ' k ' ' !
—o0 Vv —o0 K v
) ] o A, d/A=0.01 —
- =) Tatin(k—)Ty ge ) (16) s d/A=01 —— ]
where @ = %% Q2 = (3, Q3 = 77, .a.nd L(¢, n) = £ %;::?éis o
K (Ca)Kp(—Ca)Kn(nb)K,(—nb). The efficient numerical 3 4 4] R
evaluations ofl; » 3 are possible by using the quadrature§
method used in [11]. 23l i
In high-frequency limit for a single aperturdfy = M; = §
0), 11,2 s have main contributions from the poles b{¢, 7) ELL |
atm =pandn = ¢ &
= [
471'2 Ql 2.3
1 — 2 6mp O 17 1r =S S S 3
1,2,3 — (ab)3 Spq mp Ung ( ) e
where € = g6, 2 = £,/b2, and Q3 = g,/a2. This 0 1 r
means that the high-frequency approximate solution for a ©2 08 09 1
single aperture is represented in analytic closed form, thereby 2al X
significantly reducing a computational amount. Fig. 2. Transmission coefficient versus aperture lerigth\: 2b/ A = 0.1,
Similarly, from the boundary conditions ofi,, , andH, , uv=1,v=0,¢=26=0°k = ko.
at z = —d, we obtain the simultaneous equations &j,,, 20
dlk Elk and alk T T T T T T T T
mn? mr}\; M mn 10| Exact solution — |
(ab)?’bq l ko o0 o0 " wey Ly (aTQn + b%) High-freq. approx. -
472 Z Z Z Z Cmn ? b, 12 — 7&)/1061 I 2] °
=0 k=0 m=0 n=0

i(ab)3€0bq M, Mp oo 2]

+ Tulel Z Z Z Z ai?lina"lbngrnnIQ

=0 k=0 m=1 n=1
iepb £,0
— rPrq  grw PP —rw
- dpq Spq 6rnp 6nq 611‘ 6kw + Cpq
Wi €1 M1

: 6rnp 6nq 611‘ 6kw (18)

My Mp oo oo 2 2
(ab)gap 143 Wy o (arn + bn)
205 3 3P TP IR C P C L

=0 k—0 m=0 n=0 WHoCL

Backscattered RCS (dB)

i(ab)3 a M, M, oo oo 40 50 60 70 80 90
! €oap Z Z Z Z Stk
I S dmnambné’mnlg O (degrees)
drpieg = 4

. Fig. 3. Angular behavior of backscattered RCS for rectangular cavity
LE4ay

. by _,. /A =25 —0.25 — 025 w=0. v= —0° Li—
_ 0 € S S St S — £4bq T 2a/A=12.5,2b/A=0.25,d/A =025, u=0,v=1,6=0° ki =ko.
wh1€1 . .
8 61 Orero.- (19) andd/X = 0.25. We compared our result with [3, fig. 5] and

| f inal — M. — 0) the field confirmed excellent agreement.
n case of a single aperturélf = M; = 0), the fie The transmission coefficient of the aperture is defined as

e>'<pressions (12), (13), 18), _and (19) reduce to simple .forrHSratio of the total power transmitted through the aperture to
with | = &k = » = w = 0. This means that the summationgy, power incident on the aperture

over and k vanish. In Fig. 2, we show the transmission coefficientversus

If the region (Ill) is filled with the perfect conductor (i.e.,Si e2a/\ for a rectangular aperture of sizé/\ = 0.1. Our
rectangular cavities), the field representations associated VYEE‘uIts ford/\ = 0.01,0.1, and 0.25 agree well with [3]. In

F'(z, y, z) andA.(z, y, z) are unnecessary. By matching the) ;
ZNTI I Z\y I ur computation, we useeh = n = 3 when2a/\ = 0.5
boundary conditions with (3), (5), and (6) at= 0 we obtain D " a/ y

R A in (12), (13), (18), and (19). Our computational experience

(1|2f) snd (13) W'thcgm__ ‘fém _dO. 13) Wit — gl indicates that the number of modes and » used in the

and Elkﬁ R Vfi obtain (12) and (13) withl,,, = —ic,,, simultaneous equations (12), (13), (18), and (19) must be at
= —1iC

mn mn*

least the number of the propagation modes giveli2p)? >
(m/2a)* 4+ (n/2b)? plus a few higher evanescent modes. It
is interesting to note that our high-frequency solution based
IV. NUMERICAL COMPUTATIONS on (17), which is independent of aperture depth gives
The angular behaviors of radar cross section (RCS) framasonable results fat/A > 0.25 when2a/A > 0.5.
a rectangular aperture are extensively studied in [3]. In orderin Fig. 3, we show the angular behavior of the backscattered
to check the accuracy of our formulation, we evaluated tfCS for a rectangular cavity. Our result agrees well with [2].
backscattered RCS of a single aperture foe= 0, v = 1, Note that our high-frequency solution based on (17) also gives
andu = 1, v = 0 cases wher&a/A = 0.4, 2b/X = 0.4, aratheraccurate result owing to a rather large 3ize\ = 2.5.
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0 (degrees) ized frequency at normal incidencén = 0.7 x Ty, d = 0.2 x Tg,
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Fig. 5. Angular behavior of transmission coefficient for flanged rectangular
waveguidea = 1.143 cm,b = 0.508 cm,u =1, v = 0, 8§ = 0°, k1 = ko.
1.143 cm andb = 0.508 cm. When¢ = 0, the incidentE-

In Fig. 4, we illustrate the behavior of transmission coefffield vector is in parallel with the direction and maximum
cientr versus incident angle for an infinitely thick rectangula@ccurs. Note that three curves corresponding te 7, 10, 14
aperture { — oo, i.e., flanged rectangular waveguide anGHz show a monotonic decreaseofo zero asp increases
tenna). Two different cases are considered when a unifoth90°. This is because only two modes Eand Tk, are
plane wave is obliquely incident on the rectangular apertulowed to propagate in the rectangular waveguide, thereby
We comparer (equivalent to the receiving power patternjnakingr = 0 near¢ = 90°. When f = 14.8 GHz, the Tk,
with the radiation power pattern of the flanged rectanguland TE; modes, in addition to the Tg and Tk, modes,
waveguide antenna when the [FEmode radiates from the propagate inside the waveguide. Note that the presence of the
antenna. Note that we used [12, eq. (11)—(39)] to evaluate theo; and TE; modes results im = 0.6 at ¢ = 90°.
radiation power pattern fd2a/A = 3.0 and2b/X = 2.0. The In Fig. 6, we show the behavior of normalized transmission
angular trends betweenand the radiation power pattern givercoefficient [’ = v x (4ab/(Z, x T3))] for 6 x 6 apertures
in [12] are quite similar except for near grazifig- 60°. The versus the normalized frequency,()). We note thatl’ for
similarity between the receiving and radiation power pattertise aperture on the corner (first aperture=-0, & = 0), 1’ for
stems from the fact that only a single mode;§ks allowed the aperture near the center (15th aperture=—2, k = 2)
to propagate in the waveguide. and 7’ for 36 apertures (averaged ovér= 0, ---,5 and

In Fig. 5, we plot the behavior of versus the incident £ = 0, ---, 5) are shown. Note thal’ for the aperture near
azimuth angle¢ when a uniform plane wave is normallythe center is almost the same as that for the infinite number
incident on an infinitely thick rectangular aperture with=  of the apertures [14] wheff, /A < 0.8.
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In Fig. 7, we show the averageh versus the number of [9] Y. S. Kim and H. J. Eom, “Fourier-transform analysis of electrostatic

. L . Compat.,vol. 38, pp. 7779, Feb. 1996 (correctidhid., p. 66, Feb.
peak shifts toward?, /A = 0.84, which is approximately that 1997).
for the infinite number of apertures. [10] R. F. Harrington,Time-Harmonic Electromagnetic FieldsNew York:
McGraw-Hill, 1961, p. 130.
[11] H. H. Park and H. J. Eom, “Acoustic scattering from a rectangular
V. CONCLUSION aperture in a thick hard screen]” Acoust. Soc. Amewpl. 101, no. 1,
. . . pp. 595-598, Jan. 1997.

Electromagnetic wave scattering from multiple rectangular2] c. A. Balanis, Antenna Theory: Analysis and DesignNew York:

apertures in a thick conducting plane is investigated. By usi\rﬂ% Harper Row, 1982, pp. 457-478.

. . . ] H. Baudrand, J. W. Tao, and J. Atechian, “Study of radiating prop-
the Fourier transform and the mOde'matChmg teChmque' erties of open-ended rectangular waveguidéEEE Trans. Antennas

obtain a solution in a fast-converging series form. In high-  Propagat.,vol. 36, pp. 1071-1077, Aug. 1988. o
frequency limit (A >> aperture dimension) the solution for all4] S.W. Lee, G. Zarrillo, and C. L. Law, “Simple formulas for transmission

. . - . through periodic metal grids or platesZEE Trans. Antennas Propagat.,
single aperture simplifies to an analytic closed form, thereby Ep_go pp. 904_989 Sepﬁ 1985 pag

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. | Hyun Ho Park was bom in Pusan, Korea, in
1971. He received the B.S. degree in electronic

engineering from Pusan National University, Pusan,
Korea, in 1994, and the M.S. degree in electrical
engineering from the Korea Advanced Institute of
Science and Technology (KAIST), Taejon, Korea,
in 1996. He is currently working toward the Ph.D.
degree in electrical engineering at KAIST.

His research interests include computational elec-
tromagnetics and EMI/EMC-related problems.
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