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Radiation from Multiple Circumferential Slots
on a Conducting Circular Cylinder

Jong Kweon Park and Hyo Joon EoMember, IEEE

Abstract—Electromagnetic wave radiation from multiple cir-  scattered electric field hasfacomponent only due to a circular
cumferential slots on a conducting circular cylinder is theo- symmetry. In region (I) 4 < a), the total electric field is a
retically investigated. The Fourier transform/series technique is sum of the incident and scattered field as
used to represent the continuous and discrete modes of the

scattere_d field. The mod_e matching is utilized to constitute a ;I(p’ 2) :fﬂ Jl(kcp)ez,ﬁzz (1)
set of simultaneous equations for the discrete modal coefficients. k

The residue calculus is applied to transform the scattered-field wp 1 - o

integral representations into fast-converging series forms, thereby Eui(p, 2) = o / — E(Q)(kp)e 7 d¢ (2)
facilitating the numerical computations. Numerical computations T Joo

illustrate the behavior of radiation in terms of the slot geometry, - _ /A7 13 - -
the incident mode, and the operating frequency. where k. = 3.832/a, §. - p i ke, = wy/lienco N

2 /A, k= /% — (2, J1(.) is the first order Bessel function.
In region (Il) @ < p < b), the electric field is a sum of the
discrete modes as follows:
I. INTRODUCTION N—-1 oo

—qu .
LECTROMAGNETIC scattering from circumferential Egn(p, 2) E:o ; @ (rxp) sin ax(z —nT)
slots on a circular conducting cylinder is an important "=
subject matter due to its antegnn:z application [f], [2]. X [u (Z_HT) —ulz = d=nT)] 3)
Radiation from a single circumferential slot on a coaxiakhereQ(kip) = rjJo(krp)+siNo(krp) and a prime denotes
cable was studied by Chang [3] to obtain an equivalent-circtiite differentiation with respect tey p. The coefficients} and
representation. The aperture admittance of a circumferentigl are unknown to be determined by the boundary conditions
slot in a circular cylinder was obtained in [4] using Parsevals, = /3% — a3, ai. = kn/d, and u(.) is the unit step
theorem. Knop and Libelo [5] investigated the leakageinction. In region (Ill) ¢ > b), the electric field is
radiation from a circumferential slot on a conducting cylinder .2 iwu/
P, 2) =

Index Terms—Electromagnetic radiation, slot antennas.

and its applications to the electromagnetic interference Egi EEHI(C)HJEI)(SD)WCZ ¢ (4)
(EMI) problems. Recently, Xu and Wu [6] have considered =
radiation from an infinite number of circumferential slots ohere¢ = /33 — (2, By = wy/nico, andHfl)(.) is the first-
a conducting cylinder in order to apply to a millimeter-waverder Hankel function of the first kind. Note that it is trivial
grating antenna. In this paper, we analyze scattering amdevaluate the correspondidg. and H, field components in
radiation from a finite number of circumferential slots on @ach region. The,, field continuity atp = a gives
conducting cylinder using the Fourier transform and mode

matching as used in [7]. Our analysis allows us to study the Eui(a, z) = { (5)
effects of the number of slots on the radiation and scattering

behaviors. In Sections Il and Ill, we present TE (transverdaking the Fourier transform to (5),”°_(5)c’** dz, yields
electric to propagation direction) and TM (transverse magnetic

Esula, z) nT <z<d+ nT
0, otherwise.

N—-1 oo

to propagation direction) wave scattering analyses and their Z Z Q Kra) kI (C) ©6)
applications to leaky-wave antenna. A brief summary on the o St Ji(ra)
scattering analysis is given in Section V.
where
J(=Dkeied —1]
IIl. TE-WAVE ANALYSIS Fr(e) = 2l CQ) ° | jient 7)
— a2

Consider multiple circumferential slots on a thick circular
conducting cylinder as shown in Fig. 1. Assume the primar ZThe H. field continuity atp = a for nT' < z < d +nT,
field (incident T, mode) propagates from below. Then the?z1(%: 2) + Hzi(a, 2) = H.r(a, 2), is written explicitly as

oo
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T=d+w

(b)

Fig. 1. Multiple circumferential slot antenna on a circular cylinder. (a) Problem geometry. (b) Coordinate system.

Multiplying (8) by sin a;(z —pT’) and integrating with respect An evaluation ofK;,7;" with the contour integral technique [7]

to z from pT to d 4+ pI" and rearranging gives
PN (kra)
> [i I - 05 dJowa)éménp} e e _ 4 EH(ED)
Sl R M=o ) e Okbnpli=a,
N1 2 Hy (¢b)
1 oo |
+y> [ lf:"“) I~ 0.5 dNo(nka)éklénp} ST — apay [{1 + (=D (g7
=0 k=1 k (1 1
= —Jo(ka)FP(B.). ) — (“DMIP+ oT) = (~)'I (~d+ gT)] (19)
Note thatéy; is the Kronecker delta and
1 [ kJo(ka) where
nr=— O FR(OFP (=) d¢. (10)
M7 or | Ji(ra) K t I’S)(x)

Using the residue calculus, we transform (10) into rapidly 2 [

converging series as shown in (11) at the bottom of the page. — _ﬁ/o

ij are thg roots of]l(m)|<=.<j = 0. Similarly, the tangential ¢iBolz] ;= Bovla]

o coninuties 2 = b el * B 0 = (e o)+ 0P = (al P
3 {M K —05 dJo(mkb)éklénp} r x ! v
n—0 k=1 L J? [ﬁobw/v(—Qi + v)} + N2 [ﬁobw/v(—% + v)}

N—-1 oo
Ni(rb) (15)
K — 0.5dNo(1k10)01160p | sE = 0
+ o ’; { i ki 5 dNo(rxb)ort p:| Sk g=n—p. (16)
12)
From (9) and (12), we obtain the matrix equationfgrandsy
where

oo L[ HMED) v, W][R] (D
Kif = 5 _MMF,C@)FI (=Qd¢. (13) [\P; \PjHSF[O} (17)

2[L(— 1) 4 1) eiIn=plT (1 )keiclat(n=n)T] _ (1 )lgicltn—p)T—d]]
al(¢? = af)(¢* — af)

d kJo(ka) ik
np _
Ly = 2 Ti(ra) Okibnple=ar — GrL Z

¢=¢;
(11)

=1
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whereR andS are column vectors of} ands}, respectively, The symbolRe[.] denotes taking the real part pf, = denotes

and W, Uy, W3, Uy, andI” elements are complex conjugate, and the power conservation requjreés
T (rrat) 7+ o = 1. The far-zone radiation field at distaneds
ILPM I;le —0.5 d.]o(nka)éklénp (18) B 62‘(]307,_7‘.)
N (/«; a) E[ﬂH(T, 9) = KS (9) 77 (32)
Pyl = ——— L = 0.5dNo(rka)ubny  (19) oo
Jl(likb) N-1 oo /
o= K7 — 0.5 dJo(kib)6ri6n 20 B gy Q' (rxb)
b3 ki o Bk — 05 o(kkb)oribnp  (20) KTB(6) = Z >
" Ni(rph) ., n=0 k=1
pir, = 1(kk ) K7 — 0.5dNo(kb)6ribnp  (21) iwpan[l — (—1)keiod cos 8]
—a[(—1)leiBd — 1 ‘ H® (Bob sin 0)[(fo cos 6)2 — a2
,ylp — o [( ) e 5 ] Jo(kca)cz,B;pT' (22) _16 ([,1? Slzl )[([0 COs ) ak]
B2 — a; x eTtPond cos ¢ (33)

In low-frequency limit, an approximate closed-form solution

for a single slotN = 1 is [ll. TM-W AVE ANALYSIS

Assume the primary field (incident T mode) propagates

0 YT - (23) from below the slotted circular cylinder shown in Fig. 1. In
(PP2198%0 — 8011 98%1) region (1) (» < a), the magnetic field consists of
—T/)g Rty ; —twe :
5] &2 (24) Hii(p, 2) = —— Jy(kep)e® 34
b (0 920 — 8% 98%) a1(p: 2) ke 1(kep) (34)
—q 1 . "
and the remaining} ~ s{ ~ 0. By use of the residue calculus, Hui(p, z) = ZMC / — E(Q)Ji(kp)e™*d¢  (35)
we evaluate the scattered field -at= +o0 in region (1) T Joeo K
‘ where k. = 2.405/a, 8. = /B> —k2, B = w\/peqcq,
Eg(p, +00) Z LF(¢ Ji(kp)et e, (25) K = /B2 —C2. In region (Il) @ < p < b), the magnetic
field can be expressed as follows:
where Nol o e
H 2) (r cos a —nT
N—1 oo . . @II p7 Z Z rnp rn( )
_ Z Z i, Q' (rra) KA [(=1)*eFied — 1] oFisnT n=0 m=0
— —~  mra CJo(ra)((? — af) X [u(z — nT) —u(z —d—nT)] (36)
(26)
: . where R RmpP) = pzl‘] Kmp) + qrrrllN KmpP), Fm =
¢ 1s determined by (xa)lc—, = 0. Let I3, I, 1%, and %Wag( and)a = m7r/00(l. In 2egion (III(;((p >)b)
P, denote the time-averaged incident, reflected, transmitte me ”
and radiated powers, respectively. Then the reflectign H —MCO / i E H(l) —i¢z g¢ (37
transmission(7), and scatteringo) coefficients are prri(p; 2) = mi(Q)Hy ™ (€p)e ¢ (37)
S Py whereé = /33 — (2, Jy = w\/péo. The applications of the
B boundary conditions are somewhat similar to those in the TE
|1 +L+(CJ)|<.—3 case. TheE, and H¢_ field continuities atp = a between
regions (1) and (Il) give
n Z k2 Re[¢;)JE (ka) — JO(KG)JQ(KG)|L+(C')|2 Nl o ;
2 j \S
(Z PRI ’ 2 2 [Jo )t =050 2 0t
(27) n=0 m=0 m
Py Ni(kma)
5 2 P _ = 1\ fvm
0=7 (28) " z z [No )5t = 0.5 )
P,,, n= m=
n=—-
B X anlénlsénp] qrﬁ
B i kZRe[(;) T (ka) — Jo(ka)Jo(ka) |L ) |2 (29)
- 2 12 J Jy (k.
=t w2 Re[f3.]Jg (k.0) = Ak g (38)
where wherew,,, =2, (m=0), I(m=1,2,3,---) and
p, = T 72(k.a) Re[3.] (30) 1 [ Ji(sa)
i = 7 Jolfca = np _ = 1 n P(_
282 =55 | e G OGO (39)
bd = —iw ; m iCd
71' Z Z ad Iikb Q*(Iﬁlkb) . (31) GZ;(C) _ _[’C[(_l) c b _ 1] eiCnT. (40)

n=0 k=1 k ¢? — a2,



290

It is possible to transform (39) into a rapidly-converging series

form by using the residue calculus. Simila#, and H field
continuities atp = b between regions (Il) and (ll1) yield

N—-1 oo

2. 2

n=0 m=0

,]1 (I{nl b)

"Ern

|:J0 Iﬁ;m ms 0.5 rd

n
Um 6ms 6np P

N—-1 oo
5 Nl(lim,b)
+ Z Z |:N0 Iinl rns 0.5 7dT
n=0 m=0
X mOms 6np] qzl =0 (41)
where
w_ 1 [T HIE)

21 oo eHO (eD)

It is expedient to change (42) into a numerically efficient for

by using the residue calculus. The scattered field at +co
in region (1) is

Hyi(p, +00) = Y L¥ (rp)e™le=e,  (43)
j=1
where
N—-1 oo
Ro (Kma)

=T 2 L

n=0 m=0

m 1(d

J1(ra)(¢? —af)

¢; is determined by/o(ka)|c=¢, = 0. Similarly, the reflection
(n), transmissior(7), and scatteringo) coefficients are

2
"Th
2
=1+ LT(Q)| s,
k2 Re ()2 (ka) — Jo(ka)J2(ra) 2
LT
+ Z w2 Re[ﬁ ]]2( ) | J (CJ)|
Ci#B:
(45)
Py
P
=7
X kZRe[() 2 (ka) — Jo(ka)Ja(ka) 2
= ‘ L> 47
; w2 Re[3.]J3(k.a) | (" @7
where
walwe
P = oz J3(k.a)Re[3.] (48)
7rbd A Twea
Re| Y > ™ Ro(rmb) Ry (rmb)" |, (49)
n=0 m=0 m’
The far-zone radiation field at distaneds
-~ Ci(,@o’l‘fﬂ)
HquH(T, 9) = KS (9) _— (50)
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rﬁlg 2. Angular radiation pattern as a function of slot numiye(TE wave)

=36.5GHz,e, =2.1,a =5mm,b/a=1,T =4.8mm,d/T = 0.75).

where
N—1 o R K
0 rn
KTM
E:O ; 7rtan9

weo[(_l)nle—zﬁg dcos 6 _ 1]

HP (Bob sin 6)[(Bo cos 0)2 — a2,

—iBgnT cos 8

X ¢ (51)

IV. NUMERICAL COMPUTATIONS

The behavior of the TE-wave radiation from an infinite
number of slots(N = oo) was well understood in [6].
In Fig. 2, we show the TE-wave angular radiation pattern
PTE(G) = 20 log |[KTE(0)/[KTE(90°)|nv=20]| for different
slot numberN. As N increases, the main-lobe beamwidth
and the sidelobe level decrease. WhEn= 30, the angular
radiation pattern agrees well with the results in [6] fd0° <
6 < 140°. In our computation, we use one propagation mode
(k, I = 1) in (18), thus confirming the energy conservation to
within 0.01% error. Our computational experience indicates
that all propagating modes in region (I1)7 ¢ ax), must be
used in computation with (18) in order to achieve numerical
accuracy and convergence. Fig. 3 illustrates the TE-wave
angular radiation pattern

PTE(9) =20 log

) e

} fo=36 GHz

for different operating frequency. The main lobe locations

of each curve agree well with the results in [6], but the
angular radiation pattern, in general, changes substantially
as the operating frequency changes from 32 to 40 GHz.
Fig. 4 shows the behavior of the reflection, transmission, and
scattering coefficients versus the number of slots. Note that
the radiation efficiency (scattering coefficient) exceeds 92%
when N > 18. Fig. 5 shows the angular radiation pattern
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Fig. 3. Frequency scanning characteristics (TE wave)£ 2.1, « = 5 Fig. 5. Angular radiation pattern as a function of slot numbe(TM wave)
mm,b/a =1,T = 4.8 mm,d/T = 0.75, N = 20). (f =36.5GHz,er =2.1,a=5mm,b/a=1,T =4.8 mm,d/T = 0.4).
1 T T T T T T T T 40 \‘
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Fig. 4. Reflection, transmission, and scattering coefficients versus slot ndiig- 8- Frequency scanning characteristics (TM wave) £ 2.1, a = 5

ber N (TE wave) (f = 36.5 GHz, e, = 2.1,a = 5 mm,bja=1,T = 4.8 MM b/a=1,T =48 mm,d/T =04, N = 20).
mm, d/T = 0.75).

of the number of the slots on the angular radiation pattern
PIM(6) = 20 log | KM (6)/[KIM(90°) | v=20]| for the TM  are investigated for the TE and TM waves. The presented
wave. All parameters used in the computations are choserstflution is formulated in terms of the fast-converging series,
maximize the radiation as used in [6]. As the slot number which are amenable to numerical computations. Our numerical
increases, the main-lobe beamwidth néar 118° becomes computations for the radiation pattern agree reasonably with
narrower while the antenna pattern still retains the endfifge antenna measurements f&t; band. Our formulation is
characteristics with the peaked radiationfat 0° and 180. useful for the design of the circumferential slot antenna, which

Fig. 6 illustrates the TM-wave radiation pattern has no azimuthal variation.
KTM(Q) f KTM(900)
P™(9) =20 log [f = }/[ Lkl } REFERENCES
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