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Scattering and Radiation from Finite Thick Slits
in Parallel-Plate Waveguide

Jung H. Lee, Hyo Joon Eom, Member, IEEE, and Jae W. Lee

Abstract— The problem of TE-wave scattering and radiation
from a finite namber of thick slits in a parallel-plate waveguide
is solved. The Fourier transform is used to express the scattered
field in the spectral domain. The boundary conditions are en-
forced to obtain a series solution which is amenable to numerical
computation. The numerical computations are performed to il-
lustrate the behaviors of scattering, transmission, and reflection
in terms of incident angle, slit size and operating frequency. The
presented solution is computationally very efficient so that it is
useful for slotted-waveguide leaky-wave antenna applications.

1. INTRODUCTION

LECTROMAGNETIC radiation and scattering from a
thin-slotted parallel-plate waveguide has been extensively
studied in [1]-[3] for leaky-wave antenna applications. The
radiation from the thick slot was studied in [4] by assum-
ing that thick metal strips were periodically loaded over a

dielectric waveguide on a conducting plane. The motivation

of the present paper is to investigate TE-wave scattering and
radiation from a finite number of thick slits in a parallel-
plate waveguide. Our assumption of a finite number of slits
is not only realistic but also versatile in that it allows us
to investigate cases ranging from a single to infinite thick
slits. Using the Fourier transform and the residue calculus,
in the next section we represent the transmission, reflection,
and scattering coefficients in fast-convergent series form which
is computationally very efficient. The notations in this paper
closely follow those in [5].

II. FIELD REPRESENTATIONS

N slits of width 2 and depth d in a parallel-plate waveguide
are shown in Fig. 1. Regions (I), (I), and (III), respectively,
denote the parallel-plate waveguide (wavenumber = k; =

w1€1), N(= L1 + La + 1) slits (wavenumber = ky =
w\/%), and the lower half-space (wavenumber = k3 =
wy/fiz€3 = 2x/\). We assume that two incident TE-waves,
E;! and B2, excite Regions (I) and (IIT), respectively. A time-
harmonic factor ¢~%* is suppressed. In Region (1), the total
field consists of the incident and scattered fields

Eil(z 2) = Are*eT sink_ (2 + b) ¢}

/ E'I(C sin(ky2)e™%® d¢ ©))]
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Fig. 1. Problem geometry of slotted waveguide leaky-wave antenna,

where 0<s<kib/n(s: wnteger), ks =

VE =K 5 = k= (.

In Region (IN), (T —a <z <IT +a,

s/bkys =

—d-b<z2< —b:l=

—Ly,---,Ls) the total transmitted field is
E';I(x,z) = Z SN Gy (2 4 a — IT)[B, cos &m (2 + b)
m=1
+ ¢ sin &, (2 + b)] (3)

where a,, = mm/(2a) and &, = /K2 — a2,.
In Region (III) the total field is

EZ?(SL‘, z) _ Azei[kzx—l—kz (z+b+d)] 4)

Bl (2, 7) = —Apellb=ks (z40+d)] )

1 oo i ) .
E;H(:E,z) — 7 / E?I/II(C)B——zCa:—zng (z+b+4d) d(; (6)

where k3 = \/k3 — (%, k, = ksin6, and k, = k3 cos¥.
The tangential electric field continuity at 2 = —b yields

11
El(z,-b) = {fﬁ’ (,-),

Applying the Fourier transform [~

ZT‘—a<a:<lT+a

otherwise.

@)

(--)e¥® dx to (7)

yields
Ly oo
( )[—2isin(k1b)) Z Zbl ame T a’F,,(al)
l=—L; m=1
, (3)
it m __ ,—it
Fm(t> — E_(_—Le_ %)

— (mm/2)?
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The tangential magnetic field continuity on the aperture of the
slits (rT' —a<z<rT +a,z2=—b:r=—Ly,---, Ls) gives

m—zsAle“““w - L/ mlE;(C) cos(k1b)e™ % d¢
228 M1 J -0
Z mEm sinay(z +a —IT). (10)
m=
Substituting  EL(¢) of (8) into (10), multiplying
f:fj;(--)sinan(w + a — rT) dz, and performing

integration, we obtain

kzsAl r - 2
—_—y = Z z b amand®I}! = cflﬁna
M1 27ru Manay v 2
an
where
Vh = ane*="T o2 F, (kysa) (12)

I{i,m = / K1 cot(nlb)a2Fm(Ca)Fn(—Ca)eiC(l_”)T dc.

13

The evaluation of 17}, using the residue calculus gives [5]
27N COL (N

Iﬁnn - J’#—Z‘Snm&"l + J; 1mn (14)

(15), shown at the bottom of the page, where 6, is the
Kronecker delta, n,, = +/k3 —a2,, and Ji}  is a fast
converging series.

In view of (8), the tangential electric field continuity at
z = —b — d yields

Lo oo
D > b cos(émd)

l=—L; m=1
- cfm sin(fmd)]amazeidTFm(Ca)~

E(¢) =

(16)

Similarly, the tangential magnetic field continuity on the
aperture of the slits (rT —a<z<rT +a,z2 = —b—d:r =

—Ly,---, L) gives
2sz2 1 L2 > 1
—_——f + — A @ [by, €08(Emd
o Pt 121 g::l [ (émd)
- Cl Sln(g’m )]0, 2mn
= M—afn[bg sin(&,d) + ¢}, cos(£,.d)] a7
2
where
B =ane®* T2 F, (k,a) 18)

Ity = / h K302 Fp (Ca) Fp(—Ca)e T ge. (19)

The evaluation of I3} in the complex-¢ domain gives [6]

27rxm

Izmn = 6nm6'rl (20)

JZ mn
m

where X, = +/k2 —a2, and J5! s given by a rapidly
convergent integral in the Appendix.

HI. EVALUATION OF SCATTERED FIELDS
Equations (11) and (17) constitute a simultaneous system

for ¢, and b,,
U, ¥ ||B| _|P
s Uy ||C] 7 |Q

where B and C are column vectors of b,, and c,,, and the
matrix elements are

@D

o= Gl 0O (nb) o 4 amana®JiL,  (22)
’ H1 27 pa
= ¢§O)6mn6rl + 1/]§l) (23)
1
;fn'm = —£1a6nmbri (24)
2
=98 S 25)
- N ax, cos(&,.d i .
gfnm = [u_) - *'agn 51n(£n d):l 6nm5rl
M3 H2
Anlm 2 rrl
— m 2
271,“3 COS(§ d)a’ ‘]2mn ( 6)
6 mnra + 95 @7)
aXnsin(&, d i
anm = [___X'ﬂ__(_gn_) - —a&n COS(En d)] 6nm6rl
3 K2
AnGm .
+ 2:‘% sin(ém d)a®J5 . (28)
=57 S b1t + 15" (29)
k.sAr
Py =2 (30)
1251
2k, Az,
g, =—26;. ) 31)
"3
It is shown in [6] that J5!,  is represented in asymptotic series

of which sth term is on the order of (kga)o'f‘“s; hence, in high-
frequency limit (ksa >> 1), we obtain an approximate closed-
form

B~ [ — (07 + {0l (~ e8] + 987 a))
(32)

O m 9 — (@ + i @V — v qn).
(33)

Note that (32) and (33) ignore the branch-cut contribution
J3t (= 0(1/+/ksa)), thereby significantly simplifying a com-
putational amount. By use of the residue calculus, we evaluate

)m+n

iC[l=r|T _ (__1ymeiCl(—r)T+2a| _ (1 neiC|(l-r)T—2a|
le (=1 (=1 }

s)

T =~y S

=1

b((¢? — a7 )(¢? — af)a?

=k —(y7/b)?
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the total scattered fields at z = oo

Ey(£00,2) = Kisink.,(z+b)e™* ==  (34)
where 0<wv<kib/m,v: integer, k,, = vn/bky, =
/k2 _ kz
b m Z’l) :F,LkmvlT 2Fm k.’E’U
Kpmi 35 50 tambs Eot) - as)

kzyb

When A; = 1and Ay(= P;2) = 0, the time-averaged incident,
reflected, transmitted and radiated [scattered into Region (III)]
powers are, respectively

kesb
i — x*s 36
' dwm o
. b
Py= e [ Bl(-oo, ) HIF(—0,2) de
A i
LI 7
dwpy
1 b i i
P, = §R6/0 [Eyl(oo)z) + E;(OO,Z)][H;(OO,Z)
+ H (0, 2)]*
b
_ 1+ KH? oo K | 8
s K SRl 09

v#£s

1 o .
P, = ERe/m ENz,—b— d)HM (z, -b— d) do

Ly oo .
—it*a
Re{ ‘Sm
l:ZLl rnZZI 2wz
x [bl, cos(€m d) — ¢, sin(érm, d)] ‘
Bl siner, )+ ey cos(en ) |

(39

where 0 <v < (kib/n),v: integer, and the symbols Re(---)
and (- - -)* denote a real part and a complex conjugate of (- -).
The power conservation requires B, + P + Ps = Pj3.

When Al( 11) = 0 and A2 =1
Pz‘g _ (ZN/fg (40)
w3
b
P. = %Re/ E;(—oo,z)HzI*(—oo,z) dz
0 : ’
b
= Fewo| K |? 41
o Z Lo (1)
l b
P= 5Re/ B, (00, z)HI* (0, 2) dz
0
b
= Feao | K2 42
o Z Led @)

The far-zone scattered field and power at dlstance -z =
rsinfs and —(z + b+ d) = rcosf, are

k i(kar—m/4) 7=
Ey(r,0,) =/ 5, cos 0ue T D BINO)] iy sino,

(43)

pa(r,0,) == Re[Em('r 0,)Hi™ (r,8,)]. (44)
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Fig. 2. Real part of EN(z,—b ~ d) on the slit versus
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Fig. 3. Radiated power psP;; pattern when N is varied (a = 0.165A,
b=0.2X,d = 0035\ T = 0.36), Ay =1, 42 = 0).

To check the accuracy of our computation, we compute
EH(:r, —b~d) by varying m from one to nine and comparing
our results to Fig. 3 of [3]. Fig.2 shows that agreement
between two results is excellent when m = 9 is used in our
computation to achieve convergence. Fig. 3 shows the effects
of N on the angular behavior of far-zone radiation from finite
thin slits. As N increases from 7 to 51, the radiation pattern
becomes sharper while retaining the maximum radiation at
s = 25°. Note that our result with IV = 51 agrees reasonably
well with the theoretical prediction of infinite number of slits
in [7]. We use m = 2 in the computation; hence, the size of the
matrix (21) is 204 x 204. In Fig. 4 we-investigate the accuracy
of theé high-frequency solution (32) and (33) when a = 2.1).
The angular trend of p,;/P;; between the high-frequency and
exact solutions agrees very well except for more than a 3—4
dB level difference at 6, > 20°. The high-frequency solution
requires no numerical integration of J3!,.. This means that
the high-frequency solution is very efficient for numerical
computation yet accurate when o > . Fig. 5 shows the angle
of the maximum radiation §,,, versus the normalized aperture

‘width 2a/X for various T'/A. There exist abrupt changes in
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. exact solution with branch cut
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Fig. 4. Comparison of high-frequency limit pattern (ps/ P;; ) with exact one

(a=21X\b=106\d=01I\T=5\A4; =1,A; = 0,N = 2).
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Fig. 5. Maximum radiation angle 65, when 2a¢ and T are varied.
(b=06)d=04; =1, 4, = 0,N = 10).

Osm and O,y is limited to —50° < §,,, < 30° for the choice of
parameters considered here. Fig. 6 shows the effects of d/A
on the radiation pattern. As d/) increases from 0.01 to 1, the
level of ps/P;; decreases by more than 25 dB, whereas the
angular shape of ps/P;; remains unchanged.

IV. CONCLUSION

The problem of TE-wave scattering and radiation from a
finite thick slits in a parallel-plate is considered. The solution
is obtained in simple series form which is very efficient
for numerical computation. The computed results agree fa-
vorably with other existing solutions. The high-frequency-
limit solution in analytic form, which requires no numerical
integration, is shown to be valid for a > A. The range of the
maximum radiation from the slits is presented for various
antenna geometry. The solution presented in the paper is useful
for the design of the leaky wave antenna of slotted parallel-
plate waveguide. It is straightforward to apply the presented
approach to the problem of TM-wave scattering and radiation
from finite thick slits in parallel-plate waveguide.
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Fig. 6. Effects of d/A\" on radiation
N =10(a = 0.2\, b = 0.6A, T = 2\, A; =

pattern  (ps/P;;) when

]7A2 = 0).

APPENDIX
EVALUATION OF INTEGRAL If! .

The detailed evaluation of I3t . is given in [6]. The results

are

1) When [ = r and (m + n) is odd, I3}, =
2) When ! = r and (m + n) is even

2ﬂxn

I?mn - 6mn6l7‘ 2mn

m

Jan =R+ R

where

R /oo _42(_1)71, /ﬁ(—2i+v)62ik3a6_2k3av p
1=
o (

ksa)2[(1 1+ )2 —a?[(L+ )2 - 07 *
iz = /0 (ksa)2[(1 ﬁl)z“f‘fjﬂi = "
o =am/ks, B=an/ks.
3) When | # r
g = 2“"” X s b — JIE
I .

— (=1)"I3(¢T — 2a)}
where

qg=Il—r

_ [ iu(=2irv)etteleleholel .
() = /0 (k3a)2[(1 + 10)? — a?][(1 +iv)? — B?] d

REFERENCES

[1] Y. K. Cho, “Analysis of a narrow slit in a parallel-plate transmission
line: E-polarization case,” Electron. Lett., vol. 23, no. 21, pp. 1105-1106,
Oct. 1987.

[2] H. A. Auda, “Quasistatic characteristics of a slotted parallel-plate
waveguides,” in JEEE Proc.—Pt. H, vol. 135, no. 4, pp. 256-262, Aug.
1988.



216

[31

[4]

{31

[6]

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 44, NO. 2, FEBRUARY 1996

C. W. Chuang, “Generalized admittance matrix for a slotted parallel-
plate waveguide,” IEEE Trans. Antennas Propagat., vol. 36, no. 9, pp.
1227-1230, Sept. 1988.

J. A. Encinar, “Mode-matching and point-matching techniques applied
to the analysis of metal-strip-loaded dielectric antennas,” IEEE Trans.
Antennas Propagat., vol. 38, no. 9, pp. 1405-1412, Sept. 1990.

J. H. Lee, H. J. Eom, and K. Yoshitomi, “TE-mode scattering from
finite rectangular grooves in parallel-plate waveguide,” Radio Sci., vol.
29, no. 5, pp. 1215-1218, Feb. 1994.

T. J. Park, H. J. Eom, and K. Yoshitomi, “Analysis of TM scattering
from finite rectangular grooves in a conducting plane,” J. Opt. Soc.
Amer. A, vol. 10, no. 5, pp. 905-911, May 1993.

V. I Kalinichev and Yu. V. Kuranov, “Diffraction of surface waves
by an array of metallic rods and analysis of a leaky wave dielectric
antenna,” Radiotekhnika i Elektronika, no. 10, pp. 1902-1909, 1991.

Jung H. Lee was born in Korea in 1968. He
received the B.S. and M.S. degrees in electrical
engineering from the Korea Advanced Institute of
Science and Technology where he is now working
toward the Ph.D. degree.

His area of interest is microwave measurement
techniques and computational electromagnetics.

Hyo Joon Eom (S’78-M’82) received the B.S.
degree in electronic engineering from Seoul Na-
tional University, Korea, and the M.S. and Ph.D.
degrees in electrical engineering from the Univer-
sity of Kansas, Lawrence, KS; in 1977 and 1982,
respectively.

From 1981-1984, he was a Research Associate
at the Remote Sensing Laboratory of the University
of Kansas. From 1984-1989, he was with the faculty
of the Department of Electrical Engineering and
Computer Science, University -of Tllinois, Chicago,
IL. In 1989, he joined the Department of Electrical Engmeermg, Korea
Advanced Institute of Science and Technology where he is currently a
Professor. His research interests are radar remote sensing ‘and wave diffraction
and scattering.

Jae W. Lee was born in Korea in 1970. He received
the B.S. degree in electronic engineering from the
Hanyang University, Seoul, Korea, in 1992, and the
M.S. degree in electrical engineering from the Korea
Advanced Institute of Science and Technology, in
1994. He is now working toward the Ph.D. degree
in electrical engineering at the Korea Advanced In-
stitute of Science and Technology at Taejon, Korea,
with an emphasis in electromagnetics.



