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Wave Penetration Through Slits
on Stacked Thick Plates

Jean-Fu KiangMember, |IEEE

Abstract—Wave penetration through slits on single and stacked
metal plates of finite thickness is studied by using the Galerkin
method. The limiting case of slits on infinitesimally thin plates are H,
also formulated to compare the shielding effectiveness of metal
plates with slits against incident plane waves. It is observed that
the wave penetrating through slits on stacked plates with a proper 2= —dy—

(0)

sgparat.ion is muc;h less than that through a single slit on a plate hy (1)
with twice the thickness. i= d,
Index Terms—Galerkin’s method, shielding, slits. 2)
[. INTRODUCTION

LECTROMAGNETIC-WAVE penetration through slots @)

or holes on metal screens is an important subject in
electromagnetic compatibility [1]. For small holes of regular E; .,
shape on a plate of zero thickness, the scattering properties can a
be described by using equivalent electric and magnetic dipoles
[2]. As the slot size or plate thickness increases, the detailed : ", (0)
field distributions in and around the slot need to be considered. , _ —d, ‘ {_;&__ T .
The problem of wave penetration through slits on a single plate hy My g (1)
has been studied extensively. Some previous studies will be z = —d, ¥ __«T_:&_l_
briefly described in this section, and more information can be by z=0 _m, T (2)
obtained from the reference lists of these papers. In [3], the _ _d, - oy M
characteristic modes of a finite-length slot on a metal screen 1 A &
of zero thickness are obtained by using a method of moments. ?

In [4], Gaussian elementary beams are used to expand the 3

equivalent magnetic surface current across a slot on a ground
plane of zero thickness, where the field distribution away from
the slot can be obtained directly from these beams.

For slits on thick plates, the finite-difference time-domain
(FDTD) method has been proposed to explore the properties of
Iapped joints and slots at junctions of metal surfaces [5] aﬁ&;. 1. Configurations of slits on single and stacked plates of finite thickness.
narrow apertures of finite depth [6]. Moment methods have
also been used to calculate the transmission through a filledn most of these studies, less attention has been paid to the
slot in a thick conducting screen [7], and the characteristipielding effectiveness of narrow slits existing in almost all
modes in the slot [8]. In [9], a mode-matching techniqugquipment cabinets. In this paper, we will study the shielding
combined with Fourier transform is proposed to study th&fectiveness of single and stacked plates against an incident
Scattering and tl’ansmiSSion propel’tieS Of a S||t in a thiq}%nsverse magnetic (TM) p|ane wave when slits exist. A
conducting screen. In [10], a finite-element and boundagyalerkin’'s method will be developed to calculate both the
integral method is used to study the scattering and transmissi@aittering and the transmission cross sections of slits on thick

properties of an inhomogeneously filled slot of irregular shapgiates. The limiting case of zero-thickness plates are also
The resonance depth of slits has been discussed in [5], anfbffnulated for checking purposes.

can be used to detect the presence of narrow slits [11].

(b)
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side of the plate. A plane wave is incident upon the plaggpplying the Galerkin method where Chebyshev polynomials
with an anglef;, and an equivalent problem is formed in eachre chosen for both the basis and the weighting functions.
region. The gap in the boundary between two adjacent regiofise limiting case with zero plate thickness can be solved in
is replaced by a perfect electric conductor and a magneticsimilar manner.

surface current associated with the tangential electric field. The

field distribution in each region can be expressed in terms Bf Slits on Stacked Plates

Fhese equivalent magnetic gqrface currents, and _then, ON€ €485, slits on stacked thick plates, shown in Fig. 1, the
impose the boundary condition that the tangential magneH]ca

fields are continuous across the aaps. The resulting equati Isf;netic fields in each region can be expressed in terms of the
. 9gaps. 9 eqUANRAR rier transform of the equivalent magnetic surface currents
are then solved by using the Galerkin method.

as

A. Slit on Single Plate

A TM wave is incident upon the slit with an angle
;. The field components areE’ = E,(f cos6; +
% gin ei)eikg (x sin 6;—z¢ cos 6;) and Hz — _ZA/(Eo/
o)eika(e sim =20 <05 ) whereko = w. iz, 1 = v/fof o -
and zy = z + do. Both the TEM mode and the higher order H,, = Z COS QT

Hoy =—(Eo/n,)
iko(x sin 6; —zq cos 6;) iko(z sin 0:+z¢ cos 6;)
‘le +e ]

_ / dkmeikra}-l—ikg;zO C]:—SOMOy(kx)

— o0

e

TM modes are induced inside the slit. The fields in each n=0 Tin
region can be expressed as [eosmnz, o cos Yin(z1 — hl)M
siny1,h1 o siny1,h1 b
EO:[: :EO COSs 97 . o0 ik_.,ﬂciwe?
B [eikg (x sin 8, —zg cos 6;) __ eikg (x sin 8,42z cos 07-)] H2y - /—oo dkxe k?z
o ) k. cos ko 2o cos ko (22 — h2)
ikgwtiko:z0 V02 | EEE M (R — =2 AL (k
T /—oo dch weg ho(k)r) |:SiIl /{nghg ly( a;) sin /{nghg 2y( a;)
HOy = - (Eo/no) > iwc;),
. [eikg (x sin ¢;—zq cos ¢;) + eikg (x sin ;420 cos (97-)] H3y Inzz;) CcOs Oén(-’IZ' — b) P
N /oo dhey e ko 20 oy [ cosyanzs My, — cos Yan (23 — hg)Mgn
—co sin vz, hs sin vz, hs
- n -~ ik r—iky.zg YE
E,=- Z Ccos T "y - Hy = / dk ek ks 4k—4M3y(kw) (2)
n=0 twey —oo 4z

(1) gin Yozl + R gin Yn(z1 — M1
" " " l ) where o, = nn/a, &2 + 2, = w’pe with ¢ = 1,3,

Hy, = Z cos a,z[h cos yp 21 + R cos v, (21 — h1)]
n=0

e . o ko
Epy = — / dkyciker—iteszs B2 g

weo

Hyy = / dlegetr=ihassa o (1) (1)

wherez; = z+dy, 2o = 2 +di, hiy = di — dg is the
thickness of the plateq,, = nn/a, a2 + 72 = w?peer,

k2 + k% = w?ue; with i = 0, 2, 4. The Fourier transform
of the magnetic surface currents are defined as

My (kz) :i /OO

—o
Q

dxe_i’k“"Miy (x)

dz; cos anzi M, (1), 0<i<3 (3)

a Jo

wherees,, = 1 whenn = 0 ands, = 2 whenn > O,

and k;, = k% —k2 for ¢ = 0, 2. The first term in the z¢o = 21 = , andz; = x3 = = — b. Expand the magnetic
Ey.. and Hy, expressions is the incident and the reflectegurface currents in terms of the basis functions as
TM wave, the integral in theZy,, and Hy, expressions is the
contribution by the induced magnetic surface curtkht By
using the equivalencéd/ = E x # at the gaps, we obtain
the relations between the unknown coefficients in (1) and
the Fourier transform of the magnetic surface current. The
magnetic fields can then be expressed in terms of the Foumdrerew;,’s are the unknown coefficients, arfg,(x)’s are the
transform of these magnetic surface currents. basis functions, which are chosen to be Chebyshev polynomi-
Next, impose the boundary conditions that the tangentialls. When the plate thickness is zero, the electric field near
magnetic fields are continuous across the gaps at —d, the edge of the slit varies approximately @3'/? wherep is
and » = —d; to obtain two equations with the magnetidhe distance to the slit edge. With a thick plate, the electric
surface currents as unknowns. The two equations are solvedibid near the edge varies as'/3, which is smoother than

N;
M, (z) = Zumfm(a?), 0<4<3 (4)
p=1
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with the zero-thickness plate. Incorporating no edge conditionBy imposing the boundary condition that the tangential
in the basis functions may incur less accurate field distributionagnetic fields are continuous across the gaps-at-d, and

near the edge, but should have less effect on the far field.
Substitute the magnetic surface-current expansion into (

z = —dy, and applying the Galerkin procedure, we have (8),
shown at the bottom of the following page, whefg(k.)'s

then impose the boundary conditions that the tangential maje defined in (6).

netic fields are continuous across the gaps. Applying t

Galerkin procedure, we obtain the matrix equation (5), shown

at the bottom of this page, where

Finll / de= 7 fi ()

fipin _; / dx cos oz, fip(z),

0
0<i<3;1<p<N. (6)

he
M.

Fig. 2 shows the backscattering cross section of a plane
wave incident upon the slit, which is defined as

15,0\ 4
Eo/nl?

N UMERICAL RESULTS

oy(6:) = 10 logyg <27TP ©))

Consider the limiting case where the plate thickness YéhereHs,(p) is the scattering magnetic field in the backward
infinitesimal. The magnetic fields in regions (0), (1), and (glrecnon due to the induced magnetic surface current. Our

can be expressed in terms of the Fourier transform of t
magnetic surface currents as

Ho, = - (EO/%)
. [eikg (z sin 6; —zq cos 6;) + eikg (x sin ;429 cos 07-)]
B / iyt ko= 220 M (1)
PN ko-
Hy, = / dhyete 2
— o0 klz
cos k.71 coski(z1 — hy)
| —— Mo, (k) — . My, (kg
[Sin ki.hy oy (k=) sin k1. 1y (kz)

weo

Mly(k )

0o
H2y — / dkmczkwm—zl@;zz
—0oo

where M;,(k,)'s are defined in (3).

(7)

ﬁ%sults witha = 2.2X¢ match reasonably well with those of
[9] in 0 < 6; < 65°. In the ranged;, > 65°, the difference
between our results and the exact solution of [9] is of the
order of 5 dB. This may be due to the different numerical
integration schemes used. Also note that when using the
stationary phase approximation, the far field near the grazing
angle is usually less accurate. However, the absolute value
of the backscattering cross section near the grazing angle is
about 20 dB lower than that in the normal incidence. Thus,
the calculated results are fairly useful for practical purposes.

In all the cases considered, the number of basis functions is
incremented to obtain convergent results, usually five to seven
is sufficient.

A mode-matching method has also been derived, and the
results (also shown as a dashed curve) are very close to those

2E

/ dre ikox sin 6; f

Ny
= Z Uop Z qu n—___
Zu1p27r / dky f1q(— w)L:;Q
= Z Uop Z flfz,

nOn

Ny

cot ka hQ flp

—— ¢s¢ Yinhi fop,n

LCUGQ

Zu1p27r/ dkey foq (k) o~
:pz::ll@pr;;nféq,nL

wes
— cot 73nh3f2p, n
Y3n

CSsC /{}24 h2 flp

Ns e we
Zu?,pzﬂ /_ ks Foo () 5" Fo )

—ZUQ])Z f3qn

p=1 n=0 "

LCUG

p=1

Wep a
cot WlnhlfOp n Zulp Z E_

CsC 73nh3f2p n Z U'3p Z f3q n

Zuopzw | dbado( =) )

o> .
wwer
qu,n— CsC ’Vlnhlflp,nv 1S(]SNO
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LWE
ZuQ,,zw / e (1) 2 50 Racha foy ()
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15 . . . . 15— —
oz 222 a = 2.148), ]
10} ] 4 1ol dy = 0.0417), |

stk a = 0.5)0,
d] = 0.25/\0

S P

-10 r—-—-”'/

o, (dB)

(l—Ol/\o, dl —-OSAO
1 : ! 1 n _15 1 L a4
20 40 60 80 -50 0 50
9; ( degrees ) Fig. 3. Transmission cross section through a slit on a thick plate.
€1 = €, —: 8; = 0,---:6; =45°, o: results from [7].

Fig. 2. Backscattering cross section from a slit on a thick pléte= 0,
h1 = 0.25Ap, €1 = €,, 0: [9], exact, *: [9], approximate.

obtained by using this approach in all incident angles. As the
slit width is decreased from = 2.2)\¢ down toa = 0.1, the
backscattering cross section becomes more omnidirectional,
and the magnitude arourtjy = 0 is monotonically reduced.

The transmitted field strength can be described by a trans-
mission cross section defined as

o1(fs, ;) = 10 log; <27rp|H WD) )dB (10)
| Eo /o]
Fig. 3 shows the transmission cross section of a plane wave
upon a slit on single plate. The transmitted pattern is sensitive
to the incident angle for wide and thin slits, but almost ‘ ;
omnidirectional for thick and narrow slits. The results from -50 0 50
[7] match reasonably well with ours. 6, ( degrees )

Next, we analyze the transmission properties of slits on o . . _
stacked thin plates. As shown in Fig. 4, the results of tiﬁ#’te‘; HT@”S&“D"SS;?OI” ;rog_sooffg'ohl tirm;ﬁ% A?,'tshgon: Sg‘f"ocgf;’o’thwk
finite-thickness approach match reasonably well with tho@?— €2 = €3 = ¢,, —: finite thickness approach,- - : zero-thickness
of the zero-thickness approach. It is also observed that m;proach
laterally shifting the slits with respect to each other, the
transmission through a slit with width around one wavelength In Fig. 5, the transmission cross sections f\y-wide
is significantly reduced. Since the transmission pattern througfits in various configurations are presented. By inserting a
a narrow slit is close to omnidirectional, the shielding effedielectrice; = 5¢, in the slit on a single plate, the transmission
tiveness by laterally shifting the slit position may not rendeross section is reduced by approximately 8 dB. If slight loss is
good shielding results. added in the inserted dielectric, the transmission cross section

U1z

2E tkox sin wep 'l:CU(:l
/ daret® 8; f ZUOPQW/ dk fO'I m)</€0Z + 2 cot k1zh1>f0p(/€m)

—Zu1p27r/ dle fou(—F ) YU ese kihfip(ks), 1< g < No

k1.
> gy / dkmflq(—km)z;u:l csc kyzhy fop(k Zulp /

1 —co z —00

TWeEL

dka:flq(_kaz) < k

) cot kl,.hl-i- )flp( )
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~ 8tb= O.ZAO, h2 = 025/\0, €9 = 550 w ]
[2a]
T 1o} b= 0.2x, hy = 0.25X0, |
~ € = D€,y 02 = 0.01 € = 5e,
S 12 2 y V2 } r 1 =
B g ]
| & = 5€,, 1 = 0.01 A ]
-ler b= 0-2"\01 h2 = 0.1/\0, € = €, _f b
18k b = 0, hz = 0.25A0, €y = €, ~ | [1]
b = O.QAQ, h2 = 0.25A0, € = € \
& = 2]

-50 0 50

[3]
8, ( degrees)

Fig. 5. Transmission cross section through slits on single and stacked thid#]
plates.f; = 0, a = 0.1\, for single plateh; = 0.5Aq, for stacked plates:
hy = hg = 0.25X¢, €1 = €3 = €,, —: stacked plates,- - : single plate.

is further reduced by 2 dB. If the plate is split into two [5]
thinner ones with equal thickness, and separated.Byhg,

the transmission cross section can be significantly reduced bé/
14 dB. If the two slits are laterally shifted 2}y, the cross [6]
section is reduced further by 2 dB. If the two plates are moved
closer t00.1)o, the transmission cross section is increased’]
by about 4 dB, mainly due to multiple reflection by both
plates. If a dielectric withcy = 5¢, is inserted between the
two plates, the transmission cross section is increased, whié#
is contrary to the single plate case. For the latter case, the
inserted dielectric scatters more power back to region (0); fae]
the former case, the inserted dielectric focuses more power
into region (4). The cross section can be reduced by addipg;

slight loss in the dielectric.
In summary, by splitting a thick plate into two thinner[ll]

893

stacked thick plates. The limiting cases of zero-thickness plates

also formulated. The effects of slit width and depth have

been analyzed. It is also observed that using two thin plates
with proper separation is better than a thick plate to shield
incident waves.
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