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Abstract

Transmission of electromagnetic fields through an interface of bounded
dispersive dielectric-magnetic and unbounded chiral metamaterial
is studied in the present thesis. Planar interface and current sheet
as a source of excitation placed in non-dispersive/dispersive di-
electric magnetic medium surrounded by unbounded chiral/chiral
nihility medium is considered. Transmission of electromagnetic
fields from non-dispersive/dispersive/nihility interfaces placed in
chiral medium is determined. Also a circular cylindrical interface
of infinite length and a line source located within the dispersive
dielectric-magnetic medium, as source of excitation, are considered.
Lorentz -Drude model is used for dispersive dielectric-magnetic
medium. The fields transmitted from the dispersive medium, oc-
cupied by the cylinder, into unbounded chiral/chiral nihility meta-
materials are obtained. Characteristics of radiation in chiral nihility
metamaterial from dispersive cylinder having very small radii is
also explored. This limiting case may enable us to comment on ra-
diation behavior of an elementary source located in an unbounded
chiral nihility metamaterial. Case of nihility cylinder carrying line
source and surrounded by unbounded chiral metamaterial is also
taken into account. Coated dielectric cylinder is also considered.
Behavior of transmitted field for these cases is analyzed with re-
spect to different parameters of the geometry.
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Chapter 1

Introduction

1.1 Chiral and Chiral Nihility Metamaterials

In recent years materials are artificially fabricated which have new physically
realizable response not otherwise observed in nature. These artificial materials
are called metamaterials. These materials are fabricated by adding inhomo-
geneities in host medium or on host surface. Metramaterials are not new in
electromagnetic applications. In 1898 Bose [1] constructed materials consisting
of twisted structures having properties known as chiral characteristics. A chi-
ral medium is a continuous medium and supports right circularly polarized
(RCP) wave and left circularly polarized (LCP) wave because chiral metama-
terial support two wave numbers. The word chiral express a body which has
non superimposeable mirror image of itself. Chiral media exhibit interesting
properties in optical range of frequencies such as circular dichroism. Chiral
media are used in antennas and arrays, antenna radomes, microstrips and
waveguides. A chiral medium is a reciprocal medium and can be described
using Maxwell electromagnetic equations. A chiral medium is composed of
uniformly distributed and randomly oriented chiral objects which can not be
superimposed on their mirror images either by a translation or rotation. This
property of medium is known as handedness and a chiral object is either right
handed or left handed. Unlike the dielectric media chiral media gives rise to
co- polarized and cross-polarized fields. When a linearly polarized wave is
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INTRODUCTION

made incident on a chiral interface the incident wave splits in two waves and
after passing through the chiral medium these two waves combines to give a
linearly polarized wave whose plane of polarization is rotated with respect to
plane of polarization of the incident wave. Therefore, chirality of a medium
causes rotation of plane of polarization. DNA, amino acid, sugar solution and
proteins are some natural chiral objects while wire helix, irregular tetrahedron,
hand gloves and stringed instruments are some examples of man made chiral
objects. Different media are classified on the basis of their permittivity and

Figure 1.1: Chiral object.

Figure 1.2: Helix an example of chiral object.

permeability, medium with both permittivity and permeability greater than
zero (ε > 0, µ > 0) are characterized as double positive (DPS) meterials and
all naturally occuring media exhibit this characteristic. A medium with permit-
tivity less than zero and permeability greater than zero (ε < 0, µ > 0) will be
characterized as epsilon-negative (ENG) medium and many plasmas exhibit

2



INTRODUCTION

this property in the visible and infrared range of frequency. A medium with
permittivity greater than zero and permeability less than zero (ε > 0, µ < 0)
will be characterize as mu-negative (MNG) medium and gyrotropis materials
exhibit this characteristic in certain range of frequency. And a medium with
both permittivity and permeability less than zero (ε < 0, µ < 0) will be char-
acterized as double negative (DNG) medium and these materials have only
been constructed artificially. These materials are not found in nature but are
physically realizable.

Figure 1.3: Classification of electromagnetic materials.

In 1811 Arago observed the presence of optical activity in quartz crystal
and observed that plane of polarization of linearly polarized light rotates by
quartz crystal. In 1812 Biot proved that optical activity depends on thickness
of crystal plate and on the wavelength of light. Later, in 1821 Fresnel showed
that light rays of a crystal quartz separates into two circularly polarized rays.
He said that the difference of velocities causes the optical activity. In 1914
Lindman looked for optical activity in radio waves and he discussed the wave
interaction with small helices to create artificial chiral media where he proved
the existence of polarization rotation. Confirmatory experiment of existence
of chirality, performed by Tinoco and Freedman, provided further results on
dependence of rotation on frequency. In 1968 Vaselago [2] introduced the Left
Handed Materials (LHM’s) which possess negative permittivity and perme-
ability and these LHM exhibit negative refraction and negative group velocity.
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INTRODUCTION

In these materials direction of Poynting vector is antiparallel to the direction
of phase velocity. Due to these interesting properties chiral media is center
of interest for researchers in the field of electromagnetics for last few decades
[2–10]. Several names have been suggested for this type of media such as left
handed media [2, 3, 5, 11–14], backward wave media [7], negative refractive in-
dex media and DNG metamaterials [8]. Lindman [15] worked on chiral media
in 1914. Behavior of electromagnetic waves in chiral media was discussed by
Juggard et al.[16]. Engheta and Juggard [17] discussed the electromagnetic chi-
rality and its applications. Engheta and Bissiri [18] discussed one and two di-
mensional dydic Greens function in chiral media. Radiation of electromagnetic
waves from canonical arrays is examined by Jaggard and Sun [19]. Radiation
characteristics of chiral coated slotted cylindrical antenna has been studied by
Mahmoud [20]. The constitutive relations for chiral metamaterial are given by
[21] and written as

D = ε0εcE + jκ
√

ε0µ0H (1.1)

B = µ0µcH− jκ
√

ε0µ0E (1.2)

The concept of nihility was given by Lakhtakia [22, 23] in electromagnetics.
For nihility medium both relative permittivity and permeability are null val-
ued. The idea of nihility is very usefull for those researchers interested in solv-
ing different problems of electromagnetics [24–29]. The nihility medium does
not allow the electromagnetic energy to propagate in it. For nihility medium
Maxwell equations reduce to form

∇× E = 0 (1.3)

∇×H = 0 (1.4)

For nihility metamaterial constitutive relations are

D = 0 (1.5)

B = 0 (1.6)
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For nihility medium both relative permittivity and permeability are zero at
certain frequency so the wave number for nihility medium is also null val-
ued and no wave propagates in nihility medium. Nihility cylinder and perfect
lenses are discussed by Lakhtakia et al. [28, 30, 31] and Ziolkowski discussed
the propagation in and scattering from a matched zero index medium [32] for
which both ralative permittivity and permeability of the medium approaches
to zero. Ahmed and Naqvi [24] discussed directive EM radiation of line source
in the presence of coated nihility cylinder.
Chiral nihility is a special kind of chiral medium for which value of both rel-
ative permittivity and permeability are zero at certain frequency but chirality
of medium is non zero. In chiral nihility medium two circular waves exist but
one of them is backward wave. When a plane wave enters in chiral nihility
medium from vacuum then phenomena of negative refraction occurs. The
idea of electromagnetic waves and energy in chiral nihility medium is first
given by Tretyakov [27]. The transmission and reflection [33–35] and scatter-
ing [24, 36] properties of chiral nihility metamaterial have been studied. Cheng
et al. discussed waves in planar waveguide containing chiral nihility metama-
terials [26]. Naqvi [37] presented the characteristics of electromagnetic waves
at planer slab of chiral nihility metamaterial backed by fractional dual/PEMC
interface. The constitutive relations for chiral nihility metamaterial are

D = jκ
√

ε0µ0H (1.7)

B = −jκ
√

ε0µ0E (1.8)

Ziolkwoski [32] simulated the line source radiation in Zero Index Medium
(ZIM). Naqvi et al.[24] investigated the electromagnetic scattering of a line
source from a perfect electromagnetic conductor circular cylinder coated with
double positive material and double negative material. Qamar et al. [38] stud-
ied the radiation of elementary source placed in an unbounded chiral nihility
metamaterial. They argued that there is no radiation in this case. It means,
source is unable to radiate when located in unbounded chiral nihility metama-
terial.
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INTRODUCTION

1.2 Dispersive Media

Dispersion is a phenomena in which the phase velocity of wave dependents
on frequency. The most well known example of dispersion observed in daily
life is rainbow, in which separation of white light into components of different
wavelengths is observed due to dispersion. Effect of dispersion on properties
of wave traveling are described by dispersion relations. In these dispersion re-
lations wavelength and wave number of medium are related with frequency of
the wave. From dispersion relation phase velocity and group velocity have an
expression for refractive index. If the speed of EM wave depends only on phys-
ical properties of the medium then the speed of EM waves remain constant and
is independent of frequency of the medium and behavior of the wave travel-
ing in this medium remains same, this type of medium is called non-dispersive
medium. EM waves in unbounded free space are non-dispersive. But if speed
of EM waves depends on frequency of the wave then this type of medium is
said to be the dispersive medium.
All naturally occurring materials have positive index of refraction, but some
materials with negative indices of refraction have also been explored, vaselago
[2] observed that such materials did not violate any fundamental laws. These
materials were termed as Left Handed Materials ( LHM) and further it was
also investigated that some properties of a LHM would be opposite to that of
a Right Handed Material (RHM). When the value of permittivity and perme-
ability become negative then the negative root of index of refraction must be
chosen by

n = ∓
√

µε

µ0ε0
(1.9)

For dispersive medium permittivity and permeability of medium is frequency
dependent, various frequency dependent permittivity and permeability ex-
pressions are used by various researchers [4–6, 11, 39–43] and Lorentz-Drude
model one of most popular. Wave propagation through the DNG Lorentz/Drude
slab embedded between two different dielectric is studied in [8, 39, 44].
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In the Lorentz Drude model[41]

ε(ω) = ε0

(
1−

ω2
ep −ω2

eo

ω2 −ω2
eo + jωδe

)
(1.10)

µ(ω) = µ0

(
1−

ω2
mp −ω2

mo

ω2 −ω2
mo + jωδm

)
(1.11)

where, ωeo is electronic resonance frequency, ωep is electronic plasma frequency,
δe is electronic damping frequency, ωmo is magnetic resonance frequency, ωmp

is magnetic plasma frequency and δm is magnetic damping frequency.

1.3 Overview

The present dissertation is composed of four chapters
Chapter-1 gives a brief overview of the history. Some interesting properties
and characteristics of chiral metamaterials are also presented in this chapter.
The second section of this chapter explains the dispersive medium. For dis-
persive medium frequency dependent ralations for permittivity and perme-
ability of medium are described. Drude/Lorentz model is used for dispersive
medium.
Chapter-2 presents the analysis of radiations of electromagnetic waves from
a current sheet placed at the center of dispersive dielectric magnetic mate-
rial surrounded by unbounded chiral metamaterial. For this purpose a slab
of non-dispersive/dispersive dielectric medium, placed in unbounded chiral
medium is considered. Lorentz-Drude model is used inside the slab whereas
outside the slab unbounded chiral is considered. Several results are given for
RCP and LCP component of transmitted field. Some special cases are also con-
sidered for this problem.
Chapter-3 presents the analysis of radiation of electromagnetic waves from a
line source placed at the center of dispersive dielectric-magnetic material sur-
rounded by unbounded chiral metamaterial. Lorentz-Drude model is used
inside the cylinder and outside the cylinder unbounded chiral is considered.
Nihility is taken as limiting case of a dielectric magnetic medium with both
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permittivity and permeability approaching to zero. Two cases for unbounded
host medium are considered, i.e., chiral and chiral nihility metamaterials. Chi-
ral nihility is taken as limiting case of chiral with both permittivity and perme-
ability approaching to zero, whereas chirality is nonzero. It is explored, how
different combinations of mediums forming the interface effect transmission.
Several results are give for transmitted field.
The purpose of this thesis is to study the transmission characteristics from dif-
ferent interfaces. A purpose of present work is also to study the radiation due
to elementary source in unbounded chiral nihility metamaterial when source
is placed in dispersive medium of very small radius. This may be considered
as a limiting case of work present in [38].
Chapter-4 presents the analysis of radiation of electromagnetic waves from a
line source placed at the center of dispersive dielectric magnetic coated dielec-
tric cylinder placed in unbounded chiral medium. All the cases that are dis-
cussed for cylindrical problem in chapter are also discussed for coated cylinder
in this chapter.
The thesis is concluded in Chapter-5 .

8



Chapter 2

Radiation through a Slab of
Dispersive Dielectric-Magnetic
Placed in Chiral Metamaterial

Transmission of electromagnetic waves from different interfaces is an impor-
tant topic. In this chapter transmitted field through a dispersive slab placed in
chiral metamaterial is studied. Chiral nihility medium has also been studied
here and assumed as a special case of chiral medium.

2.1 Problem Formulation

A dispersive dielectric magnetic slab of width −d < z < +d is assumed to
be placed in an unbounded chiral metamaterial. As a source of excitation, a
time harmonic current sheet is assumed at z = 0. The constitutive parameters
for dispersive dielectric-magnetic medium are represented by (ε1(ω), µ1(ω)),
whereas chiral metamaterial is described by parameters (ε2, µ2, κ)

The geometry consists of three regions, Region-1 (−d < z < +d) is dis-
persive dielectric-magnetic medium, Region-2 (z > +d) is unbounded chiral
metamaterial and Region-3 (z > −d) is also an unbounded chiral metamate-

9



RADIATION THROUGH A SLAB OF DISPERSIVE
DIELECTRIC-MAGNETIC PLACED IN CHIRAL METAMATERIAL

Figure 2.1: Dispersive dielectric-magnetic slab placed in an unbounded chiral
metamaterial.
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RADIATION THROUGH A SLAB OF DISPERSIVE
DIELECTRIC-MAGNETIC PLACED IN CHIRAL METAMATERIAL

rial. The time harmonic electric current sheet source is expressed as

Jω(r) = −Aδ(z)x̂ (2.1)

The plane waves generated by current sheet propagates in z direction. Electro-
magnetic fields inside the slab can be written as

E1(x, y, z) = A exp(ik1|z|)x̂ + R1eik1z x̂ + R2e−ik1z x̂ (2.2)

H1(x, y, z) =
1
η1

(
R1eik1zŷ + R2e−ik1zŷ

)
(2.3)

where for DPS slab

η1 =

√
µ1(ω)

ε1(ω)
(2.4)

k1 = ω
√

ε1(ω)µ1(ω) (2.5)

For DNG slab

η1 =

√
µ1(ω)

ε1(ω)
(2.6)

k1 = −ω
√

ε1(ω)µ1(ω) (2.7)

For MNG slab

η1 = i

√
|µ1(ω)|
|ε1(ω)| (2.8)

k1 = iω
√
|ε1(ω)|µ1(ω)| (2.9)

while for ENG slab

η1 = −i

√
|µ1(ω)|
|ε1(ω)| (2.10)

k1 = iω
√
|ε1(ω)||µ1(ω)| (2.11)

11
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DIELECTRIC-MAGNETIC PLACED IN CHIRAL METAMATERIAL

Transmitted field from dispersive slab in chiral metamaterial can be written as
a linear combination of two circularly polarized plane waves as

E2(x, y, z) = τ1(x̂ + iŷ)eik+z + τ2(x̂− iŷ)eik−z (2.12)

H2(x, y, z) =
i

η2

(
τ1(x̂ + iŷ)eik+z − τ2(x̂− iŷ)eik−z

)
(2.13)

Fields in Region-3 can be written as

E3(x, y, z) = τ1(x̂ + iŷ)e−ik+z + τ2(x̂− iŷ)e−ik−z (2.14)

H2(x, y, z) =
i

η2

(
τ1(x̂ + iŷ)e−ik+z − τ2(x̂− iŷ)e−ik−z

)
(2.15)

where
k± = ω

√
ε2µ2 ± κ

√
ε0µ0 (2.16)

Applying the boundary conditions that tangential component of electric and
magnetic field are continuous at the interface

n× E1 = n× E2, z = +d (2.17)

n×H1 = n×H2, z = +d (2.18)

n× E1 = n× E3, z = −d (2.19)

n×H1 = n×H3, z = −d (2.20)

By applying these boundry conditions we get a matrix equation which can be
solved to find the unknown coefficient R1, R2, τ1, τ2, τ3, τ4.

AX = B (2.21)

12
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where

A =



e−ik1d eik1d −eik+d −eik−d 0 0
0 0 eik+d eik−d 0 0

e−ik1d eik1zd η1
η2

eik+d η1
η2

eik−d 0 0

eik1d e−ik1d 0 0 −eik+d −eik−d

0 0 0 0 eik+d eik−d

eik1d eik1d 0 0 η1
η2

eik+d η1
η2

eik−d


(2.22)

B =



−eik|d|1

0
0

−eik|d|1

0
0


(2.23)

X =



R1

R2

τ1

τ2

τ3

τ4


(2.24)

2.2 Numerical Results

2.2.1 Non Dispersive Dielectric-Magnetic Slab

In this section we discuss the results for non dispersive slab placed in chiral
metamaterial and excited with current sheet placed at the origin of the slab. It
is observed that reflection coefficient R1 and R2 are same due to symmetry.

13
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Figure 2.2: Absolute value of coefficient of RCP component of transmitted field
through the interface of non dispersive dielectric slab and chiral metamaterial
with respect to the relative permittivity of dielectric slab: εc = 0.9, κ = 0.01,
µr = µc = 1, f = 1GHz, d = 0.01λ1 .
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Figure 2.3: Absolute value of coefficient of RCP component of transmitted
field through a non dispersive dielectric slab placed in chiral metamaterial
with respect to the relative permittivity of dielectric slab: εc = 0.9, κ = 0.01,
µr = µc = 1, f = 1GHz, d = 0.01λ1 .
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Figure 2.4: Absolute value of coefficient of RCP component of transmitted field
through a non dispersive dielectric slab placed in chiral metamaterial with re-
spect to chirality: εr = 1.2, εc = 0.9, κ = 0.01, µr = µc = 1, f = 1GHz,
d = 0.01λ1 .
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DIELECTRIC-MAGNETIC PLACED IN CHIRAL METAMATERIAL

Figure 2.5: Absolute value of coefficient of RCP component of transmitted field
of dielectric slab placed in chiral metamaterial with respect to distance and
permittivity of chiral metamaterial: εr = 1.2, κ = 0.01, µr = µc = 1, f = 1GHz
.
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Figure 2.6: Absolute value of coefficient of RCP component of transmitted field
of dielectric slab placed in chiral metamaterial with respect to distance and
permittivity of chiral metamaterial: κ = 0.01, µr = µc = 1, f = 1GHz, εr = 1.2
.

Fig. 2.2 shows the effect of relative permittivity of dielectric slab on reflec-
tion coefficient. It is noted that absolute value of the coefficient of RCP compo-
nent of transmitted field increases with increasing the relative permittivity of
chiral metamaterial. Fig. 2.3 shows the effect of relative permittivity of dielec-
tric slab on transmission. It is noticed that absolute value of the coefficient of
RCP component of transmitted field increases with increasing the relative per-
mittivity of dielectric slab. Fig. 2.4 shows the effect of chirality on coefficient
of RCP-polarized component of transmitted field and it is observed that coef-
ficient of RCP component of transmitted field increases with chirality of host
chiral metamaterial. In Fig. 2.5 combined effect of permittivity and width of
slab is observed. It shows that with increasing width coefficient of transmitted
field decreases, i.e., away from source effect of field decreases. Fig. 2.6 shows
the effect of relative permittivity of chiral metamaterial and relative permit-
tivity of dielectric slab on absolute value of coefficient of RCP component of
transmitted field.
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DIELECTRIC-MAGNETIC PLACED IN CHIRAL METAMATERIAL

Figure 2.7: Absolute value of coefficient of RCP component of transmitted field
of dielectric slab placed in chiral nihility metamaterial with respect to distance
and permittivity of dielectric slab: κ = 0.01, µr = 1, f = 1GHz .
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Figure 2.8: Absolute value of coefficient of RCP component of transmitted field
of nihility slab placed in chiral metamaterial with respect to permittivity of
chiral: κ = 0.01, µc = 1, f = 1GHz .
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Figure 2.9: Absolute value of coefficient of RCP component of transmitted field
of nihility slab placed in chiral metamaterial with respect to permittivity of
chiral with µc = 1, f = 1GHz: Solid line for κ = 0.01; small dashed line for
κ = 1; dashed line for κ = 5 .
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Fig. 2.7 shows the effect of permittivity and width of slab when dielectric
slab is placed in chiral nihility medium. In Fig. 2.8 effect of permittivity of chi-
ral medium on absolute value of coefficient of RCP component of transmitted
field is observed for nihility slab.
It can be noticed that effect of permittivity, chirality and distance is same for
dielectric slab placed in chiral/chiral nihility medium. The only difference is
that the transmission decreases in case of chiral nihility medium. In Fig. 2.9
absolute value of coefficient of RCP component of transmitted field is plotted
against the permittivity of an unbounded chiral medium for different values
of chirality.

2.2.2 Dependence of Dispersive Medium on Frequency

We first of all plot dispersion relations of Eq. (1.10) and Eq. (1.11) to show
graphically the effect of frequency on permittivity and permeability. Following
values of different parameters are considered for dispersive dielectric-magnetic
medium: fmp = 10.95GHz, fmo = 10.05GHz, fep = 12.8GHz, feo = 10.3GHz
and δm = δe = 10MHz.
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Figure 2.10: Behavior of the real part of permeability and permeability with re-
spect to frequency for dispersive medium. Solid line for permittivity: Dashed
line for permittivity.

Fig. 2.10 shows the variation of real part of permittivity and permeabil-
ity with respect to the frequency. Permittivity shows resonance behavior at
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10GHz, and permeability also shows resonance behavior but at 10.03GHz.
From Fig. 2.10 effect of frequency on permittivity and permeability can be
seen and it is noted that within frequency range of 10.1GHz− 10.3GHz per-
meability of medium is negative, within 10.4GHz− 10.9GHz both permittivity
and permeability are negative and 11GHz− 12.7GHz permittivity is negative.
And in frequency range below 10GHz and above 12.7GHz, both permittivity
and permeability are positive.
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Figure 2.11: Behavior of intrinsic impedance of dispersive dielectric-magnetic
medium with respect to frequency.
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Figure 2.12: Behavior of wave number of dispersive dielectric-magnetic
medium with respect to frequency: Dashed line for imaginary part of wave
number; solid Line for real part of wave number.

Fig. 2.11 shows the effect of frequency on Absolute value of the intrinsic
impedance of dispersive dielectric-magnetic medium. It is noticed that in fre-
quency range for which dispersive dielectric-magnetic medium behaves as dis-
persive DNG medium, Absolute values of intrinsic impedance is small com-
pared with those of DPS, MNG and ENG media. From Fig. 2.12 it can be seen
that the frequency range for which medium behaves as DPS or DNG medium
imaginary part of the wave number is zero and for MNG and ENG medium
the real part of wave number is zero.
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2.2.3 Dispersive Dielectric-Magnetic Slab

In this section dispersive dielectric-magnetic slab is considered to be placed in
an unbounded chiral metamaterial. For above given values of dispersion pa-
rameters, transmitted field is determined by varying constitutive parameters.
The effect of frequency on medium and on transmitted field is also analyzed.
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Figure 2.13: Absolute value of coefficient of RCP component of transmitted
field through a dispersive DPS slab placed in chiral metamaterial: εc = 0.9,
µc = 1, d = 5mm, κ = 0.01 .
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Figure 2.14: Absolute value of coefficient of RCP component of transmitted
field through a dispersive MNG slab placed in chiral metamaterial: εc = 0.9,
µc = 1, d = 5mm, κ = 0.01 .
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Figure 2.15: Absolute value of coefficient of RCP component of transmitted
field through a dispersive DNG slab placed in chiral metamaterial: εc = 0.9,
µc = 1, d = 5mm, κ = 0.01 .
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Figure 2.16: Absolute value of coefficient of RCP component of transmitted
field through a dispersive ENG slab placed in chiral metamaterial: εc = 0.9,
µc = 1, d = 5mm, κ = 0.01 .

In Fig. 2.13, Fig. 2.14, Fig. 2.15 and in Fig. 2.16 coefficients of transmitted
field through different interfaces is observed. Fig. 2.13 shows the behavior of
absolute value of coefficient of RCP component of transmitted field when dis-
persive DPS slab is placed in an unbounded chiral metamaterial. In Fig. 2.14
behavior of absolute value of coefficient of RCP component of transmitted field
is observed when dispersive MNG slab is located in chiral medium, Fig. 2.15
and Fig. 2.16 show the behavior of absolute value of coefficient of RCP com-
ponent of transmitted field when the slab of DNG and ENG metamaterial is
placed in an unbounded chiral metamaterial, respectively. It is noticed that
at 10.3GHz and at 11GHz there is a complete transmission. In Fig. 2.17 effect
of permittivity and frequency on absolute value of coefficient of RCP compo-
nent of transmitted field can be seen. From Fig. 2.17, Fig. 2.18, Fig. 2.19 and
Fig. 2.20 it can be seen that with increasing permittivity of chiral medium
absolute value of coefficient of RCP component of transmitted field decreases.
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Figure 2.17: Absolute value of coefficient of RCP component of transmitted
field through a dispersive DPS slab placed in chiral metamaterial: µc = 1,
d = 5mm, κ = 0.01 .
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Figure 2.18: Absolute value of coefficient of RCP component of transmitted
field through a dispersive MNG slab placed in chiral metamaterial: µc = 1,
d = 5mm, κ = 0.01 .
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Figure 2.19: Absolute value of coefficient of RCP component of transmitted
field through a dispersive DNG slab placed in chiral metamaterial: µc = 1,
d = 5mm, κ = 0.01 .
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Figure 2.20: Absolute value of coefficient of RCP component of transmitted
field through a dispersive ENG slab placed in chiral metamaterial: µc = 1,
d = 5mm, κ = 0.01.
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Figure 2.21: Absolute value of coefficient of RCP component of transmitted
field through a dispersive DPS slab placed in chiral nihility metamaterial: µc =
1, d = 5mm, κ = 0.01 .
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Figure 2.22: Absolute value of coefficient of RCP component of transmitted
field through a dispersive MNG slab placed in chiral nihility metamaterial:
µc = 1, d = 5mm, κ = 0.01 .
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Figure 2.23: Absolute value of coefficient of RCP component of transmitted
field through a dispersive DNG slab placed in chiral nihility metamaterial:
µc = 1, d = 5mm, κ = 0.01 .
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Figure 2.24: Absolute value of coefficient of RCP component of transmitted
field through a dispersive ENG slab placed in chiral nihility metamaterial:
µc = 1, d = 5mm, κ = 0.01 .

For Fig. 2.21 to Fig. 2.24 dispersive dielectric magnetic slab is considered to
be placed in an unbounded chiral nihility metamaterial. It is noticed that the
behavior of absolute value of coefficient of RCP component of transmitted field
remains identical to that of chiral metamaterial except for a small decrease in
amplitudes.
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Figure 2.25: Absolute value of coefficient of RCP component of transmitted
field through a dispersive ENG slab placed in chiral nihility metamaterial:
µc = 1, d = 5mm, κ = 0.01 .

It is noticed in Fig. 2.25 that when a dispersive slab is placed in chiral meta-
material with increasing width of slab absolute value of coefficient of RCP
component of transmitted field decreases but in case of chiral nihility host
medium the behavior is different; that is, when the width of the slab is taken
very small, amplitude of absolute value of coefficient of RCP component of
transmitted field is also small and with increasing the width transmission co-
efficient also increases in this case. Note that for arbitrary small width, the
present scenario becomes a special case of work present in [38].
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Figure 2.26: Absolute value of coefficient of RCP component of transmitted
field from nihility slab placed in an unbounded chiral metamaterial with κ =
0.01 .

0.0 0.2 0.4 0.6 0.8 1.0

0.513167

0.513167

0.513167

0.513167

0.513167

0.513167

d

 Τ 1
¤

Figure 2.27: RCP coefficient of transmitted field from nihility slab with respect
the width of slab .

When nihility slab is placed in chiral metamaterial then the effect of width
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of the slab and permittivity of the host medium on coefficient of transmitted
field can be seen in Fig. 2.26 and Fig. 2.27. It is noticed that with increasing the
permittivity of host chiral metamaterial transmitted field decreases exponen-
tially and also with the width of the slab transmitted field decreases.

Figure 2.28: RCP coefficient of transmitted field from nihility slab with respect
to permittivity and chirality of host chiral medium .

In Fig. 2.28 the effect of permittivity and chirality of host metamaterial on
RCP coefficient of transmitted field is plotted. It can be seen from Fig. 2.28 that
with permittivity of the chiral medium coefficient of RCP transmitted field
decreases, whereas with chirality of the host medium coefficient of RCP trans-
mitted field increases.

2.3 Summary

In this chapter radiation problem is discussed for which a current sheet is con-
sidered as a source of excitation. Current sheet is placed at the center of dis-
persive dielectric magnetic slab and field transmitted in an unbounded chiral
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metamaterial is observed. Dielectric slab instead of dispersive dielectric mag-
netic slab is also considered and behavior of coefficients of transmitted field is
noticed. We also discussed the dispersive dielectric slab surrounded by chiral
nihility metamaterial, and nihility slab is also considered as a special case. For
non-dispersive slab coefficient of transmitted field increases with increasing
relative permittivity of dispersive slab and chirality of host chiral metamate-
rial, and decreases with relative permittivity of chiral medium. For dispersive
slab transmission coefficient decreases with frequency for DPS and ENG slabs
while increases for DNG and MNG slabs. At 10.3GHz and at 11GHz there is a
complete transmission. Coefficient of RCP component of transmitted field de-
creases with permittivity of chiral medium and increases with increasing the
chirality and relative permittivity of dispersive slab for DPS, MNG, DNG and
ENG slabs. Coefficient of transmitted field decreases with increasing width of
slab for host chiral metamaterial. For the case of host chiral nihility transmis-
sion coefficient approaches to zero for very small width of slab and increases
with increasing the width of the slab.

36



Chapter 3

Radiation through a Cylindrical
Interface of Dispersive
Dielectric-Magnetic and Chiral
Metamaterial

3.1 Formulation of the Problem

We consider a circular cylinder of radius a placed in a lossless, isotropic and
reciprocal chiral metamaterial, in this chapter. An infinite line source carrying
time harmonic current is assumed at the center of the cylinder. It is further as-
sumed that the circular cylinder is composed of dispersive dielectric-magnetic
medium whose parameters are described through Lorentz-Drude model. The
constitutive parameters for dispersive dielectric-magnetic medium are repre-
sented as (ε1(ω), µ1(ω)), whereas chiral metamaterial is described by param-
eters (ε2, µ2, κ). The region inside the cylinder is termed as Region- 1 and the
region outside the cylinder is termed as Region 2. The constitutive relations
for chiral metamaterial are given below[21]

D = ε0εcE− jκ
√

ε0µ0H (3.1)

B = µ0µcH + jκ
√

ε0µ0E (3.2)
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where κ is parameter which describes chirality of the medium, εc and µc are
relative permittivity and permeability of chiral medium, respectively. Field

Figure 3.1: Dispersive dielectric-magnetic cylinder carrying line source and
placed in an unbounded chiral metamaterial.

radiated due to a line source in an unbounded medium is given by[45]

Ez = −
k2

1 I
4ωε1

H(1)
0 (k1ρ) (3.3)

Here I is the current in the line source, ε1 is permittivity of the dispersive-
magnetic cylinder, ε1(ω) = ε0εr(ω) and k1(ω) is wave number of dispersive
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dielectric-magnetic cylinder and can be written as

k1(ω) = ω
√

ε1(ω)µ1(ω)

Due to presence of line source, z-component of the total field in Region 1 can
be written in terms of unknown component as

E1z = −
k2

1 I
4ωε1

H(1)
0 (k1ρ)−

k2
1 I

4ωε1

n=+∞

∑
n=−∞

jnanH(2)
n (k1ρ)ejnφ (3.4)

H1z =
k2

1 I
4jωε1η1

n=+∞

∑
n=−∞

jnbnH(2)
n (k1ρ)ejnφ (3.5)

The corresponding φ component of electric and magnetic field may be ob-
tained using Maxwell equations as

Eφ = − 1
jωε
∇× E (3.6)

Hφ =
1

jωµ
∇× E (3.7)

And φ components can be written as

E1φ =
k2

1 I
4ωε1

n=+∞

∑
n=−∞

jnbnH(2)
′

n (k1ρ)ejnφ (3.8)

H1φ =
k2

1 I
4jωε1η1

H(1)
′

0 (k1ρ) +
k2

1 I
4jωε1η1

n=+∞

∑
n=−∞

jnanH(2)
′

n (k1ρ)ejnφ (3.9)

Here, H(1)
n (k1ρ) = Jn(k1ρ) + jYn(k1ρ) is the Hankel function of first kind and

H(2)
n (k1ρ) = Jn(k1ρ)− jYn(k1ρ) is Hankel function of second kind and prime

denote the derivative with respect to the argument. It is known that chiral
medium supports two wave numbers so field in Region- 2 can be written in
terms of two circularly polarized waves, i.e., linear combination of RCP and
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LCP waves

E2z = −
k2

1 I
4ωε1

n=+∞

∑
n=−∞

jn[cnH(1)
n (k+ρ) + dnH(1)

n (k−ρ)
]
ejnφ (3.10)

E2φ = −
k2

1 I
4ω2ε1ε2η2

n=+∞

∑
n=−∞

jn[cnk+H(1)
′

n (k+ρ)− dnk−H(1)
′

n (k−ρ)
]
ejnφ (3.11)

H2z =
k2

1 I
4jωε1η2

n=+∞

∑
n=−∞

jn[cnH(1)
n (k+ρ)− dnH(1)

n (k−ρ)
]
ejnφ (3.12)

H2φ =
k2

1 I
4jω2ε1µ2

n=+∞

∑
n=−∞

jn[cnk+H(1)
′

n (k+ρ) + dnk−H(1)
′

n (k−ρ)
]
ejnφ (3.13)

where, an and bn are coefficients for field within the cylinder. cn is unknown
coefficient for Right Circularly Polarized (RCP) coefficient field and dn is the
unknown coefficient for Left Circularly Polarized (LCP) coefficient of trans-
mitted field in the Region- 2. Applying boundary conditions at ρ = a, the
unknown coefficients can be obtained. The boundary conditions at interface
ρ = a are

E1z = E2z, ρ = a (3.14)

H1z = H2z, ρ = a (3.15)

E1φ = E2φ, ρ = b (3.16)

H1φ = H2φ, ρ = b (3.17)

Applying first boundary condition

E1z = E2z, ρ = b (3.18)

−
k2

1 I
4ωε1

H(1)
0 (k1a)−

k2
1 I

4ωε1

n=+∞

∑
n=−∞

anH(2)
n (k1a)ejnφ

= −
k2

1 I
4ωε1

n=+∞

∑
n=−∞

[
cnH(1)

n (k+a) + dnH(1)
n (k−a)

]
ejnφ

(3.19)
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Multiplying both sides by e−jmφ and integrating from 0 to 2π we get

n=+∞

∑
n=−∞

anH(2)
n (k1a)

∫ 2π

0
ej(n−m)φdφ−

n=+∞

∑
n=−∞

cnH(1)
n (k+a)

∫ 2π

0
ej(n−m)φdφ

−
n=+∞

∑
n=−∞

dnH(1)
n (k−a)

∫ 2π

0
ej(n−m)φdφ = H(1)

0 (k1a)
∫ 2π

0
ejnφdφ

(3.20)

amH(2)
m (k1a)δmn − cmH(1)

m (k+a)δmn − dmH(1)
m (k−a)δmn = H(1)

0 (k1a)δm0 (3.21)

This equation can be written as

anH(2)
n (k1a)− cnH(1)

n (k+a)− dnH(1)
n (k−a) = H(1)

0 (k1a) (3.22)

Applying boundary condition H1z = H2z at ρ = a

bnH(2)
n (k1a)− η1

η2
H(1)

n (k+a) +
η1

η2
H(1)

n (k+a) = 0 (3.23)

Applying boundary conditions on φ component of electric and magnetic fields
following two equations can be obtained

bnH(2)
′

n (k1a)− k+ε1η1

k1ε2η2
cnH(1)

′

n (k+a)− k−ε1η1

k1ε2η2
dnH(1)

′

n (k−a) = 0 (3.24)

n=+∞

∑
n=−∞

anH(2)
′

n (k1a)
∫ 2π

0
ej(n−m)φdφ− k+η1

ωµ2

n=+∞

∑
n=−∞

cnH(1)
′

n (k+a)
∫ 2π

0
ej(n−m)φdφ

−k−η1

ωµ2

n=+∞

∑
n=−∞

dnH(1)
′

n (k−a)
∫ 2π

0
ej(n−m)φdφ = −H(1)

′

0 (k1a)
∫ 2π

0
ej(m−0)φdφ

(3.25)

Eq. (25) can be written as

amH(2)
′

m (k1a)δmn−
k+η1

ωµ2
cmH(1)

′

m (k+a)δmn−
k−η1

ωµ2
dnH(1)

′

m (k−a)δmn = −H(1)
′

0 (k1a)δm0

(3.26)
From Eq. (21) and Eq. (25) it can be noticed that m = 0 and also n = m. So the
electric and magnetic field is independent of φ and field equations in Region- 1
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and Region- 2 can be written as

E1z = −
k2

1 I
4ωε1

H(1)
0 (k1ρ)−

k2
1 I

4ωε1
a0H(2)

0 (k1ρ) (3.27)

H1z =
k2

1 I
4jωε1η1

b0H(2)
0 (k1ρ) (3.28)

E1φ =
k2

1 I
4ωε1

b0H(2)
′

0 (k1ρ) (3.29)

H1φ =
k2

1 I
4jωε1η1

H(1)
′

0 (k1ρ) +
k2

1 I
4jωε1η1

a0H(2)
′

0 (k1ρ) (3.30)

E2z = −
k2

1 I
4ωε1

[
c0H(1)

0 (k+ρ) + d0H(1)
0 (k−ρ)

]
(3.31)

E2φ = −
k2

1 I
4ω2ε1ε2η2

[
c0k+H(1)

′

0 (k+ρ)− d0k−H(1)
′

0 (k−ρ)
]

(3.32)

H2z =
k2

1 I
4jωε1η2

[
c0H(1)

0 (k+ρ)− d0H(1)
0 (k−ρ)

]
(3.33)

H2φ =
k2

1 I
4jω2ε1µ2

[
c0k+H(1)

′

0 (k+ρ) + d0k−H(1)
′

0 (k−ρ)
]

(3.34)

Application of the boundary conditions yields following matrix equations.
This matrix equation can be solved to find unknown coefficients a0, b0, c0 and
d0.

AX = B (3.35)

where

A =


H(2)

0 (k1a) 0 −H(1)
0 (k+a) −H(1)

0 (k−a)

0 H(2)
0 (k1a) − η1

η2
H(1)

0 (k+a) η1
η2

H(1)
0 (k+a)

0 H(2)
′

0 (k1a) − k+ε1η1
k1ε2η2

H(1)
′

0 (k+a) − k−ε1η1
k1ε2η2

H(1)
′

0 (k−a)

H(2)
′

0 (k1a) 0 − k+η1
ωµ2

H(1)
′

0 (k+a) − k−η1
ωµ2

H(1)
′

0 (k−a)


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B =


−H(1)

0 (k1a)
0
0

−H(1)
′

0 (k1a)



X =


a0

b0

c0

d0


3.2 Fields for Different Parametric Values

This section presents some plots to study the behavior of coefficient of RCP and
LCP transmitted field with variations of different parameters. It is noted that
for values of parameters given above, medium occupied by the cylinder be-
haves as: within frequency range of 10.1GHz-10.3GHz as Mu Negative (MNG)
medium, within 10.4GHz-10.9GHz as Double Negative (DNG) and 11GHz-
12.7GHz as Epsilon Negative (ENG) metamaterial. In frequency range below
10GHz and above 12.7GHz, both permittivity and permeability are positive
and medium behaves as Double Positive (DPS) metamaterial.
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Figure 3.2: Behavior of transmitted coefficient of dispersive DPS cylinder
placed in chiral metamaterial. Solid line for coefficient of RCP transmitted
field; dashed line for coefficient of LCP transmitted field: εc = 0.9, µc = 1,
κ = 0.01 and a = 5mm.
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Figure 3.3: Behavior of coefficients of transmitted field from dispersive MNG
cylinder placed in chiral metamaterial. Solid line for coefficient of RCP trans-
mitted field; dashed line for coefficient of LCP transmitted field: εc = 0.9,
µc = 1, κ = 0.01 and a = 5mm.
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Figure 3.4: Behavior of coefficient of transmitted field from dispersive DNG
cylinder placed in chiral metamaterial. Solid line for coefficient of RCP trans-
mitted field; dashed line for coefficient of LCP transmitted field: εc = 0.9,
µc = 1, κ = 0.01 and a = 5mm.
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Figure 3.5: Behavior of coefficient of transmitted field from dispersive ENG
cylinder placed in chiral metamaterial. Solid line for coefficient of RCP trans-
mitted field; dashed line for coefficient of LCP transmitted field: εc = 0.9,
µc = 1, κ = 0.01 and a = 5mm.

From Fig. 3.2 it is noticed that, for case of dispersive DPS cylinder, abso-
lute value of coefficient of RCP transmitted field decreases with increasing fre-
quency, behavior of absolute value of coefficient of LCP transmitted field is
same. It is also noted that within 10.1GHz to 10.3GHz medium become MNG
and behavior of absolute value of coefficient of RCP transmitted field and coef-
ficient of LCP transmitted field can be seen in Fig. 3.3 and resonance appears in
this case and this can be used as a band pass filter, within 10.4GHz to 10.9GHz
medium behaves as DNG and within frequency range of 11GHz to 12.7GHz
dispersive cylinder behaves as ENG and both for DNG/ENG cylinder placed
in chiral metamaterial behavior of absolute values of coefficient of RCP and
LCP transmitted field can be seen in Fig. 3.4 and Fig. 3.5. For dispersive DNG
cylinder it is noticed that resonance contributions appears in absolute value
of coefficient of RCP and coefficient of LCP when dispersion characteristics
are incorporated. Absolute value of coefficients of RCP and LCP transmitted
field decreases with frequency for dispersive ENG cylinder. It is noticed that
absolute value of coefficient of RCP and coefficient of LCP transmitted field
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are very weak for MNG cylinder placed in an unbounded chiral metamaterial
because in this frequency range losses are maximum.
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Figure 3.6: Behavior of coefficients of transmitted field from dispersive DPS
cylinder placed in chiral metamaterial. Solid line for coefficient of RCP trans-
mitted field; dashed line for coefficient of LCP transmitted field: εc = 0.9,
µc = 1, f = 1GHz and κ = 0.01 .
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Figure 3.7: Behavior coefficient of transmitted field from dispersive MNG
cylinder placed in chiral metamaterial. Solid line for coefficient of RCP trans-
mitted field; dashed line for coefficient of LCP transmitted field: εc = 0.9,
µc = 1, f = 10.2GHz and κ = 0.01.
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Figure 3.8: Behavior of coefficient of transmitted field from dispersive cylinder
placed in chiral metamaterial. Solid line for coefficient of RCP transmitted
field; dashed line for coefficient of LCP transmitted field: f = 10.9GHz, εc =
0.9, µc = 1 and κ = 0.01.
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Figure 3.9: Behavior of coefficient of transmitted field for dispersive MNG
cylinder with respect to radius of cylinder placed in chiral metamaterial. Solid
line for coefficient of RCP transmitted field; dashed line for coefficient of LCP
transmitted field: : f = 12GHz, εc = 0.9, µc = 1 and κ = 0.01.

From Fig. 3.6 and Fig. 3.7 effect of radius of the cylinder on absolute values
of coefficient of RCP and LCP transmitted field can be seen. It is noticed that
coefficient of RCP-polarized and LCP-polarized transmitted field decreases
with increasing radius of the cylinder. It is noticed that for MNG cylinder
at fixed frequency f = 10.2GHz if the radius of cylinder becomes very small
then absolute value of coefficient of RCP and coefficient of LCP transmitted
field of transmitted field are strong and with increasing radius of the cylinder
the decay is very fast. In Fig. 3.8 and Fig. 3.9 effect of radius of the dispersive
DNG and ENG cylinder on transmitted field is observed, it is noticed that both
coefficient of RCP and LCP transmitted field decreases with increasing the ra-
dius of cylinder but for DNG cylinder coefficient of RCP and coefficient of LCP
transmitted fields decreases slowly.
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Figure 3.10: Behavior of absolute value of coefficient of RCP transmitted field
from dispersive DPS cylinder placed in chiral metamaterial. Solid line for κ =
0.01; dashed line for κ = 0.1; dash dotted line for κ = 0.3; small dashed line for
κ = 0.5: εc = 0.9, µc = 1, κ = 0.01 and a = 5mm.
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Figure 3.11: Behavior of absolute value of coefficient of LCP transmitted field
from dispersive DPS cylinder placed in chiral metamaterial. Solid line for κ =
0.01; dashed line for κ = 0.1; dash dotted line for κ = 0.3; small dashed line for
κ = 0.5: εc = 0.9, µc = 1, κ = 0.01 and a = 5mm .
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Figure 3.12: Behavior of absolute value of coefficient of RCP transmitted field
from dispersive MNG cylinder placed in chiral metamaterial. Solid line for
κ = 0.01; dashed line for κ = 0.1; dash dotted line for κ = 0.3; small dashed
line for κ = 0.5: εc = 0.9, µc = 1, κ = 0.01 and a = 5mm.
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Figure 3.13: Behavior of absolute value of coefficient of LCP transmitted field
from dispersive MNG cylinder placed in chiral metamaterial. Solid line for
κ = 0.01; dashed line for κ = 0.1; dash dotted line for κ = 0.3; small dashed
line for κ = 0.5: εc = 0.9, µc = 1, κ = 0.01 and a = 5mm .

Fig. 3.10 shows the behavior of absolute value of RCP coefficient of trans-
mitted field of dispersive DPS cylinder with respect to permittivity of the host
chiral medium for different values of chirality of the host chiral metamaterial,
it is noticed that at εc = 1.5 absolute value of coefficient of RCP transmitted is
same for different values of chirality . And coefficient of LCP transmitted field
increases with increasing the permittivity of the host medium and decreases
with chirality and can be seen in Fig. 3.11. From Fig. 3.12 and Fig. 3.13 effect
of permittivity and chirality of host chiral medium is observed for coefficient
of RCP and coefficient of LCP transmitted field from dispersive MNG cylin-
der, and it is noticed that absolute value of coefficient of RCP and coefficient
of LCP transmitted field increases with permittivity, absolute value of coeffi-
cient of RCP transmitted field decreases with chirality while coefficient of LCP
transmitted field increases.
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Figure 3.14: Behavior of absolute value of coefficient of transmitted field from
dispersive DNG cylinder placed in an unbounded chiral metamaterial. Solid
line for κ = 0.01; dashed line for κ = 0.1; dash dotted line for κ = 0.3; small
dashed line for κ = 0.5: εc = 0.9, µc = 1 and a = 5mm.
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Figure 3.15: Behavior of absolute value of coefficient of LCP transmitted field
of transmitted field from dispersive DNG cylinder placed in an unbounded
chiral metamaterial. Solid line for κ = 0.01; dashed line for κ = 0.1; dash
dotted line for κ = 0.3; small dashed line for κ = 0.5: εc = 0.9, µc = 1 and
a = 5mm.
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Figure 3.16: Behavior of absolute value of absolute value of coefficient of trans-
mitted field from dispersive ENG cylinder placed in an unbounded chiral
metamaterial. Solid line for κ = 0.01; dashed line for κ = 0.1; dash dotted
line for κ = 0.3; small dashed line for κ = 0.5: εc = 0.9, µc = 1 and a = 5mm.

56



RADIATION THROUGH A CYLINDRICAL INTERFACE OF
DISPERSIVE DIELECTRIC-MAGNETIC AND CHIRAL

METAMATERIAL

1 2 3 4 5

0.35

0.40

0.45

0.50

0.55

Εc

 d 0È

Figure 3.17: Behavior of absolute value of coefficient of transmitted field from
dispersive ENG cylinder placed in an unbounded chiral metamaterial. Solid
line for κ = 0.01; dashed line for κ = 0.1; dash dotted line for κ = 0.3; small
dashed line for κ = 0.5: εc = 0.9, µc = 1 and a = 5mm .

Fig. 3.14 shows the behavior of absolute value of coefficient of transmit-
ted field of dispersive DNG cylinder with respect to permittivity of the host
chiral metamaterial and Fig. 3.15 shows the behavior of absolute value of co-
efficient of LCP transmitted field with respect to permittivity of host metama-
terial, it is observed that absolute value of coefficient of RCP and coefficient of
LCP transmitted field increases with increasing the permittivity of the host
medium, also noticed that absolute value of coefficient of RCP transmitted
field decreases with increasing the chirality whereas absolute value of coef-
ficient of LCP transmitted field increases with increasing the chirality of the
host chiral metamaterial. From Fig. 3.16 and Fig. 3.17 effect of permittivity and
chirality of host chiral medium on absolute value coefficient of RCP and abso-
lute value of coefficient of LCP transmitted field from dispersive ENG cylinder
is observed.
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Figure 3.18: Behavior of absolute value of coefficient of transmitted field for
dispersive DPS cylinder placed in chiral nihility metamaterial. Solid line for
absolute value of coefficient of RCP transmitted field; dashed line for absolute
value of coefficient of LCP transmitted field: f = 1GHz and κ = 0.01.
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Figure 3.19: Behavior of absolute value of coefficient of transmitted field for
dispersive MNG cylinder placed in chiral nihility metamaterial. Solid line for
absolute value of coefficient of RCP transmitted field; dashed line for absolute
value of coefficient of LCP transmitted field: f = 10.2GHz and κ = 0.01.
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Fig. 3.18 and Fig. 3.19 shows the effect of frequency on absolute value of co-
efficient of transmitted field when dispersive DPS and dispersive MNG cylin-
ders are assumed to be placed in chiral nihility metamaterial respectively.
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Figure 3.20: Behavior of absolute value of coefficient of transmitted field for
dispersive DNG cylinder placed in chiral nihility metamaterial. Solid line for
absolute value of coefficient of RCP transmitted field; dashed line for absolute
value of coefficient of LCP transmitted field: f = 10.9GHz and κ = 0.01.
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Figure 3.21: Behavior of absolute value of coefficient of transmitted field for
dispersive ENG cylinder placed in chiral nihility metamaterial. Solid line for
absolute value of coefficient of RCP transmitted field; dashed line for absolute
value of coefficient of LCP transmitted field: f = 12GHz and κ = 0.01.

From Fig. 3.20 and Fig. 3.21 effect of frequency on absolute value of co-
efficient of transmitted field is observed for dispersive DNG and ENG cylin-
ders respectively, it is noticed that behavior of absolute value of coefficient of
transmitted field of dispersive DPS, MNG, DNG and ENG cylinders placed in
host chiral nihility metamaterial is approximately same as that of host chiral
medium except the amplitudes of absolute value of coefficients is very small.
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Figure 3.22: Behavior of absolute value of coefficient of RCP transmitted field
of dispersive DPS cylinder with respect to radius of cylinder placed in chiral
nihility metamaterial: κ = 0.01 and f = 10.9GHz.
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Figure 3.23: Behavior of absolute value of coefficient of RCP transmitted field
of dispersive MNG cylinder with respect to radius of cylinder placed in chiral
nihility metamaterial: κ = 0.01 and f = 12GHz.
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Figure 3.24: Behavior of absolute value of coefficient of RCP transmitted field
for dispersive DNG cylinder: κ = 0.01 and f = 10.9GHz.
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Figure 3.25: Behavior of absolute value of coefficient of RCP transmitted field
for dispersive MNG cylinder: κ = 0.01 and f = 12GHz.
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Figure 3.26: Transmitted field of nihility cylinder placed in an unbounded chi-
ral metamaterial : εc = 0.9, µc = 1, a = 5mm, κ = 0.01.
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Figure 3.27: Behavior of transmitted field from nihility placed in chiral meta-
material. Solid line for κ = 0.01; dashed line for κ = 0.1; dash dotted line for
κ = 0.3; small dashed line for κ = 0.5: εc = 0.9, µc = 1 anda = 5mm.
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Figure 3.28: Behavior of transmitted field from nihility placed in chiral meta-
material. Solid line for κ = 0.01; dashed line for κ = 0.1; dash dotted line for
κ = 0.3; small dashed line for κ = 0.5: εc = 0.9, µc = 1 anda = 5mm.

For Fig. 3.22-Fig. 3. 25 it is assumed that dispersive cylinder is placed in chi-
ral nihility metamaterial. absolute value of coefficients of transmitted field are
negligibly small and approaches to zero in contrast to that of chiral metamate-
rial. It is also noticed that for DPS, MNG, DNG and ENG cylinder transmitted
field is very week and it is also noticed that absolute value of coefficient of RCP
and absolute value of coefficient of LCP transmitted fields are same in case of
host chiral nihility medium. For dispersive DPS and dispersive DNG cylinder
placed in an unbounded chiral nihility metamaterial it is observed that with
increasing the radius of the dispersive cylinder absolute value of coefficient of
RCP transmitted field increases. It had been investigated by Qamar et al. [38]
that source placed in an unbounded chiral nihility metamaterial unable to ra-
diate and from Fig. 3.22 and Fig. 3.24 one may also conclude that when radius
of dispersive dielectric magnetic cylinder is negligibly small the source does
not radiate in chiral nihility metamaterial and with increasing the radius of the
cylinder transmission increases. For Fig. 3.26, dispersive cylinder is assumed
to be replaced with a nihility cylinder and an unbounded medium hosting the
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cylinder is chiral. A growth in transmitted field is observed with the increase
of permittivity of host chiral medium. It is also noted that a static field exists
within the nihility cylinder. From Fig. 3.27 it can be seen that with increasing
radius and permittivity of chiral medium absolute value of coefficient of RCP
and absolute value of coefficient of LCP transmitted field increases.

3.3 Summary

In this chapter transmission through a dispersive dielectric-magnetic cylin-
der placed in chiral metamaterial is discussed. Effect of frequency on dis-
persive medium is analyzed and also effect of permittivity on radiated field
is discussed. Field radiated from a line source placed in dispersive medium
and surrounded by unbounded chiral nihility is also discussed here. Electric
line source placed in nihility cylinder is also discussed in details. Absolute
value of coefficient of transmitted field increases within the frequency range
for which dispersive cylinder behaves as DPS cylinder and decreases within
the frequency range for which dispersive cylinder behaves as ENG cylinder.
Coefficient of RCP and coefficient of LCP transmitted field decreases with in-
creasing the radius of the dispersive dielectric-magnetic cylinder placed in an
unbounded chiral metamaterial. For MNG/DNG cylinder placed in an un-
bounded chiral metamaterial absolute of coefficient of RCP and absolute of
coefficient of LCP transmitted field increases with permittivity whereas abso-
lute value of coefficient of RCP transmitted field decreases and absolute value
of coefficient of LCP transmitted field increases with increasing the chirality of
the host chiral metamaterial.
In case of unbounded chiral nihility metamaterial, behavior of absolute of co-
efficient of RCP and absolute of coefficient of LCP transmitted is exactly same.
And when the radius of the dispersive cylinder placed in chiral nihility meta-
material is small amplitude of absolute value of coefficient of RCP transmitted
field is approximately zero.
In case of nihility cylinder placed in chiral metamaterial, coefficients of trans-
mitted field increases when radius of the cylinder increases. It is also noticed
that absolute of coefficient of RCP and absolute of coefficient of LCP transmit-
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ted field increases with permittivity of the host chiral metamaterial and abso-
lute value of coefficient of RCP transmitted field increases with chirality and
absolute value of coefficient of LCP transmitted field decreases with increasing
the chirality of the chiral medium.
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Chapter 4

Radiation from Coated Dielectric
Cylinder Placed in Unbounded
Chiral Metamaterial

In this chapter RCP coefficient of transmitted field from a coated dielectric
cylinder is discussed. The coating layer is of dispersive dielectric magnetic
medium and cylinder is considered to be placed in an unbounded chiral meta-
material.

4.1 Problem Formulation

We consider a circular cylinder of radius a with constitutive parameters ε1 and
µ1 while the outer cylinder is a coating layer of dispersive dielectric magnetic
cylinder of uniform thickness with radius b and constitutive parameters ε2

and µ2. The coated cylinder is placed in chiral metamaterial with constitutive
parameters ε3, µ3 and κ. An infinite electric line source is located at the center
of the dielectric cylinder. The problem is divided in three regions. The region
0 6 ρ 6 a is termed as Region 1 with wave number k1 = ω

√
µ1ε1, the coating

layer a 6 ρ 6 b is termed as region 2 with wave number k2 = ω
√

ε2(ω)µ2(ω).
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Figure 4.1: Dielectric cylinder coated with dispersive dielectric-magnetic .
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Figure 4.2: Dielectric cylinder coated with dispersive dielectric-magnetic .

The incident field is due to electric line source and the total field in region 1
can be written as sum of incident and reflected field

E1z = −
k2

1 I
4ωε1

H(1)
0 (k1ρ)−

k2
1 I

4ωε1

n=+∞

∑
n=−∞

jnanH(2)
n (k1ρ)ejnφ (4.1)

H1z =
k2

1 I
4jωε1η1

n=+∞

∑
n=−∞

jnbnH(2)
n (k1ρ)ejnφ (4.2)

The corresponding φ component of electric and magnetic field may be ob-
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tained using Maxwell equations as

E1φ =
k3

1 I
4ω2ε2

1η1

n=+∞

∑
n=−∞

jnbnH(2)
′

n (k1ρ)ejnφ (4.3)

H1φ =
k3

1 I
4jω2ε1µ1

H(1)
′

0 (k1ρ) +
k3

1 I
4jωε1µ1

n=+∞

∑
n=−∞

jnanH(2)
′

n (k1ρ)ejnφ (4.4)

Region is bounded region and fields in region can be expressed as oppositely
traveling cylindrical waves as

E2z = −
k2

1 I
4ωε1

n=+∞

∑
n=−∞

jn[cnH(1)
n (k2ρ) + dnH(2)

n (k2ρ)
]
ejnφ (4.5)

E2φ = −
k2

1k2 I
4ω2ε1ε2η2

n=+∞

∑
n=−∞

jn[enH(1)
′

n (k2ρ) + fnH(2)
′

n (k2ρ)
]
ejnφ (4.6)

H2z =
k2

1 I
4jωε1η2

n=+∞

∑
n=−∞

jn[enH(1)
n (k2ρ) + fnH(2)

n (k2ρ)
]
ejnφ (4.7)

H2φ =
k2

1k2 I
4jω2ε1µ2

n=+∞

∑
n=−∞

jn[cnH(1)
′

n (k2ρ) + dnH(2)
′

n (k2ρ)
]
ejnφ (4.8)

Region 3 is an unbounded chiral metamaterial and fields for chiral metamate-
rial can be written in form of unknown expansion coefficient as

E3z = −
k2

1 I
4ωε1

n=+∞

∑
n=−∞

jn[gnH(1)
n (k+ρ) + hnH(1)

n (k−ρ)
]
ejnφ (4.9)

E3φ = −
k2

1 I
4ω2ε1ε3η3

n=+∞

∑
n=−∞

jn[gnk+H(1)
′

n (k+ρ)− hnk−H(1)
′

n (k−ρ)
]
ejnφ (4.10)

H3z =
k2

1 I
4jωε1η3

n=+∞

∑
n=−∞

jn[gnH(1)
n (k+ρ)− hnH(1)

n (k−ρ)
]
ejnφ (4.11)

H3φ =
k2

1 I
4jω2ε1µ3

n=+∞

∑
n=−∞

jn[gnk+H(1)
′

n (k+ρ) + hnk−H(1)
′

n (k−ρ)
]
ejnφ (4.12)

In above equations an, bn, cn, dn, en, fn, gn, hn are unknown coefficients which
has to be determined by applying boundary conditions that tangential compo-
nents of electric field and magnetic field are continuous at the interfaces ρ = a
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and ρ = b

E1z = E2z, ρ = a (4.13)

H1z = H2z, ρ = a (4.14)

E1φ = E2φ, ρ = a (4.15)

H1φ = H2φ, ρ = a (4.16)

While at ρ = b boundary conditions are

E2z = E3z, ρ = b (4.17)

H2z = H3z, ρ = b (4.18)

E2φ = E3φ, ρ = b (4.19)

H2φ = H3φ, ρ = b (4.20)

Applying these boundary conditions a linear matrix equation is obtained which
can be solved to find unknown coefficients.

4.2 Numerical Results and Discussion

In this section numerical results of the above discussion are presented. Plots
show the behavior of absolute value of coefficient of RCP transmitted field of
circular dispersive dielectric magnetic cylinder. Due to the dispersive medium
type of the medium changes i.e., DPS, MNG, DNG and ENG, so different coat-
ing layers are considered.
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Figure 4.3: Absolute of coefficient of RCP transmitted field of dielectric cylin-
der with dispersive DPS coating cylinder: εc = 0.9, κ = 0.01, a = 5mm,
b = 10mm.
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Figure 4.4: Absolute of coefficient of RCP transmitted field of dielectric cylin-
der with dispersive DPS coating cylinder with respect to permittivity of chiral
metamaterial: f == 1GHz, κ = 0.01, a = 5mm, b = 10mm.
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Figure 4.5: Absolute of coefficient of RCP transmitted field of dielectric cylin-
der with coating of dispersive DPS cylinder with respect to the chirality of
chiral metamaterial: f = 1GHz, εc = 0.9, a = 5mm, b = 10mm.

For Fig. 4.2 frequency range is selected for which coating layer is dispersive
DPS, and behavior of coefficient of RCP transmitted field in chiral metamate-
rial is observed. It is noted that resonances appear when a dielectric cylinder
is coated with dispersive DPS cylinder. In Fig. 4.3 effect of permittivity of
chiral metamaterial is seen for a fixed frequency, the frequency is selected for
which both permittivity and permeability are positive. It can be seen that with
increasing permittivity of host chiral metamaterial coefficient of RCP transmit-
ted field in chiral metamaterial increases. Fig. 4.4 shows the effect of chirality
of host chiral metamaterial on field transmitted from dielectric cylinder coated
with dispersive DPS metamaterial, placed in chiral metamaterial. The coeffi-
cient of RCP transmitted field in chiral metamaterial decreases with chirality
of host chiral metamaterial.
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Figure 4.6: Absolute of coefficient of RCP transmitted field of dielectric cylin-
der with coating of dispersive MNG cylinder: εc = 0.9, κ = 0.01, a = 5mm,
b = 10mm.
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Figure 4.7: Absolute of coefficient of RCP transmitted field of dielectric cylin-
der with coating of dispersive MNG cylinder with respect to permittivity of
chiral metamaterial: f == 10.2GHz, κ = 0.01, a = 5mm, b = 10mm.
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Figure 4.8: Absolute of coefficient of RCP transmitted field of dielectric cylin-
der with coating of dispersive MNG cylinder with respect to the chirality of
chiral metamaterial: f = 10.2GHz, εc = 0.9, a = 5mm, b = 10mm.

For Fig. 4.5 frequency range is selected for which coating layer is dispersive
MNG, and behavior of coefficient of RCP transmitted field in chiral metamate-
rial is observed. In Fig. 4.6 effect of permittivity of chiral metamaterial is seen
for a fixed frequency. The frequency is selected for which permittivity is pos-
itive while permeability of metamaterial becomes negative at this frequency.
It can be seen that with increasing permittivity of host chiral metamaterial
coefficient of RCP transmitted field in chiral metamaterial increases. Fig. 4.7
shows the effect of chirality of host chiral metamaterial on coefficient of RCP
transmitted from dielectric cylinder coated with dispersive DPS metamaterial,
placed in chiral metamaterial. The coefficient of RCP transmitted field in chiral
metamaterial decreases with chirality of host chiral metamaterial.
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Figure 4.9: coefficient of RCP transmitted field of dielectric cylinder with coat-
ing of dispersive DNG cylinder: εc = 0.9, κ = 0.01, a = 5mm, b = 10mm.
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Figure 4.10: coefficient of RCP transmitted field of dielectric cylinder with coat-
ing of dispersive DNG cylinder with respect to permittivity of chiral metama-
terial: f = 10.9GHz, κ = 0.01, a = 5mm, b = 10mm.
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Figure 4.11: coefficient of RCP transmitted field of dielectric cylinder with coat-
ing of dispersive DNG cylinder with respect to the chirality of chiral metama-
terial: f = 10.9GHz, εc = 0.9, a = 5mm, b = 10mm.

For Fig. 4.8 frequency range is selected for which coating layer is dispersive
DNG, and behavior of coefficient of RCP transmitted field in chiral metamate-
rial is observed, and it is also observed that resonance contributions appears
in this case as that of coated DPS cylinder. In Fig. 4.9 effect of permittiv-
ity of chiral metamaterial is seen and in Fig. 4.10 effect of chirality of host
chiral metamaterial on field transmitted from dielectric cylinder coated with
dispersive DNG metamaterial is observed, and noted that t coefficient of RCP
transmitted field increases with increasing the permittivity of the host chiral
medium and decreases with increasing the chirality of the host medium.
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Figure 4.12: Absolute of coefficient of RCP transmitted field of dielectric cylin-
der with coating of dispersive ENG cylinder: εc = 0.9, κ = 0.01, a = 5mm,
b = 10mm.
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Figure 4.13: Absolute of coefficient of RCP transmitted field of dielectric cylin-
der with coating of dispersive ENG cylinder with respect to permittivity of
chiral metamaterial: f == 12GHz, κ = 0.01, a = 5mm, b = 10mm.
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Figure 4.14: Absolute of coefficient of RCP transmitted field of dielectric cylin-
der with coating of dispersive ENG cylinder with respect to the chirality of
chiral metamaterial: f = 12GHz, εc = 0.9, a = 5mm, b = 10mm.

In Fig. 4.11 dielectric cylinder with dispersive ENG coating layer is consid-
ered , and behavior of coefficient of RCP transmitted field in chiral metama-
terial is observed. In Fig. 4.12 effect of permittivity of chiral metamaterial
is observed for dielectric coated with dispersive ENG cylinder. It can be seen
that with increasing permittivity of host chiral metamaterial coefficient of RCP
transmitted field in chiral metamaterial increases. Fig. 4.13 shows the effect of
chirality of host chiral metamaterial on field transmitted from dielectric cylin-
der coated with dispersive ENG metamaterial, placed in chiral metamaterial.
The coefficient of RCP transmitted field in chiral metamaterial decreases with
chirality of host chiral metamaterial.
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Figure 4.15: Absolute value of Absolute of coefficient of RCP transmitted field
of dispersive DPS coating cylinder with respect to permittivity and chirality of
the host medium: a = 5mm, b = 10mm and f = 1GHz.
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Figure 4.16: Absolute of coefficient of RCP transmitted field of dispersive
MNG coating cylinder with respect to permittivity and chirality of the host
medium: a = 5mm, b = 10mm and f = 10.2GHz.
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Figure 4.17: Absolute of coefficient of RCP transmitted field of dispersive DNG
coating cylinder with respect to permittivity and chirality of the host medium:
a = 5mm, b = 10mm and f = 10.9GHz.
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Figure 4.18: Absolute of coefficient of RCP transmitted field of dispersive ENG
coating cylinder with respect to permittivity and chirality of the host medium:
a = 5mm, b = 10mm and f = 12GHz.

In Fig. 3.14-Fig. 3.17 combine effect of permittivity and chirality of the host
chiral medium is observed and it is noticed that for DPS, MNG, DNG and
ENG cylinders coefficient of RCP/LCP transmitted field decreases with chi-
rality and increases with relative permittivity of the chiral medium, it is also
noted that coefficients of RCP and LCP transmitted field are same for all cases.

4.3 Summary

In this chapter a dielectric cylinder coated with dispersive dielectric magnetic
metamaterial is considered to be placed in an unbounded chiral metamaterial.
An infinite electric line source as a source of excitation is placed at the center
of the dielectric cylinder. For DPS and DNG coating layers resonance appears.
It is noticed that coefficient of RCP transmitted field decreases with increasing
the chirality of chiral metamaterial and increases with increasing the relative
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permittivity of the chiral metamaterial for DPS, MNG, DNG and ENG coating
layers. Resonance appears for DPS and DNG coating layers and transmitted
field is very weak for MNG coating layer.
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Chapter 5

Conclusion

This chapter contains the conclusions of the work presented in this thesis.
The behavior of coefficients of RCP and LCP transmitted field from a non-
dispersive dielectric placed in unbounded chiral metamaterial is investigated.
It is also observed that with increasing the permittivity of chiral medium co-
efficient of RCP transmitted field decreases and increases with increasing the
permittivity of non-dispersive dielectric slab. And transmission from slab can
be increased with setting the value of chirality of chiral metamaterial as trans-
mission increases with chirality. It is also noticed that transmission can be
minimized with increasing the width of slab because it is observed that field
effect is week away from the source.
It is noted that for dispersive dielectric magnetic medium type of medium
changes for certain frequency range and medium may behave either as DPS,
MNG, DNG or ENG medium. For one dimensional problem of dispersive slab
it is observed that the behavior of coefficients of RCP and LCP transmitted
field from a dispersive dielectric magnetic slab placed in unbounded chiral
metamaterial is same. It is also observed that with increasing the permittivity
of chiral medium coefficient of RCP transmitted field decreases and increases
with increasing the permittivity of dispersive slab. It is also noticed that at
f = 10.3GHz and at f = 11GHz transmission coefficient is unity while reflec-
tion is zero. So it is concluded that at 10.3GHz and 11GHz there is complete
transmission. It is concluded that when dispersive slab is placed in chiral ni-
hility metamaterial coefficient of RCP and LCP transmitted field become weak
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as compared to those in host chiral metamaterial. For dispersive dielectric DPS
slab and dispersive ENG slab coefficient of RCP transmitted field decreases
with frequency while for dispersive DNG and dispersive MNG slab behavior
is opposite.
For two dimensional problem when a dispersive dielectric magnetic cylinder is
considered to be placed in unbounded chiral metamaterial. It is observed that
coefficient of transmitted field through a dispersive DNG cylinder is strong as
compared to DPS, MNG and ENG cylinders. And when a dispersive MNG
cylinder is placed in unbounded chiral metamaterial coefficient of RCP and
LCP transmitted field are weak and same. The behavior of coefficient of trans-
mitted field through a DPS, MNG, DNG or ENG cylinder of very small radius
placed in unbounded chiral nihility metamaterial is somewhat similar to that
of a source placed in unbounded chiral nihility metamaterial. When radius of
cylinder containing a line source at its origin is very small then it can be con-
cluded that the line source is not radiating or line source is unable to radiate.
By using the coating layer of dispersive dielectric magnetic medium on the
dielectric cylinder, effects of different parameters on coefficient of transmitted
field are also analyzed. It is concluded that coefficient of RCP/LCP transmitted
field from dielectric cylinder coated with dispersive ENG and MNG cylinder
is weak as compared to dispersive DPS and dispersive DNG coating layers.
It is noticed that coefficient of transmitted field is very strong when dielectric
cylinder is coated with dispersive DPS metamaterial and placed in unbounded
dielectric medium.
For the case of dispersive slab transmission coefficient becomes unity at certain
frequency, so that can be used as a transparent medium. It is noticed that when
a dispersive cylinder of very small radius is placed in chiral nihility then trans-
mission is approximately equal to zero, so it is concluded that we can hide a
source by coating that source with chiral nihility metamaterial. And it is also
investigated that for the case of dispersive cylinder placed in an unbounded
chiral metamaterial resonances appear for DNG and MNG cylinders, and for
coated cylinder resonance aiso appears for dispersive DPS cylinder. For MNG
cylinder it can be used as a bandpass filter.
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