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ABSTRACT

The transverse magnetic (TM) radiation characteristics are investigated for a cylinder with N infinite axial slots of ar-
bitrary opening size and location. The cylinder is a thin circular conductor and coated by an eccentric material. Fields
are found by applying the boundary conditions to the cylindrical wave functions. The addition theorem of Bessel func-
tions is used to obtain an infinite series solution in Fourier-Bessel series form. Results are computed by shrinking the
generated infinite series to a finite number of terms and compared to other available data. Numerical results in

graphical forms for different values are also developed and discussed for small eccentricities.
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1. Introduction

The problem of field characteristics from slotted cylin-
drical structures is an important study in electromagnetic
field theory and has been the focus of a number of earlier
researches [1-6]. Though, previous investigations did not
determine possible effects to radiations of N arbitrary
sited slots with diverse opening sizes and when the con-
ducting cylinder and the coating material are both eccen-
tric.

Silver and Saunders derived expressions for the exter-
nal field produced by a slot of arbitrary shape in 1950.
The far field was determined by applying the method of
steepest decent to the Fourier integrals in the solution [1].
The results obtained were also applied by Bailinin 1955
to the cases of narrow-width hal-wavelength slots in infi-
nite cylinders with large radii [2]. Hurd derived the ra-
diation patterns of an axial slot in a dielectric coated cir-
cular cylinder and made some comparisons with experi-
mental results in 1956 [3]. Additionally, Wait and Mi-
entka presented the fields produced by an arbitrary slot
on a circular cylinder with a cocentric dielectric coating
in 1957. The far zone expressions were developed using

a saddle-point method applied to the derived integrals [4].

In 2009, the transverse electric patterns are investigated
for a cylinder with N axial slots of arbitrary opening size
and position [5]. The transverse magnetic fields are then
considered for a dielectric-coated metallic-cylinder with
two arbitrary axial slots in 2010 [6].
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2. Mathematical Formulation

Electromagnetic problems with cylindrical structures are
typically better solved in cylindrical coordinates. The
problem stated in this paper is solved in the two dimen-
sional circular cylindrical coordinate system with (r, ¢).
As illustrated in Figure 1, the global coordinate system
(r, ¢) is defined at the center of the dielectric coating
material and the local coordinate system (r;, &) is de-
fined at the center of the slotted metallic cylinder. The
center of the local coordinate system is situated at X = d
with respect to the global coordinate system.

In this paper, the transverse magnetic (TM) character-
istics are found for N infinite axial slots in a circular me-
tallic cylinder covered by a dielectric material as shown
in Figure 1. The cylinder is assumed to be a thin perfect
electric conductor with radius a and with infinite extent
along the z-axis. On the cylinder surface N slots are axi-
ally opened with an angular apertures of 26, 26, 26,
-+, 26\ located at 6,6, B, ---, G respectively with
respect to the x-axis. The cylinder is entirely covered by
an eccentric dielectric layer with radius b and assumed to
be homogenous, linear, and isotropic and characterized
by permittivity ¢ and permeability g The region out of
the coating material for all r > b and 0 < ¢< 2r is as-
sumed to be free space with & and . As shown in Fig-
ure 1, the dielectric material and free space are consid-
ered as region I and region II respectively.

Formulation starts by solving the Helmholtz scalar
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Figure 1. Cross sectional view of the structure.

wave equation in the circular cylindrical coordinate sys-
tem in r and ¢. Going after the separation of variables
method, the solution is a Bessel or Hankel function in r
multiplied by a complex exponential in ¢. The structure
shown in Figure 1 requires the electric field to be repre-
sented by a Fourier-Bessel exponential series. In region I,
this is represented by a summation of a harmonic func-
tion multiplied by Bessel functions as [5,6]:

E; =Y e™{a,d, (kr)+BY, (kr)} A (1)

In region 11, the electric field radiates from the struc-

ture and therefore the Hankel function is assumed and
multiplied by a harmonic function as [7,8]:

B = 2 e"H (k) A, @
n=-w

where o, S, and A, are unknown coefficients and i =
J-1. k and ko are the dielectric coating and free space
wave numbers respectively given by k = 2r/4 and A is
the wavelength. J,(X) and Yn(X) are Bessel functions of
the first and the second type respectively with order n
and argument x. H‘® (x) is the outgoing Hankel function
of the second type with order n and argument X.

3. Analytical Solution

The boundary conditions are applied to find oy, £, and A,
coefficients. From the geometry of the structure shown in
Figure 1, the boundary conditions with respect to the
global coordinate are continuity of both tangential elec-
tric E, and magnetic H, fields for all ¢ at r =b, that is:

E!=E' atr=band 0<$<2n 3)
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Hy=H} atr=band 0< ¢ <2n “4)

where Hy is derived from Maxwell’s equations as

:(—i/a)y)(ﬁEz/ﬁr) [5,6].
Equations (3) and (4) can be solved using the or-
thogonality of the complex exponential functions to get:

3, (Ko)+ A, (ko) = H® (k,b) (5)
2 Jn (kb)+ B,Y, (kb) =& Hi?" (k;b) (©6)

where e, =./z, /e, and the prime notation designates
differentiation with respect to the argument.

Equations (5) and (6) are then solved to find ¢, and £,
as:

_ kb Hy? (kob) Y, (kb) -
2 | e HE( k,b)Y, (kb) |
H® (k,b)J! (kb
PR (') » (kb) ®
2| e HY" (kob)J, (kb) |

The third boundary condition can be expressed in the
local coordinate system. At r, = a the tangential electric
field vanishes in region I for all values of ¢ except at the
slots where it has a value of:

(¢ 06, )
E. =E, cos| ————=~ 9
z oL { 29|_ ( )
forrc=a, |- 6y <GandL=1, --- N.

The addition theorem of Bessel functions is given by
[9,10]:

T, (kr)e™ =
$ (L Ten (K3, (k)™ r >0 (10
ot To.p (kd)J, (Kr, )e™ r, <d

where Ty(X) can be Jy(X) or Y,(X) and m and p are inte-

gers.

By applying the theorem in Equation (10) to the
boundary condition in Equation (9), the outcome can be
simplified to be:

men n(ka) Y, (ka)
ip“(_l) {a L (kd) ﬂ”Ym_n(kd)}

i mefn(kd) a>d

11
Jo(ka) a<d o
N
22 - _"29; -cos(mé, )e -imb.

For small values of 4, cos(mé) = 1 and Equation (11)
can be simplified to:
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A (1) {a . (ka) p Ym(ka)}

:i o (kd) Y, (kd)

3, (kd) a>d

12)
Jo(ka) a<d (
N E. 6.
=2 oL —|m€5L
21 n’ —46’m

For small values of d the summation quickly con-
verges and thus Equation (12) can be further simplified if
expressed in matrix form. Therefore, the coefficients A,
can be found as:

(A =[Zon S [ (13)

where Z , is the second factor in the left side of Equation
(12) and fy, is the right side of the same equation. The
matrix [Zn,m ]mxn in Equation (13) is a non-singular
square matrix.

The asymptotic expression of the Hankel function can
be used in Equation (2). Hence, the radiated field can be
estimated at a far point as [3,6]:

2

El e 9p 14
! )z (149

where P(¢) is the far radiated field pattern given by:
P(¢)= 2 I"Ae™ (15)

n=-0

The antenna gain and the aperture conductance per
unit length A, are two other major quantities in the study
of the antenna characteristics. By Equations (13) and (15)
both can be respectively found as in reference [11] to be:

_ n|P(g)[

— (16)
2n:2_w|‘\|
4% A
Gaf Ay === (17

2 Vot
L=1

where V, is the voltage across the slot equals E, as in
Equation (9) [8,9].

4. Numerical Analysis

It is essential to confirm the correctness of the expres-
sions derived before obtaining the numerical results for
the consequences of the slots’ arbitrary sizes and loca-
tions. Several graphical results are computed and also
judged against other curves in reference [11] for a slot
size of € = 1/100. The results achieved are only calcu-
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lated for values of n from —25 to 25 of the series pro-
duced in the solution due to the fast convergence of the
summation. The produced field patterns are normalized
to the curves of zero eccentricity to simplify investiga-
tions and recognize the variations that may happen when
N axial slots of arbitrary size and position exist with ec-
centricity.

Equation (12) is expressed as a series over N from —oo
to +oo which can produce infinite matrices in Equation
(13). This series quickly converges for small values of d
and can be numerically solved by reduction to develop
finite matrices. In contrast, for larger values of d the
physical size of the antenna structure shown in Figure 1
is bigger and additional terms in the summation are re-
quired [12]. Therefore, the numerical evaluations are
computed for small eccentricities in order to smooth the
progress of the series expansion.

The antenna gain in Equation (16) compared to refer-
ence [9] is shown in Figure 2(a) versus the coating
thickness at =0 forN=1,E;; =1, 6,=0,26,= 6,,d=
0.0014, ge& =4, /1y =1 and a = 24,. In addition, the
aperture conductance per unit length 4y in Equation (17)
is shown in Figure 2(b) versus the coating thickness for
N = 1, Eol = 1, 951 0 291 00, d= 0001%, 8/80 = 4,
My = land a = 24, assessed against the same results in
reference [11]. As expected, the curves establish perfect
agreements and the calculated results confirm every in-
dication of accuracy. Additionally, convergence tests cla-
rify that a sufficient number of terms in the infinite series
is applied.

The far radiated patterns are better investigated in po-
lar coordinates due to the general shape of the proposed
structure shown in Figure 1. As in most references, the
cylinder radius and the coating thickness are assumed to
be a = 0.3584, and b = 0.4217 1, respectively. Besides,
the number of slots considered in all patterns computa-
tions is N = 3 with three values of eccentricities as d =
04, 0.024y and 0.064, respectively. Also, the voltages
across all slots are assumed as E, = 1 where L is the slot
number. All calculated radiation patterns are normalized
to the maximum value of the zero eccentric case, d = 0.

5. Results and Discussions

Figure 3 illustrates the radiation patterns for 6; = 0, 6,
=7/2, 83 =mand 26, =26, = 265 = 6. In Figure 3(a),
the fields are computed for &&= 2.56 and /1= 1. Field
patterns are symmetric around the y-axis for d = 04, but
new lobes may appear as eccentricity increases as seen
for d = 0.064,. Figure 3(b) shows the radiation patterns
for &/&=1 and 1/ = 4. Symmetry is also noticed for d =
0 around the y-axis and different lobes are produced
when d is changed.

Additionally, Figure 4 shows the radiation patterns for
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Figure 2. (a) Antenna gain in dB versus coating thickness for &g = 4, y/u, = 1 and a = 24y, —— reference [9], — — — calculated
atg=0forE,; =1,N=1, 6,=0, 26, = &, and d = 0.0014; (b) Aperture conductance in millisiemens versus coating thickness
for élgy =4, plyy = 1 and a = 24,, —— reference [9], — — — calculated for Ej; =1, N=1, 8, =0, 26, = 6, and d = 0.0014,.
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Figure 3. Radiation patternsfor N =3, 6,, =0, 8, =7/2, 63 =7, 26, =26, =26 = &, a=0.3584; and b = 0.42174; —— d = 04,
-------- d=0.024y, ———d =0.064. (a) &g =2.56, = 1; (b) ey =1, luy=4.

931 = O, 932 = 75/2, 033 =1 and 291 = 9(), 262 = 29() and 203
= 36,. In Figure 4(a), the fields are computed for &&=
2.56 and /1= 1. Lobes on the left side are greater due to
the larger size of the slot at that location where they may
also increase as eccentricity increases. The same under-
standing can be accepted for the radiation patterns shown
in Figure 4(b) for &/, =1 and 1/, = 4.

Also, Figure 5 illustrates the radiation patterns for €
= 0, 052 = 2TC/3, 053 = 4n/3 and 291 = 262 = 203 = 00. In
Figure 5(a), the fields are computed for && = 2.56 and
My = 1. Symmetry is very clear around the x-axis for all
values of d with the maximum lobe at ¢ = n. Figure 5(b)
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shows the radiation patterns for &g = 1 and g/ = 4.
Symmetry is also noticed around the x-axis but with lar-
ger lobes at ¢= 0 as d increases.

The last computed radiation patterns are shown in Fig-
ure 6 for 6, =0, 6, =27/3, 63 =4n/3 and 26, = 6, 26,
=26y and 26; = 36,. In Figure 6(a), the fields are plotted
for &g =2.56 and g/, = 1. No symmetry is noticed due
to the different sizes of the slots. Figure 6(b) shows the
radiation patterns for &g = 1 and g/yy = 4 where the
larger lobes are in the place of larger slots.

From the above, symmetry of the radiation patterns
and size of the lobes are greatly affected by the location

JEMAA



Radiations from an Eccentric Coated Cylinder with N Slots 309

120 60

150

180} i

a0

240 7300
270

@

120 60

150/ N30

a0 N~/ N s

240 7300
270

(b)

Figure 4. Radiation patterns for N =3, 6, =0, &, = n/2, 63 =7, 26, = &), 26, =26, 26, = 34, a = 0.3584 and b = 0.4217 A,
——d =04, = d=0.024y, ——-d =0.064. (a) &g =2.56, Wy =1; (b) elgy=1, pduy = 4.
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Figure 5. Radiation patterns for N =3, 6;; =0, 8, = 2n/3, 63 =4n/3, 260, =26, = 26; = 6, a = 0.3584y and b= 0.42174y, ——d =
0Ag, === d=0.024y, - ——d = 0.064. (a) &g =2.56, thuy = 1; (b) dley =1, oy = 4.

and the size of each slot and the eccentricity of the coat-
ing.

Moreover, the gain in dB at ¢= 0 is plotted in Figure
7forN=3,6,=0,26=6,26 =26 and 26, = 34,
Figure 7(a) shows the gain versus the coating thickness
fora=24,d=04, Op=1/2, O =7, d&y=4, (=1,
deg =1 and /1y =4 and also for 6, = 2n/3, O, = 41/3,
dey=4, =1, gleg =1 and p/py = 4. As noticed, the
gain is almost constant at less than 0.9 up to b = 2.154,
but greatly changed for larger coating thickness values.

Copyright © 2011 SciRes.

The gain versus eccentricity is also plotted in Figure 7(b)
fora=0.94p, b=2.14, Op=7/2, O =7, g =4, 11
=1, &g =1 and @/, = 4 and also for &, = 2n/3, O, =
An/3, dey =4, Wy =1, &g =1 and p/yy = 4. The gain
does not change much for eccentricities of 0 < d < 0.6 but
different peaks may occur for d = 0.754, and d = 1 4.

The aperture conductance is shown in Figure 8 for N
=3,6,=0,20= 60,20 =26 and 26, = 36,. Figure
8(a) shows the aperture conductance versus the coating
thickness for a =24y, d =04y, Gy =72, Oy =7, &g = 4,
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My =1, &g =1 and p/1y =4 and also for 6, = 27/3, 6,
=4n/3, de =4, iy =1, &g =1 and /1y = 4. The
conductance shows several peaks for b > 2.24,. The ap-
erture conductance versus eccentricity is also plotted in
Figure 8(b) for a = 094y, b = 2.14y, 6, = /2, Oy =,
de=4, pluy=1, gg =1 and @/1y =4 and also for &, =
2n/3, O =4n/3, ey =4, =1, ey =1 and p/yy = 4.
The conductance is nearly less than 1 millisiemens up to
d = 0.7, but different peak values appear for larger ec-

120 60

240 300

centricities.
6. Conclusions

An analytical solution was derived for the problem of N
infinite axial slots in a circular cylinder covered with an
eccentric dielectric coating material. The TM case was
considered based on the boundary value method and the
radiated fields were represented in terms of an infinite
series of cylindrical waves. The solution explained the
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N30

/330

240 300
270
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Figure 6. Radiation patterns for N =3, 8, =0, 6, =243, 63 =4n/3,26, = 6, 26, = 26y, 26; = 36y, a = 0.3584, and b= 0.4217 4,
——d =04, = d=0.024y, ———d =0.064. (a) &gy =2.56, gy =1; (b) eley =1, plyy = 4.
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Figure 7. Antenna gain in dB versus coating thickness at ¢=0for N=3, 8, =0, 26, = 6, 26, =26, and 265 = 36,. (a) a = 2 4,
d=0%4, O =72 Op=m (—— d& =4, pp=1), (- deo=1, puy=14), 6, =23, 6 = 4n/3, (- —— e =4, puy=1), (- -
—dea=1 u=4); (0)a=0914,b=2114, Op=n2 Or=m (— de =4 pp=1), (- dey=1, fuy=4), 6, =2nl3, 6,

=43, (---de=4 puw=1),(- - - dey=1, pu=4).
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Figure 8. Aperture conductance in millisimens versus coating thickness for N =3, 6, =0, 26, = &), 26, = 26, and 26 = 36,. (a)

deo=1, o =4), By =2n3, 6y = An/3, (- —— dley = 4, il =

1), (- - - deo=1, uuo=4); (0)a=09 A, b=2.1 4, Bo=w/2, Bo=n, (— &gy =4, plup = 1), (-~ ey =1, lpp = 4), Gp =
2n/3, By = 4n/3, (- —— dey =4, gy =1), (= —— e =1, pluy = 4).

effects of the proposed additional slots in arbitrary loca-
tions with eccentricity to the far field patterns. Possible
influences that can take place to the antenna gain and the
aperture conductance were presented and discussed.
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