
Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2011, Article ID 727605, 12 pages
doi:10.1155/2011/727605

Research Article
Effect of Dissipative and Dispersive DNG
Material Coating on the Scattering Behavior
of Parallel Nihility Circular Cylinders

Shakeel Ahmed,1 Muhammad Naveed,2 Abdul Ghaffar,3
Aqeel A. Syed,1 and Q. A. Naqvi1

1 Department of Electronics, Quaid-i-Azam University, Islamabad 45320, Pakistan
2 Department of Physics, National University of Sciences and Technology (NUST),
Islamabad 44000, Pakistan

3 Department of Physics, University of Agriculture, Faisalabad, Pakistan

Correspondence should be addressed to Q. A. Naqvi, nqaisar@yahoo.com

Received 12 November 2010; Revised 29 January 2011; Accepted 16 March 2011

Academic Editor: J. Jiang

Copyright q 2011 Shakeel Ahmed et al. This is an open access article distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Electromagnetic scattering from coated nihility circular cylinders, illuminated by E-polarized
plane wave, is investigated using an iterative procedure. Cylinders are infinite in length. The
boundary conditions are applied on the surface of each cylinder in an iterative procedure in order
to solve for the field expansion coefficients. The effect of different types of the coating layers
including double positive (DPS) and double negative (DNG) on the alteration of the forward and
backward scattering has been observed. Specially, the effect of dispersive and dissipative DNG
coating layer has been focused. Numerical verifications are presented to prove the validity of this
formulation by comparison with the published literature.

1. Introduction

Scattering from multiple cylinders in free space has been studied by many researchers [1–
14]. For the analysis of multiple cylinders, different techniques had been used to analyze
the scattering between nearby conducting circular cylinders [1]. Twersky [2] extended the
multiple scattering problem to an N number of cylinders for the first time. He expressed
the total radiation field as an incident field plus a scattered field of various orders. Burke
et al. [3] derived the multiple scattering solution for N cylinders as a series of Hankel
functions. Ragheb and Hamid [4] studied the scattering of plane waves by N circular
cylinders. They used conducting circular cylinders to simulate a cylindrical reflector [5].
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Furthermore, a rigorous solution had been introduced to solve the scattering problem from
an array of dielectric or conductor cylinders for a plane wave excitation of normal incidence
[6]. Elsherbeni and Kishk [7] used the principle of equal volume model to study any two-
dimensional cylindrical object of arbitrary cross section by an array of circular cylinders.
Elsherbeni et al. [8] presented an iterative scattering of a Gaussian beam by an array of
circular conducting and dielectric cylinders. Elsherbeni gave a comparative study of two-
dimensional multiple scattering techniques [9]. Yin et al. [10, 11] studied the scattering
of electromagnetic waves by an array of circular bianisotropic cylinders in the case of
normal incidence. The scattering of an obliquely incident plane wave on an array of parallel
dielectric circular cylinders of arbitrary radii and positions was considered by Henin et al.
[12]. Ahmed and Naqvi have studied the scattering of electromagnetic waves from parallel
perfect electromagnetic conductor (PEMC) cylinders [13], strip and strip grating simulated
by circular PEMC cylinders [14]. Roumeliotis and Ziotopoulos studied the scattering by a
circular cylinder parallel with another one of small radius [15].

Concept of nihility medium has been introduced by Lakhtakia [16, 17] and has
attracted the attention of many researchers [18–22]. Nihility medium is a medium in which
both relative permittivity and permeability are null valued [16, 17]. Due to this fact, the
medium does not allow the electromagnetic energy to propagate in it [16, 17] because

∇ × E = 0,
∇ ×H = 0.

(1.1)

Knowing the fact that nihility medium is unachievable but having the concept of its
simulation in some narrow frequency range, it still attracts scientists [23, 24].

Electromagnetic scattering by coated circular cylinders is a classical problem in
electromagnetics and was investigated by several researchers [25–29]. Shen and Li [25]
studied electromagnetic scattering by a conducting cylinder coated with materials having
negative permittivity and permeability also known as double-negative (DNG) material. The
scattered field for two plane waves incident on a circular cylinder covered by a dielectric
material was investigated by Mushref [26]. A closed series solution of electromagnetic
scattering by an eccentric coated cylinder in matrix form was achieved by Mushref [27],
while Sun et al. [28] analyzed the electromagnetic radiation of a line source scattered by
an infinite conducting cylinder coated with a left-handed material (LHM material). Irci and
Ertürk [29] used the DNG and single-negative (SNG) coated conducting cylinder to achieve
transparency and scattering maximization.

In this paper, an iterative solution for the scattered field fromM parallel coated nihility
circular cylinders is derived. The cylinders are excited byE-polarized planewave. In response
to this field each of the coated cylinders scatters this field which is referred to as the initial
or zeroth-order scattered field of each cylinder. Then, the zeroth-order scattered field from
M-1 coated cylinders is considered as the incident field on the remaining cylinders. Thus, a
first-order scattered field is generated. This process can be repeated for each coated cylinder.
In order of the interaction between the cylinders, the appropriate boundary conditions are
satisfied on the surface of the coating layer as well as on the surface of core cylinder.

2. Formulation

Consider a number of parallel circular nihility cylinders excited by an incident plane wave
as shown in Figure 1. They are supposed to be numbered from 1 to M, while each is



Mathematical Problems in Engineering 3

x

y

Nihility core

Coating layer

ρ′j ρ′M

ρ′i

φ′
j

φ′
M

φ′
i

dij

yj

yi

yM

xj

xi

xM

bi

ai

Figure 1: Geometry of coated nihility circular cylinders.
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Figure 2: Far-zone scattered field pattern due to DPS (ε1 = 5, μ1 = 1) coated nihility circular cylinders
(horizontal configuration) a = 0.1λ0, b = 0.12λ0, and d = 0.75λ0.

cylinder defined by its radius, material type core, and coating layer and its center coordinate
with respect to the global cylindrical coordinate system (ρ, φ). In this analysis, e+jωt, time
dependence, has been used and suppressed throughout.
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Figure 3: Far-zone scattered field pattern due to DPS (ε1 = 5, μ1 = 1) coated nihility circular cylinders
(vertical configuration), a = 0.1λ0, b = 0.12λ0, and d = 0.75λ0.

Consider an E-polarized incident plane wave to be the incident field on “ith”, cylinder
is expressed in its local cylindrical coordinates (ρi, φi), as

Einc
z

(
ρi, φi

)
= ejk0ρ

′
i cos(φ

′
i−φ0)ejk0ρi cos(φi−φ0)

= ejk0ρ
′
i cos(φ

′
i−φ0)

∞∑

n=−∞
j−nJn

(
k0ρi
)
ejn(φi−φ0),

(2.1)

where ρ′i and φ′
i represent the location of “ith” cylinder with respect to origin, k0 is the free

space wave number, Jn(·) is the Bessel function of first kind, and φ0 is the angle of incidence
of the plane wave with respect to the x-axis. The corresponding φ component of the magnetic
field is given by

H inc
φi

(
ρi, φi

)
=

1
jη0

ejk0ρ
′
i cos(φ

′
i−φ0)

∞∑

n=−∞
j−nJ ′n

(
k0ρi
)
ejn(φi−φ0). (2.2)

Prime represents derivative with respect to the argument, and η0 =
√
μ0/ε0 is the

impedanceof free space. The scattered fields by the “ith” cylinder in Region 0, that is, free
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Figure 4: Far-zone scattered field pattern due to DPS (ε1 = 5, μ1 = 1) coated nihility circular cylinders
(corner reflector configuration), a = 0.1λ0, b = 0.12λ0, and d = 0.75λ0.

space, may be expressed as

E0
zi

(
ρi, φi

)
=

∞∑

n=−∞
ainH

(2)
n

(
k0ρi
)
ejn(φi−φ0),

H0
φi

(
ρi, φi

)
=

1
jη0

∞∑

n=−∞
ainH

(2)′
n

(
k0ρi
)
ejn(φi−φ0).

(2.3)

While the transmitted fields in region 1, that is, inside the coating layer (η1 =
√
μ1/ε1,

k1 = ω
√
μ1ε1) of the “ith” cylinder, may be written as

E1
zi

(
ρi, φi

)
=

∞∑

n=−∞

[
binJn

(
k1ρi
)
+ cinYn

(
k1ρi
)]
ejn(φi−φ0),

H1
φi

(
ρi, φi

)
=

1
jη1

∞∑

n=−∞

[
binJ

′
n

(
k1ρi
)
+ cinY

′
n

(
k1ρi
)]
ejn(φi−φ0),

(2.4)

and the fields inside the core cylinder (η2 =
√
μ2/ε2, k2 = ω

√
μ2ε2) are given as

E2
zi

(
ρi, φi

)
=

∞∑

n=−∞
dinJn

(
k2ρi
)
ejn(φi−φ0),

H2
φi

(
ρi, φi

)
=

1
jη2

∞∑

n=−∞
dinJ

′
n

(
k2ρi
)
ejn(φi−φ0),

(2.5)
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Figure 5: Far-zone scattered field pattern due to DPS (ε1 = 5, μ1 = 1) coated nihility circular cylinders (star
configuration), a = 0.1λ0, b = 0.12λ0, and d = 0.75λ0.

where ain, bin, cin, and din are the unknown scattering coefficients of the fields in different
regions.

3. Solution of the Unknown Scattering Coefficients

The unknown scattering coefficients may be calculated by applying the boundary conditions
at the surface of core and coating of the ith cylinder. The continuity of the tangential
components of electric and magnetic fields at the surface of the core, that is, ρ = ai of the
ith cylinder, is given as

E1
zi = E2

zi at ρi = ai, 0 ≤ φi ≤ 2π,

H1
φi = H2

φi at ρi = ai, 0 ≤ φi ≤ 2π.
(3.1)

Using boundary conditions (3.1) and substituting the values of the field components, the
unknowns may be expressed after some mathematical manipulation as

bil =

[(
η2/η1

)
Yn(k1ai)J ′n(k2ai) − Y ′

n(k1ai)Jn(k2ai)

J ′n(k1ai)Jn(k2ai) −
(
η2/η1

)
Jn(k1ai)J ′n(k2ai)

]

cil. (3.2)



Mathematical Problems in Engineering 7

0 60 120 180 240 300 360
0

|E
s
|

φ

ε1 = −0.399 + 0.263i, μ1 = −1.397 + 0.623i

1

2

3

4

5

6

7

8

ε1 = −5, μ1 = −1

Figure 6: Far-zone scattered field pattern due to DNG coated nihility circular cylinders (horizontal
configuration), a = 0.1λ0, b = 0.12λ0, and d = 0.75λ0.

Now, the boundary conditions at the surface of coating layer of the ith cylinder, that is, at
ρ = bi, are given as

Einc
zi +

M∑

g=1

E0
zi = E1

zi at ρi = bi, 0 ≤ φi ≤ 2π,

H inc
φi +

M∑

g=1

H0
φi = H1

φi at ρi = bi, 0 ≤ φi ≤ 2π.

(3.3)

Since the fields given in equations (2.1)–(2.5) all are expressed in the local coordinates of
the ith cylinder, so addition theorem of Hankel functions is used to transfer these fields in
terms of global coordinates. Generally, the transformation from qth coordinates to the pth
coordinates is given for the ith as [8]

H
(2)
n

(
kρq
)
ejmφq =

∞∑

m=−∞
Jm
(
kρp
)
H

(2)
m−n
(
kdpq

)
ejmφpe−j(m−n)φpq ,

d2
pq = ρ′2p + ρ′2q − 2ρ′pρ

′
q cos

(
φ′
p − φ′

q

)
,

φpq =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

cos−1
[
ρ′q cosφ′

q − ρ′p cosφ′
p

dpq

]

, ρ′q sinφ′
q ≥ ρ′p sinφ′

p,

−cos−1
[
ρ′q cosφ

′
q − ρ′p cosφ

′
p

dpq

]

, ρ′q sinφ′
q < ρ′p sinφ′

p,

(3.4)
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Figure 7: Far-zone scattered field pattern due to DNG coated nihility circular cylinders (vertical
configuration), a = 0.1λ0, b = 0.12λ0, and d = 0.75λ0.

where (ρ′q, φ
′
q) and (ρ′p, φ

′
p) are the origins of qth and pth coordinate systems, respectively.

Solving the boundary conditions (3.3) for the unknowns ail while applying the addition
theorem of Hankel functions, we get

V l
1i =

M∑

g=1

∞∑

m=−∞
agnT

ln
1ig ,

V l
2i =

M∑

g=1

∞∑

m=−∞
agnT

ln
2ig ,

(3.5)

where

V l
1i = PlJl(k0bi),

V l
2i = PlJ

′
l(k0bi),

T ln
1ig = 0 i = g, l /=n

= H
(2)
l (k0bi) i = g, l = n

= Jl(k0bi)Hln i /= g,

Tln
2ig = 0 i = g, l /=n

= H
(2)
l (k0bi) i = g, l = n

= J ′l(k0bi)Hln i /=g,
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Pl = jlejk0ρi cos(φi−φ0),

Hln = H
(2)
l−n
(
k0dig

)
e−j(l−n)φig .

(3.6)

In the above equations, the integers l, n = 0,±1,±2, . . . ,Ni and i, g = 0, 1, 2, . . . ,M. All the
summations range from minus infinity to plus infinity theoretically, but the upper limits Ni

are truncated to a numerical value which is related to the size and nature of the cylinders and
also to the distance between the centers of the cylinders.

Equations (3.5) give the unknown scattering coefficients for the ith cylinder. Following
the same procedure on the rest of the cylinders, we obtain a matrix form solution as

(
V1

V2

)

=

(
T1

T2

)

(a). (3.7)

Solving (3.7), we get the unknown scattering coefficients a for all the cylinders. After
truncating the infinite series solutions for the field expressions, solution of (3.7) gives the
unknown scattering coefficients ain. Applying the limiting procedure proposed by Lakhtakia
[16, 17], the scattered field from parallel nihility cylinders is obtained. The H-polarized
incidence case can be deduced from E-polarized case using the duality theorem. The
expressions of Hz and Eφ fields in H-polarized case correspond to the Ez and Hφ field
expressions in the E-polarized incidence case.

4. Simulations

Far-field patterns from an array of five identical nihility cylinders of circular cross section,
coated by different coating layers, are shown in this section. The radii of all the cylinders
are taken the same as ai = 0.1λ0, while distance between their centers is taken to be d.
The proposed geometries made by coated nihility cylinders are excited by plane wave
propagating along positive x-axis. To check the validity of the formulation and numerical
codes, scattered field patterns of the coated and uncoated parallel nihility cylinders have been
compared with those obtained for the uncoated parallel perfect electric conducting (PEC)
cylinders [8]. The code generated for the plots of the paper has been tested by comparison to
plots for uncoated PEC cylinders [8].

Figures 2–5 present the far-field patterns due to different configurations of coated and
uncoated nihility circular cylinders. Figure 2 shows the far-zone scattered field patterns of
the five equally spaced coated nihility cylinders arranged along x-axis. The center-to-center
distance between the cylinders in this arrangement is taken as d = 0.75λ0. From this figure,
it is seen that there is a big difference between the scattered field patterns of the uncoated
nihility and PEC cylinders. And the back-scattered field due to nihility cylinders is smaller
than that for the PEC cylinders. It is also observed from this figure that back-scattered field
pattern due to double positive (DPS) (ε1 = 5, μ1 = 1) coated nihility cylinders is comparable
to that of uncoated PEC cylinders except that in this case forward and backward fields are
almost equal. Figure 3 contains the far-field patterns of the five nihility cylinders placed along
y-axis, with d = 0.75λ0 as the spacing between their centers. This figure shows that in the
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Figure 8: Far-zone scattered field pattern due to DNG coated nihility circular cylinders (corner reflector
configuration) a = 0.1λ0, b = 0.12λ0, and d = 0.75λ0.
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Figure 9: Far-zone scattered field pattern due to DNG coated nihility circular cylinders (star configuration),
a = 0.1λ0, b = 0.12λ0, and d = 0.5λ0.

case of DPS coated nihility cylinders, back-scattered field can be controlled when forward-
scattered field increases.

Figure 4 contains the far-field patterns of the five nihility cylinders placed in corner
reflector configuration, with d = 0.75λ0 as the spacing between their centers. It is observed
from the figure that in the case of DPS coated nihility cylinders, back-scattered field is greater
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than forward-scattered field in contrast to uncoated cases of nihility and PEC corner reflector
configurations. Figure 5 presents the far-field patterns of the five nihility cylinders placed in
a star-like configuration at the origin, with d = 0.5λ0 as the spacing between their centers. In
this case also, it is observed that in the case of DPS coated nihility cylinders, back-scattered
field is greater than forward-scattered field in contrast to uncoated cases of nihility and PEC
corner reflector configurations.

Figures 6–9 present the far-zone scattered field patterns of different arrangements of
nihility circular cylinders coated by lossless double-negative (DNG) (ε1 = −5, μ1 = −1)
and dissipative and dispersive DNG (ε1 = −0.399 + 0.263i, μ1 = −1.397 + 0.623i) materials.
Figure 6 shows the reduction in forward and backward fields when coated by dissipative
and dispersive DNG material. Figure 7 shows a very small variation due to lossless and
dissipative and dispersive DNG materials. Figure 8 shows that in case of corner reflector
formed by DNG coated nihility cylinders, forward-scattered field is reduced, while this
backward-scattered field is increased for dissipative and dispersive DNG material. Figure 9
shows that in case of star-like configuration formed by DNG coated nihility cylinders,
forward-scattered field is reduced, while the backward-scattered field is increased in case
of dissipative and dispersive DNG material.

5. Conclusions

From the numerical results, it is observed that the forward- and backward-scatteredfields can
be altered or changed using different types of coating layers, on the nihility circular cylinders.
Specially using DNG coating layers, a large contribution is obtained in the forward-scattered
field as compared to the backward-scattered field.
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