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Abstract

In the first part, the scattering characteristics of an isolated dielectric coated conducting rod
have been investigated. The types of considered coatings for the scattering analysis are realistic
materials including barium strontium titanate, magnetodielectric, gallium arsenide, and sili-
con carbide. It is found that the gallium arsenide coating can be used to significantly reduce
the scattering from a thin perfectly electric conducting cylindrical rod at specific observation
angles. In the second part, the effective permittivity and permeability of metamaterials com-
posed of two dimensional periodic arrangements of these dielectric coated conducting cylin-
drical rods have been studied. An increase in the double negative (DNG) bandwidth of a
metamaterial composed of barium strontium titanate coated conducting rods has been
observed in contrast to the corresponding bandwidth of a metamaterial composed of only bar-
ium strontium titanate material rods. Also an additional plasmonic epsilon negative (ENG)
bandwidth has been found in case of a metamaterial composed of barium strontium titanate
coated conducting rods. It is further studied that the widest ENG, mu negative, and DNG
bandwidths exist for a metamaterial composed of gallium arsenide rods.

Introduction

Recently, there has been a great deal of interest in the physics and engineering of metamaterials
due to their important technical applications, see for example [1–23]. The concept of a meta-
material has been introduced by Veselago in 1967 [1]. He suggested a new type of material
which has simultaneously negative permittivity and permeability. He also presented general
properties of electromagnetic wave propagation in such a material. He theoretically created
a lossless metamaterial and showed the extraordinary properties of this material which is
not found in nature. Following the work of Veselago et al. theoretically studied the negative
permittivity [2] material. They studied that an array of metallic wires with suitably chosen spa-
cing and radius can be constructed to form a negative permittivity material. Pendry and his
co-workers also proposed a negative permeability material based on the metallic split ring
resonators [3]. Later on, Smith et al. proposed a metamaterial which shows simultaneously
negative permittivity and permeability. They also carried out microwave experiments to test
unusual properties of the metamaterial [4]. Shelby et al. performed first experiment to show
negative refraction of the metamaterial which consists of two-dimensional array of repeated
unit cells of copper strips and split ring resonators [5]. The word metamaterial shows that
these materials do not exist in nature but they can be made artificially. These metamaterials
can be classified as a single negative (SNG) and double negative (DNG) metamaterials [6].
The SNG metamaterial can be an epsilon negative (ENG) metamaterial or mu negative
(MNG) metamaterial. The ENG metamaterial has real part of its effective permittivity as nega-
tive whereas the MNG metamaterial has real part of its effective permeability as negative.
Likewise, the DNG metamaterial has real parts of its effective permittivity and effective perme-
ability as negative simultaneously. The range of frequencies where the real part of the effective
permittivity is negative can be defined as an ENG bandwidth. Similarly, the range of frequen-
cies where the real part of the effective permeability is negative defines a MNG bandwidth. The
range of frequencies for which ENG and MNG bandwidths overlap gives rise to a DNG
bandwidth.

Alu et al. [7] have studied that pairing of ENG and MNG slabs under certain conditions
give some interesting features like resonance, tunneling, zero reflection, and transparency.
Some other interesting potential applications of SNG and DNG metamaterials have been stud-
ied and discussed by Alu and Engheta [8], Engheta et al. [9], and Kshetrimayum [10].
Recently, Awan has studied the effects of ENG or MNG background metamaterials upon
the reflection and transmission characteristics of a lossy wire grid [11] and the realization
of a DNG metamaterial based upon the realistic material coated spherical particles [12]. It
is known that a wire medium or metamaterial has spectrum of its effective permittivity as
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plasmonic [13,14], i.e. it has negative permittivity from zero fre-
quency to the plasma cutoff frequency. Based upon this, we
have defined a plasmonic ENG negative bandwidth as the range
of frequencies from zero to the plasma frequency. Contrary to
this, there also exists another type of ENG metamaterial whose
effective permittivity spectrum is resonant, see for example,
[15–17]. This is because of the finite size of the inclusions form-
ing an ENG metamaterial. In this case, it is found that the effect-
ive permittivity of such metamaterial is negative from resonance
frequency to plasma frequency. We take this range of frequencies
as a resonant ENG bandwidth. The disadvantage of the resonant
ENG metamaterials is that they have narrow ENG bandwidth.

A metamaterial composed of dielectric rods has been studied
by many authors [18–23]. Silveirinha has proposed the nonlocal
homogenization theory for a periodic lattice composed of long
thin ϵ-negative rods [18]. He argued that spatial dispersion effects
cannot be ignored in case of an electromagnetic crystal. Peng and
co-workers [19] have analyzed the left-handed properties of a
metamaterial composed of BST dielectric rods theoretically and
experimentally. Later on, the effective permittivity and permeabil-
ity of a metamaterial composed of BST rods have been studied
theoretically by Vynck et al. [20]. They also derived mathematical
expressions for the electric and magnetic dipole moments of a
cylindrical rod based on Mie scattering coefficients. Anisotropic
effects in a metamaterial composed of dielectric cylindrical rods
have been investigated by Peng and co-workers [21] theoretically
and they also verified their results numerically. According to
them, anisotropic effects are introduced by turning the square lat-
tice symmetry to the rectangular lattice. Li and Ling [22] have
derived the expressions for effective permittivity and permeability
of a rod array composed of water filled cylindrical rods. They also
studied the transmission loss incurred by random heights and
random positioning of rods forming a rod array. According to
them, the randomizations have little effects on the behavior of a
rod array at low frequencies. Valero and Vesperinas [23] have
investigated the behavior of a metamaterial composed of ordered
and disordered dielectric rods. They concluded that strong scat-
tering by disordered rods extinguishes most of the incident energy
and hence no negatively refracted forward beam is observed.
Some of the authors have studied the electromagnetic character-
istics of a metamaterial composed of dielectric coated conducting
rods, e.g. [24,25]. Valagiannopoulos and Tretyakov have proposed
a symmetric absorbers based upon a single infinite grating of per-
fectly conducting rods covered by ordinary dielectrics [24]. They
also provided a realistic absorber design which have an absorption
of 97%. A concept of digital metamaterial has been introduced by
Giovampaola and Engheta based upon analytical and numerical
study [25]. They have used cylindrical or spherical core-shell
inclusions for their design. They also applied their proposed meth-
odology to the design of various digital lenses. From all the refer-
ences cited above, no one has studied the scattering characteristics
along with the effective parameters of a metamaterial composed of
dielectric coated conducting rods with realistic dielectric materials
such as Ba0.5Sr0.5TiO3 (BST) dielectric, magnetodielectric, low loss
gallium arsenide (GaAs), and silicon carbide (SiC). Likewise,
comparative analysis of scattering characteristics and effective
parameters of metamaterials composed of perfectly electric con-
ducting (PEC), dielectric, and dielectric coated PEC rods based
upon these realistic materials have not been reported previously.
They are studied in the current paper.

In first section of the paper, we have analytically developed
and studied the scattering characteristics of an isolated dielectric

coated conducting rod. The various types of realistic dielectric
materials as mentioned above have been considered as coating
materials for a dielectric coated PEC rod and rod materials for
an uncoated rod. The scattering characteristics of a dielectric
coated PEC rod is also compared with the PEC and realistic
material rods having the same radii. During the study, it is
found that the GaAs coating can be used to significantly reduce
the scattering width of a small radius PEC cylindrical rod at spe-
cific observation angles. In this way, we can hide a thin cylindrical
PEC rod from the incoming wave at these specific observation
angles which find applications in the stealth technology. It is
also studied that by increasing the inner core radius of PEC rod
inside the magnetodielectric coated conducting rod, the forward
scattering width can be reduced whereas its backward scattering
width can be enhanced. Such a type of enhanced backscattering
is of an interest for radar engineering problems. In the second
part of the paper, effective parameters of a metamaterial com-
posed of dielectric coated conducting rods have been studied. It
is found that the widest plasmonic ENG bandwidth is observed
for a metamaterial composed of PEC rods and the narrowest plas-
monic ENG bandwidth exists for a metamaterial composed of
magnetodielectric coated conducting rods. A % increase
of 0.6135% in a DNG bandwidth for a metamaterial composed
of BST coated conducting rods has been observed as compared
to a metamaterial composed of only BST rods which were
reported by Vynck et al. [20]. There also exists an additional plas-
monic ENG bandwidth for a metamaterial composed of BST
coated conducting rods. For a metamaterial composed of magne-
todielectric rods there exists non-overlapping ENG and MNG
bandwidths which implies that there is no DNG bandwidth.
Contrary to this, it is analyzed that a metamaterial composed of
magnetodielectric coated conducting rods has overlapping ENG
and MNG bandwidths which gives rise to a relatively wider
DNG bandwidth as compared to a DNG bandwidth of a metama-
terial composed of BST coated PEC rods. Likewise, it is studied
that the widest ENG, MNG, and DNG bandwidths are observed
in case of a metamaterial composed of GaAs rods whereas there
exists no DNG bandwidth for a metamaterial composed of
GaAs coated conducting rods. In case of a metamaterial com-
posed of SiC rods, we have only resonant ENG bandwidth
whereas for a metamaterial composed of SiC coated conducting
rods, we have resonant as well as plasmonic ENG bandwidths.
For both of these metamaterials, there exists no MNG and
DNG bandwidths. These above mentioned findings based upon
the proposed theory signify the novelty of the current work and
have not been studied previously. This proposed theoretical
study is also helpful in designing of ENG, MNG, and DNG meta-
materials based on coated or uncoated cylindrical rods.

Scattering characteristics of an isolated dielectric coated
conducting rod

An infinite length circular cylindrical rod made of a PEC material
having radius a is considered. This cylindrical rod is coated with a
dielectric or magneto-dielectric material. The electromagnetic
parameters of the coating are ϵc = ϵoϵrc and μc = μoμrc where ϵo
and μo are the permittivity and permeability of the free space
respectively. Likewise, the parameters ϵrc and μrc represent the
relative permittivity and relative permeability of the coating
material respectively. A word magneto-dielectric is used for
those materials whose relative permeability is different from
unity. An outer radius of the coating is taken to be b with coating
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thickness of δ = b− a. The coating region has a propagation con-
stant of kc = ko(ϵrcμrc)

1/2 and an intrinsic impedance of ηc =
ηo(μrc/ϵrc)

1/2. The factors ko and ηo represent the free space
propagation constant and the free space intrinsic impedance
respectively. This dielectric coated cylindrical rod is placed in a
certain background medium whose propagation constant is k1
= ko(ϵr1μr1)

1/2 and its intrinsic impedance is η1 = ηo(μr1/ϵr1)
1/2.

It should be noted that a time convention of ejωt has been
assumed for the current study and suppressed throughout. The
geometrical configuration of an isolated dielectric coated conduct-
ing rod has been given in the upper panel of Fig. 1.

This dielectric coated cylindrical rod is illuminated by a nor-
mal incident plane wave which travels in the direction that
makes an angle fo with the + x-axis. The incident wave polariza-
tion is taken to be transverse magnetic (TM) type whereas one can
also extend this formulation for the transverse electric (TE) case.
For the incident TM polarization, the z-component of the inci-
dent electric field Ei

z can be expressed as a sum of infinite cylin-
drical waves as follows [26,27],

Ei
z = Eoe

−jkor cos (f−fo) = Eo
∑n=+1

n=−1
j−nJn(kor)e

jn(f−fo) (1)

where Eo is a constant magnitude of the electric field. The func-
tion Jn( · ) represents an nth order Bessel function of first kind.
The z-component of the scattered electric field Es

z in the region

defined by 0≤ f≤ 2π and ρ > b can be written as,

Es
z = Eo

∑n=+1

n=−1
j−nCTM

n H(2)
n (kor)e

jn(f−fo) (2)

Likewise, the z-component of the electric field Ec
z inside the coat-

ing region which occupies the space defined by 0≤ f≤ 2π and a
< ρ < b can be written as,

Ec
z = Eo

∑n=+1

n=−1
j−n

[
ATM
n Jn(kcr)+ BTM

n Yn(kcr)
]
e jn(f−fo) (3)

The factors ATM
n , BTM

n , and CTM
n are the unknown expansion coef-

ficients and needed to be determined. Here Yn( · ) is the nth order
Bessel function of second kind and H(2)

n (·) is the nth order Hankel
function of second kind which represents an outward traveling
cylindrical wave. The f-components of the incident magnetic,
scattered magnetic, and magnetic field inside the coating can be
found from the Maxwell’s equations. The unknown coefficients
ATM
n , BTM

n , and CTM
n can be found by applying the tangential

boundary conditions at interfaces ρ = a and ρ = b and solving
the resulting system of linear equations. Once these unknowns
become known then the z-components of the electric field in
each region can be found from equations (1)–(3). The unknown
coefficient CTM

n which is of an interest for the scattered electric
field can be found as below,

CTM
n = − (1/hc)Jn(k1b)Pn + (1/h1)J

′
n(k1b)Qn

(1/hc)H
(2)
n (k1b)Pn + (1/h1)H

(2)′
n (k1b)Qn

(4)

Pn = J
′
n(kcb)Yn(kca)− Jn(kca)Y

′
n(kcb) (5)

Qn = Jn(kca)Yn(kcb)− Jn(kcb)Yn(kcb) (6)

where the prime ′ shows the derivative with respect to the argu-
ment. If there exists no inner core of the perfectly conducting
material then the scattering coefficient CTM

n for a dielectric cylin-
drical rod of radius b using the above procedure can be written as,

CTM
n = − (1/hc)Jn(k1b)J

′
n(kcb)− (1/h1)Jn(kcb)J

′
n(k1b)

(1/hc)J
′
n(kcb)H

(2)
n (k1b)− (1/h1)Jn(kcb)H

(2)′
n (k1b)

(7)

In case if the cylindrical rod is made of a perfectly conducting
material having radius b and placed in the free space background,
i.e. k1 = ko then the scattering coefficient CTM

n can be written as
follows,

CTM
n = − Jn(kob)

H(2)
n (kob)

(8)

In this case, it is assumed that the cylindrical rod have finite con-
ductivity σc which shows that the permittivity ϵc is a complex
quantity with an imaginary part of σc/jω. Now by taking
σc→∞ in equation (7), we obtain equation (8). The unknown
coefficients CTM

n given by equations (4)–(8) are consistent with
[26–28]. In the far zone, the z-component of the scattered electric
field can be found from equation (2) using the asymptotic

Fig. 1. The upper panel of the figure shows an isolated dielectric coated conducting
cylindrical rod whereas the lower panel shows a medium composed of dielectric
coated conducting rods.
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expansion of Hankel function for large argument as given in [27].
Using this far zone scattered electric field in the standard defin-
ition of scattering width σTM [27], one can write the normalized
scattering width σN as below,

sN = sTM

l1
= 2

p

∣∣∣∣
∑n=+1

n=−1
CTM
n e jn(f−fo)

∣∣∣∣
2

(9)

where λ1 is the wavelength in the background medium. For sake
of convenience, the azimuth angle fo is assumed to be zero for
the current study.

Effective parameters of a metamaterial composed of
dielectric coated conducting rods

In this section, we consider a composite material which consists of
an infinite two dimensional periodic arrangements of these
dielectric coated PEC cylindrical rods. The background medium
is taken to be the free space. All the rods are assumed to be par-
allel to the z-axis. The spacings among rods along x and y-axes are
taken to be d. Its geometrical configuration has been given in the
lower panel of Fig. 1. For the homogenized description of an arti-
ficial material containing dielectric coated conducting rods, it is
required to satisfy two conditions, i.e. kob < < 1 and kod < 2π. If
these two conditions are satisfied then an artificial material com-
posed of these cylindrical rods can be homogenized. In this way,
we can assign the effective permittivity and effective permeability,
i.e. effective parameters to such an artificial material. It should be
noted that the condition kod < 2π can be used only if the incident
wave is normal as the case under study. In the present study, we
have taken normal TM incidence. On the other hand, for the
oblique angles of incidence, the second necessary condition
become kod < π instead of kod < 2π.

It can be seen that if the dielectric coated conducting rod is
thin, i.e. kob < <1 then the dominant Mie scattering coefficients
CTM
n as given by equations (4)–(8) exists only for n = 0 and

n = 1. On the other hand, the higher order Mie scattering coeffi-
cients for n>1 become negligible for thin rods. Therefore, for the
homogenized description of an artificial medium containing
dielectric coated conducting rods, it is desired to take only leading
Mie scattering coefficients, i.e. CTM

0 and CTM
1 . To justify this state-

ment, it is assumed that the dielectric coating is assumed to be
made of a nonmagnetic and ferroelectric ceramic material, i.e.
Ba0.5Sr0.5TiO3 (BST) [19]. It has a relative permittivity of 600 at
microwave frequencies and at room temperature. The magnitude
of the first three Mie scattering coefficients CTM

n for the BST cylin-
drical rod and BST coated conducting cylindrical rod is shown

in Fig. 2. In this case, both types of rods have the same radius
of b = (0.68/3)(λo/4) at an operating free space wavelength of
25 mm. For the BST coated conducting rod, the inner radius a
of the conducting rod is assumed to be b/2. It is found from
Fig. 2 that for both types of rods, the higher order Mie scattering
coefficients which also represent the higher order multipole
moments for n>1 induce spectrally narrow features near their res-
onance frequencies and can be ignored. It is argued that the low-
est order Mie scattering coefficient CTM

0 is responsible for an
induced electric dipole moment whereas the Mie scattering coef-
ficient CTM

1 is responsible for an induced magnetic dipole
moment.

Using the procedure as outlined in [18,20] and taking the inci-
dent electric field aligned along the z-axis and the incident mag-
netic field along the y-axis, the electric polarizability per unit
length Yzz

e and the magnetic polarizability per unit length Yyy
m

can be computed using the following relations,

Yzz
e = 4j

CTM
0

k2o
Yyy

m = 4j
CTM
1

k2o
(10)

Once the electric and magnetic polarizabilities per unit length of
an isolated dielectric coated conducting rod are known then the
effective parameters, i.e. effective permittivity ϵzz and effective
permeability μyy can be found using the non-local homogeniza-
tion approach given in [12,18]. Thus, the effective permittivity
and effective permeability of an artificial material or a metamater-
ial composed of dielectric coated conducting rods can be written
as,

ezz = 1+ n

(Yzz
e )

−1 − Cint
zz

(11)

myy = 1+ n

(Yyy
m )

−1 − Cint
yy

(12)

where n = 1/d2. The factors Cint
zz and Cint

yy represent the zz- and
yy-components of the dynamic interaction dyadic given by
Silveirinha [18].

Numerical results

In the first part of the numerical results, the normalized scattering
widths of dielectric coated conducting rods with various realistic
dielectric materials have been studied. The scattering widths of
these dielectric coated conducting rods have also been compared

Fig. 2. The magnitude of the first three Mie scatter-
ing coefficients |CTMn | as a function of normalized
frequency b/λo for (a) BST cylindrical rod and (b)
BST coated PEC cylindrical rod for n = 0, 1, and
2. The proposed scattering coefficients for the
BST rod are in good agreement with those reported
by Vynck et al. [20].
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with the scattering widths of dielectric and PEC rods having the
same radii. The types of assumed realistic dielectric materials
are Ba0.5Sr0.5TiO3 (BST) [19], magnetodielectric [29], low loss gal-
lium arsenide (GaAs) [30], and silicon carbide (SiC) [31]. A BST
material has a relative permittivity of nearly 600 and is non-
magnetic. A magneto-dielectric material has ϵrc = 13.8− j0.1
and μrc = 11. Its relative permittivity is different from unity that
is why it is called magnetodielectric. These values are chosen
because a low loss garnet material with these parameters can be
obtained relatively inexpensively. This material is commercially
available in the form of aluminum doped ferrite. The relative
permittivity and permeability of a low loss GaAs are taken to
be ϵrc = 12.88− j0.0004 and μrc = 1 respectively. A SiC is a kind
of traditional wave-absorbing materials with high strength and
hardness, good corrosion resistance, high thermal stability and

thermal conductivity, and excellent dielectric property. Moreover,
the SiC material shows a good absorbing property in the microwave
regime. These properties make it a good candidate for the
microwave-absorbing materials. For the present analysis, the
assumed values of SiC are taken to be ϵrc≈ 14.2− j3.8 and μrc = 1.

In order to validate the proposed formulation presented in
Sections “Scattering characteristics of an isolated dielectric coated
conducting rod” and “Effective parameters of a metamaterial
composed of dielectric coated conducting rods”, the normalized
scattering widths of PEC, dielectric, and dielectric coated con-
ducting rods are shown in Fig. 3(a). For PEC and dielectric
rods, the radii are taken to be λo and the relative permittivity
for a non-magnetic dielectric cylinder is taken to be 4. These para-
meters have been taken from Jin [28]. For a dielectric coated con-
ducting rod, it is assumed that the radius of the inner PEC

Fig. 3. (a) The normalized scattering widths of PEC,
dielectric, and dielectric coated PEC cylindrical
rods. The electrical and geometrical parameters
of PEC and dielectric cylinders or cylindrical rods
have been taken from [28] and from [26] in case
of the dielectric coated cylindrical rod. These nor-
malized scattering widths are in good agreement
with [26,28]. (b) The real parts of the effective per-
mittivity and permeability of a metamaterial com-
posed of BST cylindrical rods based upon the
proposed formulation and are found to be in
good agreement with those reported by Vynck
et al. [20]. All these agreements with reported
works validate the proposed theory.

Fig. 4. The normalized scattering widths of (a) BST
and BST coated PEC cylindrical rods, (b) magneto-
dielectric and magnetodielectric coated PEC rods,
(c) GaAs and GaAs coated PEC rods, and (d) SiC
and SiC coated PEC rods and their comparisons
with the normalized scattering width of a PEC
rod. Here for all the considered cylindrical rods
including various material rods, material coated
PEC rods and PEC rod, an outer radius of b =
50 mm has been assumed. In case of material
coated PEC rods, an inner core radius of the PEC
material is taken to be a = 0.5b.
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cylinder is 50 mm whereas the radius of outer dielectric cylinder
is 100 mm at an operating frequency of 1 GHz. In this case, the
relative permittivity of non-magnetic dielectric coating is 9.8
[26]. From Fig. 3(a), it is found that the normalized scattering
width (NSW) results are in good agreement with those reported
in [26,28]. Likewise, Fig. 3(b) deals with the real parts of the
effective permittivity and permeability of a medium composed
of BST rods [20]. In this case, the real parts of the effective per-
mittivity and permeability as a function of reduced frequency d/
λo have been shown and are consistent with those reported by
Vynck et al. [20]. It should be noted that the truncation index cri-
teria for summation appearing in equation (9) has been adopted
from Li and Shen [26]. For the numerical results of the normal-
ized scattering width shown in Figs 4 and 5, an operating fre-
quency of 3 GHz has been assumed. In these figures, the radii
of all types of cylindrical rods are taken to be b = 50 mm. Here
NSW for a PEC rod has been used only for comparison. It should
be noted that here σN(f = 0°) corresponds to the normalized for-
ward scattering width (NFSW) whereas σN(f = 180°) represents
the normalized backward scattering width (NBSW). The forward
scattering width has applications in point to point communica-
tions whereas the backward scattering width is important for
radar related communication problems. In case of dielectric
coated conducting rods considered in Fig. 4, the inner radius of
the PEC core is a = 0.5b. It is clear from Fig. 4(a) that the normal-
ized scattering patterns for PEC, BST, and BST coated PEC cylin-
drical rods are nearly the same. This is because the relative
permittivity of the BST material is very high and it seems to
behave like a PEC material. It is seen that the scattering width pat-
tern of a magnetodielectric material rod is fluctuating having
NFSW= 9.78 dB and NBSW=−0.92 dB. It is clear from Fig. 4(b).
In this case, the minimum value of NSW is − 12.22 dB which

occurs at angles f = 158.4 and 201.6°. In case of the magnetodielec-
tric coated conducting rod, the NFSW slightly decreases and
becomes 9.47 whereas its NBSW increases to a value of 0.33 dB
as compared to their respective values of the magnetodielectric
rod. In case of GaAs and GaAs coated conducting rods, it is
found that the scattering patterns are fluctuating. In case of the
GaAs rod, the NFSW is 10.90 dB and NBSW is 4.70 dB. The min-
imum value of NSW for a GaAs rod comes out to be − 9.70 dB
which occurs at f = 62.8 and 297.2°. For a GaAs coated conducting
rod, the values of NFSW and NBSW increase as compared to a
GaAs rod without having an inner PEC core. Thus, it is found
from Fig. 4(c) that NFSW= 13.55 dB and NBSW= 6.92 dB for a
GaAs coated conducting rod. As we know that the loss tangent of
the SiC material is relatively large, therefore, it is seen from Fig. 4
(d) that the scattering patterns of SiC and SiC coated conducting
rods are not very much fluctuating. In case of the SiC rod, we
found that NFSW is 10.11 dB and NBSW is equal to −2.62 dB.
In case of a SiC coated PEC rod, there exists slight enhancements
in NFSW and NBSW as compared to a SiC rod which are 10.35
and −1.16 dB respectively. From Table 1, it is concluded that the
highest value of NFSW is found for a GaAs coated conducting
rod and the lowest value of NFSW is observed in case of magnetodi-
electric coated conducting rod. Likewise, the highest value of NBSW
is observed for a GaAs coated conducting rod and the lowest value
of NBSW is found for SiC rod. The influences of inner core radius a
of a PEC rod upon the scattering pattern for various types of dielec-
tric coated conducting rods are shown in Fig. 5. It is found from
Fig. 5(a) that for a BST coated conducting rod, the scattering pattern
is almost independent of the variation of the inner core radius a, i.e.
a = 0.1, 0.5, and 0.9b. This is because of the high value of the relative
permittivity of the BST material. It is seen from Fig. 5(b) that the
scattering pattern for a magnetodielectric coated PEC rod having

Fig. 5. The normalized scattering widths of (a) BST
coated PEC rod, (b) magnetodielectric coated PEC
rod, (c) GaAs coated PEC rod, and (d) SiC coated
PEC rod. For all these cases, the coated rods have
an outer radius of b = 50 mm whereas an inner
radius a of a PEC cylindrical rod is variable.
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a = 0.1b is very much fluctuating. In this case, it is found that the
minimum value of the NSW is −14.40 dB for specific angles f =
42.9 and 317.1°. It is argued that for these specific angles, the scat-
tered field form the inner PEC rod destructively interferes with the
scattered field of magnetodielectric coating. In this case, NFSW is
11.83 dB whereas NBSW is −8.57 dB. It is further studied that as
the value of a increases to 0.5 and 0.9b then the value of NFSW
decreases to 9.47 and 8.41 dB respectively. Likewise, the values
NBSW increases to 0.32 and 1.26 with the increase of a from 0.5b
to 0.9b. Thus, it is concluded that by expanding the inner core of
PEC cylinder inside the magnetodielectric coated conducting rod,
the NFSW can be reduced whereas its NBSW can be enhanced.
It is also observed that for a = 0.5 and 0.9b, the overall scattering
pattern is not very much fluctuating in contrast to the scattering

pattern for a = 0.1b. In Fig. 5(c), the influences of inner core radius
a upon the scattering width of a GaAs coated conducting rod have
been shown. It is studied that for a = 0.1b, the overall scattering pat-
tern is fluctuating with the NFSW= 8.57 dB and NBSW= 5.37 dB.
The minimum value of the scattering width is found to be −20 dB
which occurs at angles f = 56.25 and 303.75°. Therefore, it is con-
cluded that the GaAs coating can be used to significantly reduce
the scattering width of a small radius PEC cylindrical rod at specific
scattering or observation angles. As the value of the inner core
radius increases to a = 0.5b, it enhances the NFSW as well as the
NBSW as compared to the respective NSW values in the case of
a = 0.1b. In this case, we have NFSW= 13.56 dB and NBSW=
6.92 dB. For a = 0.9b, i.e. the GaAs coating layer is very thin then
the values of NFSW and NBSW become closer to the corresponding
values of the PEC cylindrical rod having radius b, i.e. NFSW=
8.90 dB and NBSW= 1.44 dB. In case of the SiC coated conducting
rod, it is observed that the maximum value of NFSW is 10.35 dB
which exists for a = 0.5b whereas the minimum value of NFSW
which is equal to −2.95 dB occurs for a = 0.1b. This is clear from
Fig. 5(d).

In the second part of numerical results, we investigate the
effective parameters of a metamaterial composed of dielectric
coated conducting rods and their comparisons with the respective
effective parameters of metamaterials composed of dielectric and
PEC rods. These effective parameters are shown in Figs 5–9. The
types of considered dielectric coatings are BST, magnetodielectric,
GaAs, and SiC. For all these Figs 7–9, it is assumed that
b = (0.68d)/3 for lattice spacing of d = 25 mm. This value of b
has been adopted from [20] with a = 0.01b. The significance of
the chosen value of a = 0.01b has been discussed in the last para-
graph of this section. In case of a metamaterial composed of PEC
rods, the low frequency plasmonic epsilon negative BW which

Table 1. Comparative study of normalized forward and backward scattering
widths for various types of cylindrical rods considered in Fig. 4.

Types of rods NFSW (dB) NBSW (dB)

PEC rod 10.22 2.15

BST rod 10.37 2.31

BST coated conducting rod 10.14 2.08

Magnetodielectric rod 9.78 −0.92

Magnetodielectric coated conducting rod 9.47 0.33

GaAs rod 10.90 4.70

GaAs coated conducting rod 13.55 6.92

SiC rod 10.11 −2.62

SiC coated conducting rod 10.35 −1.16

Fig. 6. The (a) real and (b) imaginary parts of the
effective permittivity ϵzz and (c) real and (d) imagin-
ary parts of the effective permeability μyy of artificial
materials or metamaterials composed of (i) PEC
rods (ii) BST rods and (iii) BST coated PEC rods.
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extends from zero frequency to plasma frequency fp comes out to
be 6.665 GHz. In this case, we have the plasma frequency of
6.665 GHz. Thus such type of a metamaterial composed of PEC

rods can only be used for an ENG metamaterial and is very
well known in the literature. Thus, the effective parameters of a
metamaterial composed of PEC rods have been shown in the

Fig. 7. The (a) real and (b) imaginary parts of the
effective permittivity and (c) real and (d) imaginary
parts of the effective permeability of metamaterials
composed of (i) PEC rods, (ii) magnetodielectric
rods, and (iii) magnetodielectric coated PEC rods.

Fig. 8. The (a) real and (b) imaginary parts of the
effective permittivity and (c) real and (d) imaginary
parts of the effective permeability of metamaterials
composed of (i) PEC rods, (ii) GaAs rods, and (iii)
GaAs coated PEC rods.
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next coming figures only for comparison purposes. The effective
parameters of metamaterials composed of BST rods and
BST coated conducting rods are shown in Fig. 6. In case of a
BST rod medium, it is studied that resonance frequency
f er = 0.701 GHz whereas its plasma frequency f ep = 1.3122 GHz.
In this case, the resonant ENG BW can be found from f ep - f er
which is equal to 0.6112 GHz. For a BST coated conducting rodded
medium, we have f er = 0.8178 GHz and f ep = 1.4689 GHz. Based
upon these frequencies, an ENG bandwidth of 0.6511 GHz has
been found. This shows an enhancement of 0.0399 GHz in an
ENG bandwidth as compared to an ENG bandwidth of a metama-
terial composed of BST rods. This is clear from Fig. 6(a). Also an
additional plasmonic ENG bandwidth of 0.2453 GHz has been
found in case of a metamaterial composed of BST coated conduct-
ing rods. On the other hand, for the real part of the effective per-
meability of a metamaterial composed of BST rods, it is analyzed
that resonance frequency f mr = 0.8278 GHz and plasma frequency
f mp = 0.8767 GHz. Therefore, an MNG bandwidth of 0.0489 GHz
is observed. For a metamaterial composed of BST coated conduct-
ing rods, a blueshift in resonance and plasma frequencies has been
observed in contrast to a metamaterial composed of BST rods, i.e.
f mr = 0.8277 GHz and f mp = 0.8769 GHz. Thus, a % increase in the
MNG bandwidth of 0.6135% in case of a metamaterial composed
of BST coated conducting rods is observed as compared to a meta-
material composed of BST rods. From the above analysis, it is con-
cluded that a metamaterial composed of BST rods has a DNG
bandwidth of 0.0489 GHz whereas a metamaterial comprised
BST coated conducting rods has a DNG bandwidth of
0.0492 GHz. This shows that a % increase of 0.6135% in a DNG
bandwidth for a metamaterial composed of BST coated conducting
rods has been observed as compared to a metamaterial composed
of only BST rods as given by Vynck and co-workers [20]. From

Figs 6(b) and 6(d), it is seen that the imaginary parts of effective
permittivity and effective permeability are zeros as expected
because of lossless and non-magnetic natures of the BST and
PEC materials.

In Fig. 7, the effective parameters of metamaterials composed
of magnetodielectric and magnetodielectric coated conducting
rods have been shown. It is studied that for a metamaterial com-
posed of magnetodielectric rods, we have resonance frequency
f er = 1.6206 GHz and plasma frequency f ep = 2.2443 GHz.
Therefore, an ENG bandwidth of 0.6237 GHz has been found
for a metamaterial composed of magnetodielectric rods. In case
of a metamaterial composed of magnetodielectric coated conduct-
ing rods, a blueshift in resonance and plasma frequencies has been
observed as compared to a metamaterial composed of magnetodi-
electric rods, i.e. f er = 1.8874 GHz and f ep = 2.5052 GHz. In this
case, we have an ENG bandwidth of 0.6178 GHz. Thus, by an
insertion of a very thin PEC rod inside a magnetodielectric rod
causes a reduction in an ENG bandwidth. In addition to this,
there also exists a plasmonic ENG bandwidth of 0.4096 GHz
for a metamaterial composed of magnetodielectric coated con-
ducting rods. The absorption peaks associated with the imaginary
parts of the effective permittivity which occur at resonance fre-
quencies of these metamaterials are apparent from Fig. 7(b). It
is studied from Figs 7(c)–7(d) that the effective permeability char-
acteristics of metamaterials composed of magnetodielectric and
magnetodielectric coated conducting rods are almost identical.
In both cases, we have f mr ≈2.3984 GHz and f mp ≈2.4512 GHz
with an MNG bandwidth of 0.0528 GHz. As there exists no over-
lap among the ENG and MNG bandwidths for a magnetodielec-
tric rodded metamaterial, therefore, no DNG bandwidth exists for
a metamaterial composed of magnetodielectric rods. On the other
hand, there exists an overlap among the ENG and MNG

Fig. 9. The (a) real and (b) imaginary parts of the
effective permittivity and (c) real and (d) imaginary
parts of the effective permeability of metamaterials
composed of (i) PEC rods, (ii) SiC rods, and (iii) SiC
coated PEC rods.
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bandwidths for a metamaterial composed of magnetodielectric
coated conducting rods and we have a DNG bandwidth of
0.0528 GHz.

The effective parameters of metamaterials composed of GaAs
and GaAs coated conducting rods are shown in Fig. 8. For a meta-
material composed of GaAs rods, we have f er = 5.356 GHz,
f ep = 7.425 GHz, f mr = 5.6249 GHz, and f mp = 5.8913 GHz. Using
these information, it is argued that the ENG bandwidth is
2.069 GHz and the MNG bandwidth is 0.2664 GHz. In case of a
metamaterial composed of GaAs coated conducting rods, a blueshift
in resonance as well as plasma frequencies associated with the
effective permittivity and effective permeability is observed in
contrast to the respective frequencies for a metamaterial composed
of GaAs rods. These frequencies become f er = 6.5416 GHz,
f ep = 8.4197 GHz, f mr = 5.631 GHz, and f mp = 5.8924 GHz. Thus,
we have ENG bandwidth of 1.8781 GHz and MNG bandwidth of
0.2614 GHz. In this case, an additional plasmonic ENG bandwidth
of 1.3844 GHz has also been observed. From the above analysis, it is
concluded that there exists a DNG bandwidth of 0.2664 GHz for a
metamaterial composed of GaAs rods. It is observed that a metama-
terial composed of GaAs rods has wider ENG, MNG, and DNG
bandwidths. This is because of the relatively large value of the
real part of the relative permittivity and very small value of the

loss tangent of the GaAs material. There is no DNG bandwidth
for a metamaterial composed of GaAs coated conducting rods. In
Fig. 9, the effective parameters of metamaterials composed of SiC
rods and SiC coated conducting rods have been shown. A metama-
terial composed of SiC rods has f er = 5.0272 GHz and
f ep = 6.8204 GHz which represents an ENG bandwidth of
1.7932 GHz. By inserting a very thin PEC rod having a = 0.01b as
the case under consideration inside this SiC rod at its center, a blue-
shift in resonance and plasma frequencies has been seen from Fig. 9
(a). Thus, for a metamaterial composed of SiC coated conducting
rods, we have f er = 6.2472 GHz and f ep = 7.4419 GHz which
shows an ENG bandwidth of 1.1947 GHz. It is further investigated
that for metamaterials composed of SiC and SiC coated conducting
rods, no MNG bandwidths exist because of the very large value of
the loss tangent associated with the dielectric constant of the SiC
material. This is obvious from Fig. 9(c). From Figs 9(b) and 9(d),
it is studied that there exists absorption peaks of wider bandwidths
associated with the imaginary parts of the effective permittivity and
effective permeability. This is because of the inherently increased
lossy nature of the SiC material which in turn broadens the absorp-
tion peaks. In order to highlight the important findings given in
Figs 6–9, a Table 2 is constructed which gives the comparative ana-
lysis of plasmonic ENG, resonant ENG, MNG, and DNG band-
widths associated with the considered rodded metamaterials.
From Table 2, some of the important conclusions about optimal
designs of metamaterials can be drawn. The widest plasmonic
ENG bandwidth is observed in case of a metamaterial composed
of PEC rods which is expected whereas the narrowest plasmonic
ENG bandwidth is found for a metamaterial composed of BST
coated conducting rods. It is further investigated that a wider
DNG bandwidth has been observed for a metamaterial composed
of BST coated conducting rods in contrast to the corresponding
DNG bandwidth of a metamaterial composed of BST rods. A meta-
material composed of magnetodielectric coated conducting rods has
overlapping ENG and MNG bandwidths which gives rise to a wider
DNG bandwidth as compared to the DNG bandwidth of a metama-
terial composed of BST coated PEC rods. Among all the considered
metamaterials, the widest ENG, MNG, and DNG bandwidths have
been observed in case of a metamaterial composed of GaAs rods. In
case of a metamaterial composed of SiC rods, we have only resonant
ENG bandwidth whereas for a metamaterial composed of SiC
coated conducting rods, we have resonant as well as plasmonic
ENG bandwidths. The widest DNG bandwidth in case of a
metamaterial composed of coated conducting rods has been
observed for a metamaterial composed of magnetodielectric coated
conducting rods.

Table 2. Comparative study of plasmonic ENG, resonant ENG, MNG, and DNG
bandwidths (BWs) for metamaterials composed of various types of rods
considered in Figs 6–9. All the table entries represent the bandwidths in GHz.
Here MD is used for magnetodielectric.

Types of
rods

Plasmonic
ENG

Resonant
ENG MNG DNG

PEC 6.6650 – – –

BST – 0.6112 0.0489 0.0489

BST coated
PEC

0.2453 0.6511 0.0492 0.0492

MD – 0.6237 0.0528 –

MD coated
PEC

0.4096 0.6178 0.0528 0.0528

GaAs – 2.0690 0.2664 0.2664

GaAs
coated PEC

1.3844 1.8781 0.2614 –

SiC – 1.7932 – –

SiC coated
PEC

1.3414 1.1947 – –

Fig. 10. The influences of inner core radius a of PEC
cylinder upon the (a) real part of the effective per-
mittivity ϵzz and (b) real part of the effective perme-
ability μyy of a metamaterial composed of BST
coated perfectly conducting rods.
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For the present study, one of the crucial parameters is the
radius a of an inner PEC core which significantly modify the
effective parameters of a metamaterial composed of dielectric
coated conducting rods. The influences of the inner core radius
upon the real parts of the effective permittivity and effective per-
meability of a metamaterial composed of only BST coated con-
ducting rods are shown in Fig. 10. It is already mentioned in
Fig. 6 that if a = 0.01b then there exists a DNG bandwidth for a
metamaterial composed of BST coated rods. In this case, the coat-
ing layer is relatively thicker whereas the inner core is very thin.
As the value of a increases to 0.1, 0.5, and 0.9b then there exists
no DNG bandwidth for a metamaterial composed of BST coated
conducting rods. That is why, we have used a = 0.01b for all Figs
6–9. This is discussed in detail as below. It is seen that as the value
of a becomes 0.1, 0.5, and 0.9b then the corresponding plasmonic
ENG bandwidth increases to 0.3772, 0.9272 and 4.9894 GHz
respectively. Likewise, for a = 0.1b, we have f er = 0.95376 GHz,
f ep = 1.7038 GHz, f mr = 0.8418 GHz, and f mp = 0.8925 GHz.
Thus, there exists no DNG bandwidth because we have non-
overlapping ENG and MNG bandwidths. In this case, we have
a ENG bandwidth of 0.7501 GHz and a MNG bandwidth of
0.0507 GHz. By increasing the inner core radius a to 0.5b, blue-
shift in resonance as well as plasma frequencies has been observed
as compared to the respective frequencies for a = 0.1b case. They
become f er = 1.6626 GHz, f ep = 3.164 GHz, f mr = 1.2348 GHz,
and f mp = 1.2957 GHz. Thus, we have non-overlapping ENG
and MNG bandwidths of 1.5014 and 0.0609 GHz respectively
which signifies that there exists no DNG bandwidth. In the last
case of a = 0.9b there exists no resonant ENG bandwidth and
hence no DNG bandwidth. But we have f mr = 5.5142 GHz and
f mp = 5.5758 GHz which represents an MNG bandwidth of
0.0616 GHz.

Concluding remarks

An analysis about the scattering characteristics of an isolated dielec-
tric coated PEC rods have been given by assuming realistic material
coatings. These realistic materials are BST, GaAs, magnetodielectric,
and SiC. It is found that the GaAs coating can be used to signifi-
cantly reduce the scattering width of a thin PEC cylindrical rod
at specific observation angles. It is also observed that by increasing
the inner core radius of the PEC rod inside the magnetodielectric
coated conducting rod, the NFSW can be diminished whereas its
NBSW can be enhanced. Based upon the scattering characteristics
of an individual coated conducting rod, the problem is further
extended to calculate the effective parameters of a metamaterial
composed of coated conducting rods using nonlocal homogeniza-
tion theory. During the study, it is found that the widest plasmonic
ENG bandwidth is observed in case of a metamaterial composed of
PEC rods whereas the narrowest plasmonic ENG bandwidth is
found for a metamaterial composed of magnetodielectric coated
conducting rods. A % increase of 0.6135% in a DNG bandwidth
for a metamaterial composed of BST coated conducting rods has
been observed as compared to a metamaterial composed of only
BST rods which were reported previously by Vynck and
co-workers. Also an additional plasmonic ENG bandwidth has
been found in case of a metamaterial composed of BST coated con-
ducting rods. It is shown that a metamaterial composed of MD
coated conducting rods has the wider DNG bandwidth as com-
pared to metamaterials composed of BST rods and BST coated con-
ducting rods. It is further studied that the widest ENG, MNG, and
DNG bandwidths have been observed in case of a metamaterial

composed of GaAs rods. The narrowest ENG, MNG, and DNG
bandwidths have been observed for metamaterials composed of
BST rods as reported by Vynck and co-workers. It is further
observed that by increasing the inner core radius of BST coated
conducting rods we can increase the plasmonic ENG bandwidth.
The presented parametric analysis is helpful in designing of ENG,
MNG, and DNG metamaterials composed of coated conducting
cylindrical rods.
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