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Radiation from Multiple Circumferential Slots
on a Conducting Circular Cylinder

Jong Kweon Park and Hyo Joon Eom,Member, IEEE

Abstract—Electromagnetic wave radiation from multiple cir-
cumferential slots on a conducting circular cylinder is theo-
retically investigated. The Fourier transform/series technique is
used to represent the continuous and discrete modes of the
scattered field. The mode matching is utilized to constitute a
set of simultaneous equations for the discrete modal coefficients.
The residue calculus is applied to transform the scattered-field
integral representations into fast-converging series forms, thereby
facilitating the numerical computations. Numerical computations
illustrate the behavior of radiation in terms of the slot geometry,
the incident mode, and the operating frequency.

Index Terms—Electromagnetic radiation, slot antennas.

I. INTRODUCTION

ELECTROMAGNETIC scattering from circumferential
slots on a circular conducting cylinder is an important

subject matter due to its antenna application [1], [2].
Radiation from a single circumferential slot on a coaxial
cable was studied by Chang [3] to obtain an equivalent-circuit
representation. The aperture admittance of a circumferential
slot in a circular cylinder was obtained in [4] using Parseval’s
theorem. Knop and Libelo [5] investigated the leakage
radiation from a circumferential slot on a conducting cylinder
and its applications to the electromagnetic interference
(EMI) problems. Recently, Xu and Wu [6] have considered
radiation from an infinite number of circumferential slots on
a conducting cylinder in order to apply to a millimeter-wave
grating antenna. In this paper, we analyze scattering and
radiation from a finite number of circumferential slots on a
conducting cylinder using the Fourier transform and mode
matching as used in [7]. Our analysis allows us to study the
effects of the number of slots on the radiation and scattering
behaviors. In Sections II and III, we present TE (transverse
electric to propagation direction) and TM (transverse magnetic
to propagation direction) wave scattering analyses and their
applications to leaky-wave antenna. A brief summary on the
scattering analysis is given in Section V.

II. TE-WAVE ANALYSIS

Consider multiple circumferential slots on a thick circular
conducting cylinder as shown in Fig. 1. Assume the primary
field (incident TE mode) propagates from below. Then the
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scattered electric field has acomponent only due to a circular
symmetry. In region (I) ( ), the total electric field is a
sum of the incident and scattered field as

(1)

(2)

where , ,
, , is the first order Bessel function.

In region (II) ( ), the electric field is a sum of the
discrete modes as follows:

(3)

where and a prime denotes
the differentiation with respect to . The coefficients and

are unknown to be determined by the boundary conditions
, , and is the unit step

function. In region (III) ( ), the electric field is

(4)

where , , and is the first-
order Hankel function of the first kind. Note that it is trivial
to evaluate the corresponding and field components in
each region. The field continuity at gives

otherwise.
(5)

Taking the Fourier transform to (5), (5) , yields

(6)

where

(7)

The field continuity at for ,
, is written explicitly as

(8)
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(a) (b)

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

Multiplying (8) by and integrating with respect
to from to and rearranging

(9)

Note that is the Kronecker delta and

(10)

Using the residue calculus, we transform (10) into rapidly
converging series as shown in (11) at the bottom of the page.

are the roots of . Similarly, the tangential
field continuities at yield

(12)

where

(13)

An evaluation of with the contour integral technique [7]
gives

(14)

where

(15)

(16)

From (9) and (12), we obtain the matrix equation forand

(17)

(11)
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where and are column vectors of and , respectively,
and , , , , and elements are

(18)

(19)

(20)

(21)

(22)

In low-frequency limit, an approximate closed-form solution
for a single slot is

(23)

(24)

and the remaining . By use of the residue calculus,
we evaluate the scattered field at in region (I)

(25)

where

(26)
is determined by . Let , , , and
denote the time-averaged incident, reflected, transmitted,

and radiated powers, respectively. Then the reflection,
transmission , and scattering coefficients are

(27)

(28)

(29)

where

(30)

(31)

The symbol denotes taking the real part of, denotes
complex conjugate, and the power conservation requires

. The far-zone radiation field at distanceis

(32)

where

(33)

III. TM-W AVE ANALYSIS

Assume the primary field (incident TM mode) propagates
from below the slotted circular cylinder shown in Fig. 1. In
region (I) ( ), the magnetic field consists of

(34)

(35)

where , , ,
. In region (II) ( ), the magnetic

field can be expressed as follows:

(36)

where ,
, and . In region (III) ( )

(37)

where , . The applications of the
boundary conditions are somewhat similar to those in the TE
case. The and field continuities at between
regions (I) and (II) give

(38)

where , , and

(39)

(40)
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It is possible to transform (39) into a rapidly-converging series
form by using the residue calculus. Similarly and field
continuities at between regions (II) and (III) yield

(41)

where

(42)

It is expedient to change (42) into a numerically efficient form
by using the residue calculus. The scattered field at
in region (I) is

(43)

where

(44)

is determined by . Similarly, the reflection
, transmission , and scattering coefficients are

(45)

(46)

(47)

where

(48)

(49)

The far-zone radiation field at distanceis

(50)

Fig. 2. Angular radiation pattern as a function of slot numberN (TE wave)
(f = 36:5 GHz,�r = 2:1, a = 5 mm,b=a = 1, T = 4:8 mm,d=T = 0:75).

where

(51)

IV. NUMERICAL COMPUTATIONS

The behavior of the TE-wave radiation from an infinite
number of slots was well understood in [6].
In Fig. 2, we show the TE-wave angular radiation pattern

for different
slot number . As increases, the main-lobe beamwidth
and the sidelobe level decrease. When , the angular
radiation pattern agrees well with the results in [6] for

. In our computation, we use one propagation mode
( ) in (18), thus confirming the energy conservation to
within 0.01% error. Our computational experience indicates
that all propagating modes in region (II), ( ), must be
used in computation with (18) in order to achieve numerical
accuracy and convergence. Fig. 3 illustrates the TE-wave
angular radiation pattern

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 . Fig. 5 shows the angular radiation pattern
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Fig. 3. Frequency scanning characteristics (TE wave) (�r = 2:1, a = 5

mm, b=a = 1, T = 4:8 mm, d=T = 0:75, N = 20).

Fig. 4. Reflection, transmission, and scattering coefficients versus slot num-
berN (TE wave) (f = 36:5 GHz, �r = 2:1, a = 5 mm, b=a = 1, T = 4:8
mm, d=T = 0:75).

for the TM
wave. All parameters used in the computations are chosen to
maximize the radiation as used in [6]. As the slot number
increases, the main-lobe beamwidth near becomes
narrower while the antenna pattern still retains the endfire
characteristics with the peaked radiation at and 180.
Fig. 6 illustrates the TM-wave radiation pattern

for different operating frequency. As the frequency changes
from 32 to 38 GHz, the location of the main lobe is seen to
shift slightly less than 40.

V. CONCLUSION

Using the Fourier transform and the mode-matching method,
we analyze the radiation characteristics of the multiple circum-
ferential slots on a conducting circular cylinder. The effects

Fig. 5. Angular radiation pattern as a function of slot numberN (TM wave)
(f = 36:5 GHz, �r = 2:1, a = 5 mm, b=a = 1, T = 4:8 mm, d=T = 0:4).

Fig. 6. Frequency scanning characteristics (TM wave) (�r = 2:1, a = 5

mm, b=a = 1, T = 4:8 mm, d=T = 0:4, N = 20).

of the number of the slots on the angular radiation pattern
are investigated for the TE and TM waves. The presented
solution is formulated in terms of the fast-converging series,
which are amenable to numerical computations. Our numerical
computations for the radiation pattern agree reasonably with
the antenna measurements at band. Our formulation is
useful for the design of the circumferential slot antenna, which
has no azimuthal variation.
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