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Abstract—A new and exact series solution for the scattering and
coupling problems by dielectric-loaded multiple slits in a perfectly
conducting screen is presented. The case of normal incidence and TM
polarization is considered. The scattered and transmitted fields are
represented in terms of an infinite series of radial modes. By applying
the appropriate boundary conditions, the coefficients of scattered and
transmitted fields are obtained and some numerical results are given.

1. INTRODUCTION

The diffraction of electromagnetic radiation by slits has been widely
studied for microwave and optical applications [1-3]. The problem of
a single slit has been treated by several researchers using different
methods [4-6]. A method of moments analysis of electromagnetic
coupling through a single slot and multiple slots was formulated
using either the characteristic-mode theory [7,8] or a Gaussian-beam
expansion [9]. A method of moments solution for the problem of a
single slot and for a double slot was also treated by Otsuki [10], using
Babinet’s principle. Diffraction by a single slit, by double slits, and by
multiple slits was investigated by a method that uses a set of orthogonal
functions and Fourier transformations [11-13]. When the slit (or strip
grating) is infinite, there is an enormous amount of theoretical work
before, its scattering behavior can be well understood [14-19]. When
the strip grating is finite, the problem also receives much attention.
When the strip grating is loaded by dielectric material and finite,
the amount of relevant theoretical works seems very small, and its
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scattering behavior is not well understood. In this paper we limit our
discussion to scattering from the dielectric-loaded finite strip grating.
The understanding of transmission through the dielectric-loaded finite
strip grating is important in the evaluation and control of aperture
leakage often encountered in antenna and electromagnetic interference
(EMI) problems. Also, a diffraction problem from dielectric-loaded
multiple slits is not only an interesting subject in the field of
electromagnetic wave theory but also an important one relating to the
surface measurement or diagnostics by microwave, millimeter wave,
laser or ultrasonic beams, and specially to the development of various
kinds of optical devices. The purpose of the present paper is to study
scattering from a dielectric-loaded finite strip grating (i.e., dielectric-
loaded multiple slits) by using radial mode matching technique [20].

2. THEORETICAL FORMULATION

Consider a TM, plane wave incident on a perfectly conducting plane
with dielectric-loaded N-slits as shown in Fig. 1. The direction of the
incident field makes an angle ¢; with the x axis. Regions (I), (II) and
(ITI) denote the upper, inner, and lower sections of dielectric cylinder,
respectively. The radius of each cylinder is a.(r = 1,2,...,N).
Throughout the paper, e/“! time harmonic factor is suppressed. In
region (I) (p, > a,, 0 < ¢ <m,r=1,2,...,N) as shown in Fig. 1, the
incident, reflected and scattered electric fields of Ith cylinder are given
by [21]

5o 1) + EX (o1, 1) ZS Jp(kopr) sin pey (1)

B (o1, &) ZBZ (kopr) sin pgy (2)

where si, = 4jPeIko®1 008 Pi gin pebs | ko = wy/foE, and Bf, are referred to

as the scattering coefficients of ith cylinder. J,(-) and HI(,Z)(-) are the
pth order Bessel function of the first kind and Hankel function of the
second kind, respectively. The incident wave is chosen to have a phase
of zero at the origin, so that k,z;cos ¢; is the phase of the incident
wave at the center of /th cylinder. The total fields in region (I) should
include the original incident, reflected fields and the scattered fields
from cylinders 1,2,..., N, respectively and it can be expressed by the
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following forms: when r =1,

Bl (o1, é1) = E5(p1, &) + E5 (o1, 1) ZES"“ pri 1)

= Z{ (kopr) sin péy + ZBTH(Q (kopr>51np¢r}( )

Since Hy = 1/(jwu0)aE

.(p, ®)/0p, the corresponding ¢ component of
the H-field in region (I) is

00 N

ko . r / .

Hy(pu, di) = jwMOZ{SéJIQ(koPl) sinpg+y_ ByHS (kopy)sin p¢r} (4)
p=1 r=1

and pg is a background medium of permeability in all regions.
The z-component of the transmitted electric field in region (III)
(pr > ar, m < ¢ < 27) from the Ith slit can be written as

B (i, ) = ZCZ (Kopr) sinp (¢ —7) (5)

The corresponding magnetlc field in region (III) from the lth slit is

H¢l (o1, 1) = Z Cl (kopr) sinp(¢y — ) (6)

wﬂo

obsev. point

Figure 1. Geometry of the problem.
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Similarly, the z-component of the electric field inside cylinder [
can be written as

Bl dr) = > AL Ty (kpr)e™ o

n=—oo

where k; = ko\/€1/€0. To determine the unknown coefficients Aln, B!

and CII) (Il =1,2,3,...,N), it is necessary to match the boundary
conditions of tangential E- and H-field continuities at p; = a;. To
apply boundary conditions at p; = a;, the fields outside the cylinder [
must be expressed in terms of the coordinate of the cylinder /. In other
words, (pr, ¢r) in Eq. (3) and the corresponding equation obtained
from Eq. (5) must be transformed to (p;, ¢;). This is possible using
the addition theorem for cylindrical Bessel and Hankel functions [22].
Therefore these equations can be written as

o0

El(pd) = ) {SlpJp<kopl> sin pey + ByHL (kopr) sinp ¢
p=1

N
£ S Bl (kopr) sinmo | (8)

r=1,r#l m=—o00

wp=q=n=m=10
_____ p=q=n=m=I5
——p=q=n=m=20
v Ref [13]
3
= 7] P ‘\‘b
koR1=koR2=10
D=4koR:1

Figure 2. Far-zone transmitted field |E"| (e = e = 1.0, kgRy =
koRs — 10, D — 4ko Ry, ¢; — 90°).
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1 w/ mutual coupling
44=N  emeeee=- w/o mutual coupling

—_— - Interaction field

Figure 3. Transmitted field pattern (|G(¢)|) from two identical slits
with ka = 0.5, 1.0, 1.5, 2.0 at ¢; = 90°.

EfM (o 01) =) {C H? (kopr) sin p(ey — 7)
p=1
n Z Z CIW (kopy) sinm(gy —71')} 9)
r=1,r#l m=—o0
where
_1ywHY
W;Ll,:n(kopl) — ( )m p(+)m(k0dlr)']m(k0pl)a r>1 (10)
—(=1)"H2, (kody ) Jm(kopr), T <

in which dj, is the distance between cylinders [ and r. The tangential
electric field continuity at p; = a; yields

. El, p=a,0<¢<m
o (11)
B p=a, m<¢<2m
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Substituting Egs. (7), (8) and (9) into (11) gives

S~ st Ty o) sin piy + BLH (koay) sin poy
p=1

n Z Z BIW!, kal)sinmgi)l}UI

r=1,r#l m=—o0

> {CéHz(?)(’foaz) sinp(¢y — )

N o0 o0
n Z ZCTW” (koay) sinm (¢ — }UH:ZA;Jn(kzaz)ejnqﬁz(lZ)

r=1,r#l m=—o0 n=-—00

where Ur(;py = 1 for 0 < ¢ < 7 (7 < ¢ < 2m) and zero elsewhere. In
Eq. (12), applying the orthogonality condition of exponential function

w/ mutual coupling
T l -------- w/o mutual coupling

T ' T } T
270 285 300 315 330 345 360

™ —— Interaction field

- : - : e
270 285 300 3(;5 330 345 360
(b)

Figure 4. Transmitted field pattern (|G(¢)|) from three identical slits
with ka = 0.5,1.0,1.5,2.0 at ¢; = 90°.
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1 -------- w/o mutual coupling

270 285 300 315 330 345 360
¢
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1.2
N, — - Interaction field

(b)

Figure 5. Transmitted field pattern (|G(¢)|) from four identical slits
with ka = 0.5,1.0,1.5,2.0 at ¢; = 90°.

with respect to ¢ from 0 to 27 gives
am AL (ki) = {s;Jp(koal) +BLH® (k, al)} Lo
p=1

o) N
+Z Z Z BIWr (ko)) F km+z D (kow)G

1r=1,r#Al m=—oco

3
I

[e.o]

N
S oW (kea)G (13)

1r=1r#l m=—oo

MS

_l’_

3
Il

where

ﬂm=45mem¢ (14)

27
dm:/ e sinp(¢y — m)dgpy (15)
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Next, the tangential magnetic field continuities at p; = a; yield

Hi" = H), O0<¢<m (16)
Hil = HI', 7<¢<2m (17)

Since, Hy(p,¢) = k/(jwpo)OE:(p,¢)/0(kp), the Hy continuities at
p1 = a; are given by

oo oo
Z sé,Jz’,(koal) sin pg; + Z B;,HI()Q)I(kOaZ) sin pg;
p=1 p=1
[e'e) N [e%S) .
+ Z Z Z ByW' ) (koar) sinmgy
p=1r=1,r#Al m=—o0

o0

ky .
L g/
= > AT (ka)e™ ™, 0<¢<m (18)
% n=—co
15
] w/ mutual coupling
12 l -------- w/o mutual coupling

2.0 ™~ ——r—a Interaction field
. ¢‘
=154 \ .
g i V ka —:.5 ‘o
1.0 a=
= A k20
0.5+ "N ka=0.5 . r——
0 o:-'_-.-xvg,_';-hqa..‘:qw-""'---m‘::—&(' T,
. : - I 1 : .
270 285 300 315 330 345 360
¢
(b)

Figure 6. Transmitted field pattern (|G(¢|) from six identical slits
versus ka = 0.5, 1.0, 1.5, 2.0 at ¢; = 90°.
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12
_______ (e1,60) =(L,1) Total field (with mutual coupling)
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Figure 7. Transmitted field pattern (|G(¢ = 270°)|) from four
identical slits versus ka at ¢; = 90°.

S CLHY (koay) sinp(er — )
p=1

) N 00
+Z Z ’ Z c,w ’lr m(koar) sinm(¢y — )
p=1r=1r#lm

=—00
Z AL ! (kap)e™r, < g <27 (19)
In a similar manner, applying orthogonality conditions of sine function

to Egs. (18) and (19) with respect to ¢; from 0 to 7w and from 7 to 27
yield
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S

LTy (koa)+ BLH® (ko +Z ZB’”{W’” (koa )—W’l(’"_q)p(/.eoal)}

q
p=1r=1,r#l
_ 2k =
l Z AL T (kyag) L, (20)
o) N l l
CLH (koar) + 3 Y cg{w”(k ar) — W'(Cq)p<koa,)}
p=1r=1,r#l
_ 2k >
l Z Al J, klal)Gfm (21)

Substituting Eq. (13) into (20) and (21), the simultaneous system
equations for unknown coefficients BII, and Cll, (l=1,2,3...,N) are

20 =
------- (€1,2,34) =(1,1,1,1) Total field (with mutual c:guﬁling)
(€1,2,3,4) =(3,3,3,3) K
----- (€1,2,3,9 = (5,5,5,5) l
15
e~
S
LS
10
& -
S
'
5 H
:
I
1
7 o
A
0 T T T T
1 2 3 4 5
ka
(a)
10 . n
g L (€1,23,4) = (1,1,1,1) ; Interaction field ::
%7 (€1,23,4) = (3,3,3,3) i
NI [ ©1,24.9 = (5,5,5,5) H A
~ 6 - h .'; !
™ i L R
I n NS A
&4 n A N/
S, ] fLo :
. . - ’ [P TN
=21 S "% Mies N = N 3 i
K S oy L o Y ""
T L oL 1 < 112 PP P T T PP PP TR AEPPPATTT LT L bbbl
0 T T T T 1
1 2 3 4 5
ka
(b)

Figure 8. Transmitted field pattern (|G(¢)| = 270°) from four
identical slits versus ka = 1.5 at ¢; = 90°.
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Figure 9. Transmitted field pattern (|G(¢)|) from dielectric-loaded
four slits with ka = 1.5 at ¢; = 90°.

given by
([ea] 1 [ [IsH) 1881 [1si1 (s8] ] [[2]]
4 (s3] [sml) LIsiY] (s3] Cp
: = : (22)
oy (ST ISR [IsnY SEM || [ B
ey 1) Lhsin i) Liss™ se™)d Loy
The submatrices [SZ] are given by
[CZ;D} , [ =r (self—interaction)
[Si7] = (23)

l#7r

[déﬂ , (mutual—interaction)
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and the elements ¢/7 and d“’ are given by

qp
[ EIZ} - HZSQ) (Koa1)dgpdis — HZSQ)(koal)Ifj (24)
Ir Ir Ir Ir
[dqp} - (W/Pq - WlP(*‘”) o~ 1 (25)
where
ki o~ Jh(ka) ;o
ﬂ- . n Y 26
Y w2k, = Jn(klal) andpn) 20
Ir __ Ir i A
= _Z Z Jn kza W m(Koar) fon Ly (27)
n = /0 e/ sin pgrdepy (28)
27 )
8 Z/ "% sin p(¢y — )depy (29)
and the elements of the vector afl and ﬂé are given by
ozé = — Z Sé {]'pJ;;(koal)éqp - J'pJp(koal)Iil} (30)
p=1
(£1,£2,€3.£4)=(3,3,3,3)
g l mmmmmee (£1,€2,£3.64)%(1,3,3,1)
T pp— ——— (£1,£2,£3€4)=(1,1,3,3)
:77 7 7 7: D=da — (€1,€2,€3.£4)=(1,1,3,1)

1G]

Figure 10. Transmitted field pattern (|G(¢)|) from dielectric-loaded
four slits with ka = 1.5 at ¢; = 90°.
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Figure 11. FE-field equi-amplitude contour plot near dielectric-loaded
four slits with ka = 1.5; D = 4a, (e1; €2; €35 €4) = (1; 35 3; 1).

oo
By =Y spi" Tp(koar) I3y (31)
p=1
and the vector le) and C;, (l=1,2,3,...,N) represents the unknown
expansion coefficients of the scattered and transmitted fields from the
dielectric-loaded multiple slits. Eq. (22) can be solved numerically to
retrieve the unknown scattering and transmitting coefficients. The
transmission field pattern in the far zone (k,p > 1 and p; > p)
is determined after using the large argument approximation of the
Hankel function and the far-field approximations ¢; ~ ¢ and p; ~
p+xycos(p — ), ie.,

tran _ 27] —jko
E(p,0) = | G (o) (3)

N oo
G(o) =Y > P Cpettorr @D sinp(g — ) (33)

r=1 p=1

where
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3. NUMERICAL RESULTS

In order to verify that the infinite series involved in the solution is
rapidly convergent [21], a far-zone transmitted field of two identical
slits is considered. Fig. 2 shows the variation of the far-zone
transmitted field for two identical slits (kgR1 = koRe = 10, D =
4koRy1) with the number of the infinite series number of p, ¢, n and
m. As one can see from Fig. 2, the convergence is achieved after
p=q=mn=m = 15 for a dimension of kgR; = kgRs = 10. That
is relatively a small number of terms required to achieve convergence.
One of the advantages of the proposed method is the possibility of
computing the transmitted field pattern from two slits including or
without the mutual interactions by simple setting the elements in the
off-diagonal submatrices to zero. To illustrate the effect of mutual
interaction of the transmitted field pattern, Figs. 3—6 show the far-
transmitted field pattern (G(¢)) of two, three, four and six identical
slits with ka = 0.5, 1.0, 1.5, 2.0 at ¢; = 90°. The solid and dashed lines
represent the patterns with and without mutual interactions (i.e., total
and non-interaction fields) between the multiple slits, respectively.
The dot-dashed lines represent the patterns of interaction field, which
are subtracted from total fields to yield the non-interaction fields.
Figs. 7 and 8 show the far-transmitted field pattern at ¢ = 270° of
two or four dielectric-loaded slits with €1234 = 1,3,5 versus ka in
normal incidence. It has been verified that even a slight change in
the dielectric-loaded slit can alter the transmitted behavior of multiple
slits in a conducting plane. Figs. 9 and 10 show the far-transmitted
field pattern of different dielectric-loaded three or four slits. In Fig. 11,
the behavior of |E,(p, ¢)| in the neighborhood of dielectric-loaded four
slits (61 = 1, e = 3, e3 = 3, ¢4 = 1) is plotted for ¢; = 90°. From
Fig. 11, it can be seen that the boundary conditions on the conducting
plane and dielectric cylinder are satisfied.

4. CONCLUSION

The analysis of plane wave scattering and transmitting from dielectric-
loaded multiple slits is derived rigorously for TM polarization. The
analysis is cast into a form that is simple for computations as well
as for predicting the effect of mutual interactions between dielectric-
loaded multiple slits.
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