Investigation of Near Field Effects on Retrieval of
Electromagnetic Properties of Chiral
Metamaterials and Coupling Effects of Nearby

Metamaterials

Ph.D. Thesis
in
Electrical and Electronics Engineering

Gaziantep University

Supervisor
Prof. Dr. Ugur Cem HASAR

By
Musa BUTE

December 2018



(© 2018 [Musa BUTE]



GRADUATE SCBOOL OF
NATURAL AND APPLIED SCIENCES
ELECTRICAL AND ELECTRONICS ENGINEER I ﬂ

Name of the Thesis : Investigation of Near Field Effects on.

tromagnetic Properties of Chiral )

Coupling Effects of Nearby Metamaterials
Name of the Student : Musa BUTE 4
Exam Date o 21.12.2018

Approval of the Graduate School of Natural and Applied Sciences.
Prof. Dr. Ahmet
D1

I certify that this thesis satisfies allthueqmmmhasa ".
Doctor of Philosophy.




I hereby declare that all information in this document has been ob-
tained and presented in accordance with academic rules and ethical
conduct. I also declare that, as required by these rules and conduct,
I have fully cited and referenced all material and results that are not
original to this work.

Musa BUTE



ABSTRACT

INVESTIGATION OF NEAR FIELD EFFECTS ON RETRIEVAL
OF ELECTROMAGNETIC PROPERTIES OF CHIRAL
METAMATERIALS AND COUPLING EFFECTS OF NEARBY
METAMATERIALS

BUTE, Musa
Ph.D. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Ugur Cem HASAR
December 2018
102 pages

For accurate retrieval of electromagnetic properties of metamaterials (MMs), two
subjects have been investigated throughout this thesis. The first subject involves
a robust and accurate retrieval method for chiral MMs by taking into account
the near-field effects which might be present around the borders of MMs due to
high order Bloch modes. The second subject is about investigation of coupling
phenomenon between nearby and adjacent MM slabs via considering substrate
loss. Toward this end, to achieve investigated two subjects first the fundamental
characteristics of chiral MMs are introduced. Then, classification of bi-isotropic
media was described and the concept of chirality properties was clarified in de-
tail. Next, the importance of near-field effects for chiral MMs was discussed.
Moreover, the special properties of chiral MMs which are circular dichroism and
optical activity were demonstrated. Furthermore, a new type of crescent-shaped
chiral MM configuration was proposed in the framework of our analysis. In or-
der to check the properties of crescent-shaped MM structure, different U-shaped
and cross-shaped chiral configurations commonly utilized in the literature have
been examined for comparison. On the other hand, to validate the coupling
phenomenon between the resonating MM slabs, a conventional dielectric sam-
ple (polyethylene-nonresonant) was first considered. Then, the effect of distance
between the resonating MM slabs and the effect of loss inside substrate on the
strength of coupling effects were examined. Simulations were performed by CST-
Microwave Studio at X-band (8.12 - 12.4 GHz) to support our analysis.

Key words: Chiral metamaterial, near-field effects, crescent shaped, chirality,
dichroism, optical-activity, coupling analysis.



OZET

KIRAL METAMALZEMELERIN ELEKTROMANYETIK
OZELLIKLERININ BELIRLENMESINDE SINIR
ETKILERININ VE BIRBIRINE KOMSU OLAN
METAMALZEMELERDE KUPLAJ ETKISININ

INCELENMESI

BUTE, Musa
Doktora Tezi, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Ugur Cem HASAR
Aralik 2018
102 sayfa

Bu tezde metamalzemelerin elektromanyetik o6zelliklerinin diizgiin ve dogru olarak
belirlenmesi i¢in iki konu incelenmistir. Birincisi, kiral metamalzemelerin sinirla-
rindaki yiiksek seviye Bloch modlar nedeniyle olusan yakin alan etkilerini dikkate
alip, elektromanyetik parametrelerinin ¢ikarimini yapan giiclii bir yontemi igerme-
ktedir. Ikincisi ise metamalzeme alt taginin kayib1 dikkate alinarak bitisik veya
yakin olan metamalzemeler arasindaki kuplaj etkisi analiz edilmistir. Bu dogrultu-
da, bu iki analizin bagarilmasi i¢in metamalzemelerin temel o6zellikleri hakkinda
bilgiler verilmigtir ve ozellikle de kiral metamalzemelerin karakteristigi sunulmus-
tur. Bununla birlikte, bi-isotropik malzemelerin siniflandirilmasi tanimlanmistir
ve kiral malzemelerin konsepti detayli bir gekilde tartigilmigtir. Sonra, kiral meta-
malzemelere has ¢embersel dikroizm ve optiksel aktivite ozellikleri gosterilmigtir.
Ayrica, bu tez gercevesi kapsaminda hilal sekilli yeni bir kiral metamalzeme kon-
figlirasyonu onerilmistir ve bu hilal sekilli metamalzemenin 6zellikleri literatiirde
iyi bilinen ve yaygin olan U-gekilli ve kros-sekilli kiral metamalzemelerle karsilagti-
rilip, smnanmigtir. Diger yandan, rezonatér metamalzemeler arasindaki kuplaj
etkisini gostermek i¢in ilk énce normal dielektrik (polietilen-rezonazsiz) bir malze-
me ile dogrulanmigtir. Sonrada, metamalzeme hiicreleri arasindaki mesafe ve
dielektrik alt tagimin kaybi dikkate alinarak kuplaj etkisinin seviyeleri analiz
edilmistir. Yaptigimiz caligmalar: desteklemek icin CST-Mikrodalga kiitiiphanesi
kullanilarak X-bandinda (8.2-12.4GHz) benzetimler yapilmistir.

Anahtar kelimeler: Kiral metamalzemeler, degisken simir etkileri, hilal sekilli,
kiralite, dikroizm, optik-aktivite, kuplaj analizi.
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CHAPTER 1

INTRODUCTION

1.1 Background and Scope of Study

Material science advances day by day and increases its importance rapidly
in today’s technology age. Therefore, desired physical, chemical or technological
design properties of materials can determine the expected life of the product or
its functionality. For that reason, material characterization is becoming more
and more important in today’s scientific community. Therefore, determining the
exact properties of material directly contributes to developments of science and
technology. In this thesis, the electrical properties of electromagnetic materials
will be discussed especially for the metamaterials (MMs). In addition, research
discipline of MMs finds a place at the intersection of optics, nanoscience, and
photonics. Due to their exotic properties, MMs have attracted attention of to-
day’s scientific community with a growing interest since 2000, at the dawn of the
new century. Moreover, MMs are artificially designed materials that demonstrate
properties of negative refraction and negative refractive index [1], which are not

present in naturally occurring materials.

In addition, unlike conventional materials that are present in nature, MMs
are electromagnetic materials that can be used via their engineering design to ma-
nipulate electromagnetic properties and wave-matter interaction. Furthermore,
MMs are artificial electromagnetic materials which can be engineered in periodic
or non-periodic forms. Their periodic or non-periodic sequences, their compo-
sition and geometry overall play an important role on their unique properties
not attainable by conventional materials. However, most MMs gain their exotic

properties from their structural sequences rather than their composition.

The pioneer concept of MM was invented by the Russian physicist Vic-
tor Georgievich Veselago in 1967 [2] (which is translated into English in 1968).

He theoretically demonstrated that electromagnetic properties of materials with



electrical permittivity (¢) and magnetic permeability (1) can simultaneously be
negative at the same frequency [2]. Then, nearly 30 years later after the Vese-
lago’s suggestion, in 1996 J.B. Pendry et al. (from Imperial College at UK)
experimentally illustrated the negative e by using artificial metallic wires [3]. Af-
terwards, in 1999 again J.B. Pendry et al. practically showed the negative p by
using split ring resonators (SRRs) without using any magnetic charge effect [4].
Until 2000, both electrical permittivity (¢) and magnetic permeability (u) had
been experimentally verified separately by the group of J.B. Pendry. However, in
2000 Smith et al. experimentally realized the double negative (DNG) material;
that is, both € and p practically achieved by the construction of split rings and

wires together [5].

As it has been mentioned above, based on the extraordinary properties of
MM, it is not easy to find a suitable definition for the MM term to describe it.

So what is metamaterial?

In the first times of MM around the years 2000, it was defined as a composite
medium involving a periodic array of interspaced conducting non-magnetic SRRs
and continuous wires [5]. Afterwards, definitions have been gradually expanded
and around 2005, it is defined as ‘an arrangement of artificial elements designed
to obtain extraordinary electromagnetic properties’. Then, the progress has con-
tinued on MM around 2010 leading to its definition as artificial medium composed
elements at a smaller size than the wavelength of the external stimuli [6]. Later, in
2015 the concept of MM changed into as ‘arrangement on desired electromagnetic
properties for mankind’s requirements which artificially possessed by man-made
media’ [7]. Today, MMs are now seen as a set of engineering materials and rapidly

expands beyond electromagnetics for potential novel wave phenomena.

There are various measurement techniques developed for characterization
of MM in the literature such as free space [8, 9], coaxial [9-11], waveguide [9, 12—
15] and resonator methods [9] for the examination of materials. According to
the criterion of desired frequency ranges, flexibility of measurement set-up and
sample preparation, each measurement technique has different advantages. These
methods can be classified into either as a resonant or non-resonant category.
However, except resonator methods, remaining other three techniques are called
as non-resonant methods which mostly used in broadband measurements, while
resonator method is commonly preferred for narrow band measurements with
precise results [9]. On the other hand, non-resonant methods provide convenience
of flexibility in broadband measurements and applicabilities are more suitable

than the resonant methods. Since MMs are engineering materials compatible with



broadband frequency ranges, non-resonant methods provide more advantageous.

In addition, microwave non-resonant methods are divided into two groups:
calibration-dependent and calibration-independent methods. As the name sug-
gests for calibration-dependent technique, calibration kits and some kind of cali-
bration standards are necessary before carrying measurements. There are several
well-known calibration standards in literature such as, thru-reflect-line (TRL)
[16], short-open-load-thru (SOLT), thru-reflect-match (TRM) and full two port
[9]. Besides calibration-dependent methods, calibration independent methods
were proposed by the researchers in recent years to eliminate the calibration kits

and reduce the overall measurement time [10, 11, 17-23].

The scope of the study is the characterization of electromagnetic properties
of MMs especially the chiral MMs over microwave region. Toward this end,
we will first design a new structure called crescent shaped which demonstrate
unique optical activity and circular dichroism. In that manner, we preferred to
study on chiral MMs with proposing a new design of crescent shaped chiral MM
configuration. As a second, near-field effect of chiral MMs are investigated by
using S-parameters. Thirdly, coupling effects of nearby isotropic MM slabs are

analyzed to retrieve accurate properties of MMs.

1.2 Literature Review and Motivation of Thesis

When Dr. Veselago opened the concept of artificial materials in 1967 [2],
and he put forward an idea of materials that can have both a negative relative
electrical permittivity (e) and magnetic permeability (u) simultaneously over a
specific frequency range. These materials are then called as double negative
(DNG) metamaterials (MMs) or left-handed materials (LHM) in literature. In
LHM the wave vector k is in the direction of cross product of magnetic (ﬁ ) and
clectric (E) fields that is (k x H x E) in which k is in the direction of H x E. As
a result, both the time-averaged Poynting vector S = (1/2) Re(E x H*) and the

wave vector k are in opposite directions leading to k.S <o.

Based on the theory of plasma, thin metallic wire arrays were proposed to
demonstrate the € negative media in 1996 [3] . In addition, by the same group
(Pendry et al.), they practically illustrated the p negative media by utilizing SRRs
printed on circuit boards composed of conventional metallic inclusions in 1999
[4]. Then the outcomes of these studies led to numerous potential applications

in many diverse areas, some of which show significant breakthrough applications



such as negative index materials [1], electromagnetic cloaks [24], sensors [25],
perfect lens [26], absorbers [27], tunable devices [28-30], enhancement on antenna
directivity [31], solar cells [32, 33] and etc.

For such applications, depending on the specification of electromagnetic
properties, there are several geometrical designs for MMs in literature which can
be fabricated in various different forms such as : m-shaped [34], U-shaped [35],
cross shaped [36], 2-shaped [39], S-shaped [40], crescent-shaped [41], V-shaped
[42], and etc.

The response behaviour of MMs can be arranged or manipulated by de-
pending on some conditions of charges on the metallic structures. For example,
initially, accumulation of opposite charges at the corners and edge of a MM
which induced by electrically dipole. As a second, electric fields impinging on the
SRRS which generate surface current circulation as a result of magnetic dipoles.
Thirdly, due to interaction of between electric and magnetic fields, this coupling
or mutual effect can alter the behaviour of materials from isotropic to asymmet-
ric transmission chiral case [35, 36, 41] or asymmetric reflection bi-anisotropic
feature [34, 43-46].

For that reason, anisotropic, bi-anisotropic, and chiral MMs were engineered
to obtain different electromagnetic properties. From this point of view, our con-
cern in this thesis is about a chiral MM which has lack of mirror symmetry lead to
extraordinary properties like circular dichroism, giant optical activity, different
transmission scattering (S-) parameters, different responses for right circularly
polarized waves (RCP) and left circularly polarized waves (LCP), different neg-
ative refractive index for RCP and LCP, as contrary to other MM types. In this
manner, the electromagnetic response of chiral MMs must be retrieved correctly

in order to investigate these uncommon properties.

Any object lacking of geometric symmetry between its mirror image can
be called as a chirality medium. Therefore, the mirror of a chiral object cannot
be obtained by any operation like rotation or translations [47]. In other words,
if a chiral object is right handed, then its mirror image will be left handed.
The interaction of electromagnetic waves in chiral medium leads to the rotation
of the plane of the polarization. Therefore, a linearly polarized wave impinges
on a chiral slab splits into two (left and right) circularly polarized waves with
different phase velocities and this is defined as an optical activity. Therefore,
by using polarization transformers, incident polarization can be transformed into

any other polarizations with a certain angles [48].



In addition, the level of chirality determines the amount of rotation and
attenuation of the wave through the medium [47]. For that reason, chiral media
have tremendous applications in microwave engineering requiring optical activity
and chirality. Initially, in 1811 Arago [49] discovered the rotation of the plane of a
linearly polarized light for chiral molecule structures. On the other hand, in 1920
Lindman [50] used wire spirals and microwaves instead of chiral molecules and
light signals to demonstrate optical activity. Later, this model was verified and
applied by many scientists in the literature [51]. The fundamental phenomena of
the chiral MMs are emerging from that model and depending on this wire spirals

proposed by Lindman.

After surveying the literature extensively we noted that various studies
were performed to examine electromagnetic properties of chiral MMs [35, 36, 52—
56]. These methods are effective and well-established; however, they do not pay
attention to near-field effects that might be present around the MMs bound-
aries. Recently, near-field effects on electromagnetic properties of isotropic and
bi-anisotropic MMs were investigated through the studies [43, 44, 57-59]. To our
best knowledge, near-field effects have not been investigated for retrieval of chiral
MDMs in literature. For that reason, in the first part of this thesis, we propose a
new retrieval method for determining transmission and reflection coefficients of
chiral MMs accurately by considering the near-field effects. On the other hand,
in the second part of this thesis, we propose a new crescent shaped chiral designs
that developed and implemented during this thesis. Results are compared with
other suggested unit cell configurations in the literature such as u-shaped [35]
and cross shaped [36]. In addition, as a third part, throughout this dissertation
coupling phenomena between the adjacent MM unit cells are investigated. Since,
nearby MM cells can affect each other and this coupling interactions leading to

a change in the overall response of MMs indirectly.
The remaining part of this thesis is as follows:

In Chapter 2, retrieval of electromagnetic properties of MMs are investi-
gated, especially the chiral MM. The most important contribution of such in-
vestigation is the derivation of all electromagnetic parameters forward and back-
ward refractive index “ny”, relative electrical permittivity constant “e,”, relative
magnetic permeability “u,”, impedance “z”, reflection coefficient “I'” and trans-
mission coefficient “T™, chirality constant “x”, and etc. Moreover, new crescent

shaped chiral MM designs are investigated.

The aim of Chapter 3 is about retrieval algorithm of semi-infinite reflection



and transmission coefficients of chiral MMs involving near-field effects. This
chapter also explicitly explains the S-parameters easily for the concept of MM
structures. Moreover, through the this Chapter the investigation of near-field

effects on chiral MMs are analyzed in detail.

In the Chapter fourth, a new type of crescent-shaped chiral MM structure
has been proposed and its optical activity and chirality properties are examined
with comparing the parameters of the U-shaped [37] and cross-shaped [38] MMs

known in the literature.

The main goal of Chapter 5 is to study the coupling behaviour of nearby
MM cells. The major contribution of this Chapter is to provide understanding of
coupling phenomena by using S- parameters and application of signal graph tech-
nique (SGF). Additionally, the concept of electromagnetic propagation through
the resonating structures are demonstrated. Toward this end, by handling each
individual MM cell and whole cascaded structures, the evidence of coupling effects

are described through overall response.

In the Chapter sixth, we briefly summarized the studies have been done
during this thesis and mentioned about the some contributions to the scientific
literature. In addition, by using proposed methods we give information about

the further studies that can be done for potential issues in the future.



CHAPTER 2

METAMATERIALS

In this chapter, we will discuss characterization and realization of chiral
metamaterials (MMs). Toward this end, we will first present the general literature
review about material classification and then restrict this general review to the
special material type of chiral MMs. Next, we will briefly explain the types of
MMs and their compositions to get more information about the realization of
MMs.

In addition, in the forward sections beginning from Maxwell’s Equations we
retrieved all equations necessary for characterization of chiral MM and its prop-
erties in detail. Furthermore, classification of bi-isotropic media such as Tellegen
medium, Pasteur medium, Simple Isotropic medium and bi-isotroic medium are

described in conjunction with reciprocity and chirality properties.

Moreover, retrieval parameters of chiral MM such as chirality parameters
(r), refractive index (n) for RCP and LCP, wave vector (k), azimuth rotation
angle (@), circular dichroism (n), transmission (7), reflection (R), impedance

(Z), permittivity (€) and (u) are defined exactly in detail.



2.1 Classification of Metamaterials

In this part, we mention preconditions of MMs to achieve the exotic prop-
erties of such structures in detail. Before investigating specific MM types and
designs, it is suitable to begin with the classification of materials from general
perspective as shown in the diagram of Fig. 2.1. Classifying materials into four
quadrant on a diagram with respect to permittivity and permeability can be a

useful tool to gain more insight on MMs.

AU

ENG-matenrials DPS-materials
(<0, u>0) (>0, u=>0)

Noble metals Dielectrics

@ >

e
DNG-materials | MNG-materials
(<0, pu<0) (>0, p<0)

Artificial composite Gyrotropic
structures magnetic materials

Figure 2.1 Diagram of classification of materials depending on the permeability

and permittivity values [60].

The first quadrant is for conventional isotropic materials (double positive
materials) where € and p are simultaneously greater than zero. The second quad-
rant is allocated for epsilon-negative materials (ENG-materials) where € < 0 and
i > 0. The third quadrant is composed of materials having ¢ < 0 and p < 0
where our main focus point is artificial structures which can not be found in na-
ture but can be produced by engineering processes. Finally, the last quadrant
is about p negative materials which have ¢ > 0 and u < 0 observed in some

magnetic materials.



2.1.1 Double Positive Materials (DPS)

Generally, nearly all conventional materials existing in nature have positive
permittivity and permeability values greater than unity (¢ > 0 and p > 0). For
that reason, they are defined as double positive (DPS) materials with refraction

property is illustrated as in the Fig. 2.2.

DPS-media
DPS-media

A

| Wavevector

| Poynting
vector

Re(n) > 1

\ Y

Figure 2.2 Configuration of conventional refraction when the both medium is
DPS media [60].

In DPS medium the wavevector and Poynting vector are in the same direc-
tion and also the real part of the refractive index is grater than unity. Refraction
takes place at the boundary of first quadrant to third quadrant as shown in the
Fig. 2.2. DPS materials also described as right handed materials (RHM) because

the direction of propagation of wave follows the right-hand rule.



2.1.2 Single Negative (SNG) Media only ¢ < 0 or <0

There are also materials, called as single-negative (SNG) materials, demon-
strating negative € or y values. They can be classified into two parts according
to which constitutive parameters is negative as Epsilon-Negative (ENG) and Mu-
Negative (MNG) materials. In these materials, due to having one of the constant
value as negative then the imaginary part of the refractive index will be negative
as a consequence of ENG or MNG property so that only evanescent electromag-
netic waves can propagate through the material [60]. For example, when we
describe dielectric constant vs. frequency in Drude model and below the plasma

frequency, the metal has negative € as shown in Fig. 2.3.

b
¢

=
n

Dielectric Function

Microwaves R | UV-Vis

10° 10' 10° 10" 10° 10° 10* 10° 10°
Wavenumber /cm’’

Figure 2.3 At optical and infrared frequency ranges the noble metals behave as

ENG-materials for certain frequency regions [61].

In addition, at optical and infrared frequency ranges the noble metals be-
have as ENG-materials and plasma known as famous ENG-material for certain
frequency regions. Furthermore, the property of 1 < 0 and € > 0 for MNG mate-

rials can be seen at gyrotropic materials especially in certain frequency regions.
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2.1.3 ENG - Metamaterials € < 0

The firstly proposed and mostly known ENG-MM is realized by thin metal-
lic wires by J. B. Pendry in 1998 [63]. The structure consists of periodically
aligned parallel thin metal wires over which electric field lines are parallel as
shown in Fig. 2.4 [62] to obtain effective permittivity less than zero at some

certain frequency band.

a
Z
x a
—— g —-—r-l'—

Figure 2.4 ENG-Structure consist of parallel long thin metal wires periodically

¥

aligned with radius r and a lattice period a [62].

The propagation in this kind of structure is similar to plasma and its fre-
quency depends on radius and periodicity of consisting long wires. Below the
plasma frequency of the structure effective permittivity of materials is negative.
The extension of the parallel-wire geometry to three dimension is also possible in
the literature [64].

11



2.14 MNG - Metamaterials ;1 < 0

The split ring resonator (SRR) structure is the first MNG-MM widespreadly
studied in the literature [4]. SRRs can be composed of geometrically both in
square or round rings shapes. In addition, SRRs are high conductive resonant
structures and this resonance balances the inductance of the structure by occurred
capacitance between the rings. Applying time-varying field on SRRs leads to
circulating currents on the surface of the rings. Figs. 2.5 and 2.6 demonstrate the

geometry and topology of one cell of round and square MNG-MMs, respectively.

Figure 2.5 The first proposed unit cell of the SRR to achieve MNG-Structure
in round shape [60].

To obtain effective permeability p to be negative, the magnetic field of
incident plane wave must be perpendicular to the SRR. On the other hand, if
the magnetic field of incident plane wave is parallel to the SRR, then induced

circulating currents are not affective in producing negative effective p.

12



Figure 2.6 The first proposed unit cell of the SRR to achieve MNG-Structure
in square shape [60].

There are many form of MMs alternative to SRRs were proposed in the
literature to obtain MNG-structures some of which are in the form of spiral and

S-shaped resonators illustrated in Fig. 2.7.

a b

Figure 2.7 Unit cell of alternative MNG-structures (a) in spiral and (b) S-shaped

resonator [60].
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2.1.5 Double Negative (DNG) Media ¢ < 0 and <0

Double-negative (DNG) materials (simultaneously € < 0 and u < 0) can
not be found in nature, but they can be artificially produced. From the begin-
ning of this century, the research and experiments toward realization of these
materials have been very popular and scientists have extensively studied to find
applications areas for them. DNG-materials were theoretically proposed in 1967
by the Russian scientist V. G. Veselago [2] and the simultaneously negative e
and p are compatible and did not denied by the the Maxwell’s equations. In
these materials, due to having negative refractive index value, electromagnetic
waves passing through the medium not only in the direction of as usual (as in
the DPS-materials) but also in the symmetric of normal to the usual direction as
illustrated in the Fig. 2.8.

DPS-media
DNG-media

“V

| Wavevector Re(n) <0

7 Poynting
vector

\ B/

Figure 2.8 Configuration of refraction when the first medium is DPS media and
the second medium is DNG media (both € < 0 and p < 0) [60].

Moreover, DNG-materials are sometimes described as Left-Handed materi-
als (LHM) due to propagation of waves following the left thumb rule or negative
index materials (NIM). For that reason, the wavevector and Poynting vector are

propagating in the opposite directions.
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2.2 Background on Classical Field Theory of Electromagnetism

In this section, the expressions underlying the basics of the properties nec-
essary for chiral MMs will be reviewed. Toward this end, our analysis starts from
basic Maxwell’s equations which is known as the first consistent field theory. Uni-
fying classical laws of electricity and magnetism, the Maxwell’s equations describe
the relation between electromagnetic sources (charges and currents) and the elec-
tric and magnetic fields in one general frame. In this thesis, main emphasize will

be given on the interaction of electromagnetic wave with a chiral MM medium.

2.2.1 Vacuum Medium Case

The differential or point form of Maxwell’s equations in free space can be

written as:

V-E=0, (2.1)
- 4" OH
_ .01 2.2
VxE Ho G ( )
V-B=0, (2.3)
. OF
B = - 24
V x €olbo It ( )

where E and B represent the electric and magnetic fields, eg = /1o ~ 107°/367(F /m)
and o = 471077(H/m) are the vacuum permittivity and permeability respec-
tively, ¢ denotes the time, and ¢ is the speed of light in vacuum ¢ = 1/, /oo ~
2.99792458210° (m/s).
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2.2.2 Presence of Matter Case

Under the investigation of presence of the matter, the Maxwell’s equations

must contain volume charge density (p) and current density (.J) reading as:

V-D=p, (2.5)

Vxi--28 (2.6)
ot

V-B=0, (2.7)
-4 -4

4+ & 2.8

VxH=J+ BT (2.8)

where D is the displacement electric field and H is the magnetic field intensity, p

and J are the (volume) charge density and (volume) current density respectively.

D and H are described in terms of E and B by constitutive parameters for

the isotropic and uniform materials as:

D =¢E =¢kFE + P, (2.9)

—

H=DB/u=B/u— M. (2.10)

where, P indicates the polarization and M represents the magnetization. Under
external field, response of the matter is determined directly by dielectric permit-

tivity and permeability.

The relations between relative permittivity and the relative permeability are
also associated with € = €ye, and u = pop,-, where the subscript “r” demonstrates

the quantities relative to air (vacuum).

Contrary to the homogeneous and isotropic material with constitutive re-
lations approximatively characterized by their permittivity and permeability, in

recent years, a great variety of novel and exotic bi-isotropic and inhomogeneous

16



materials have been developed for promising practical applications. To character-
ize these special materials, it has been understood that the electric and magnetic
fields for these complex materials can not be described with standard constitutive
parameters. Since, bi-isotropic materials such as bi-anisotropic or chiral materi-
als are involving cross coupling between strengths of electric and magnetic fields.
For example, rotation of polarity of light either in transmission or refraction can
be observed as a special optical property of bi-isotropic materials and represented
by:

D =¢E+¢H, (2.11)

B =pH+CH. (2.12)

Here, ¢ and & are the intrinsic coupling terms whose values depend on the prop-
erties of the matter. Furthermore, ( and £ can be associated with Tellegen y and

chirality x parameters

X — ik = \/i_,u’ (2.13)
Y tin— - (2.14)

NGT

Toward this end, among these particular materials we may consider reciprocal,
chiral (Pasteur media) MM case in this thesis because asymmetric transmission

propagation occurs in chiral medium.

After substitution of the above equations into the constitutive relations, the
constitutive parameters for bi-isotropic chiral medium are described by following

expressions:

D = ¢E + (x — ir)\/euH, (2.15)
B = uH + (x + ir)/euE. (2.16)

17



A general bi-isotropic media can be classified depending on their y and s values
shown in Table 2.1.

Non-Chiral Chiral

(v =0) (v #0)

Reciprocal Simple Isotropic Pasteur

(x=0) Medium Medium
Non-Reciprocal Tellegen General Bi-isotropic

(x #0) Medium Medium

Table 2.1 Classification of Bi-isotropic Materials

From the Table 2.1, it is noted that bi-isotropic media and regular isotropic
media differ from each other by additional terms of constitutive relations. Yy is
a dimensionless magneto-electric coupling constant and indicates the reciprocity
of materials; that is, for non-reciprocal materials xy # 0. In addition, x is also
another dimensionless chirality parameter demonstrating the chiral property of

material. For the brevity it is demonstrated in Table 2.1.

Our aim in this thesis is to investigate the reciprocal-chiral medium (or
Pasteur Medium) in microwave frequency regions. Toward this end, in the case
of reciprocal chiral medium, the real part of x will be equal to 0 and the equation
of (2.15) - (2.16) will reduce to below relations as:

O NE) e
B +ik/c  u H

To validate above equation (2.17), we can substitute 0 in stead of x, then
the equation (2.17) will reduce to classical constitutive relations for the non-
chiral traditional material case. On the other hand, we are interested in the
interaction of plane wave propagation with chiral materials. For that reason, to
obtain electric field in chiral materials, we utilize above constitutive equations

with frequency domain source-free Maxwell’s Equations.
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2.3 Retrieval Method for Chiral Materials

2.3.1 Wave Propagation in Chiral Medium

Hereafter, our aim is to derive refractive index n and chirality constant s
for left-handed circularly polarized (LCP) and right-handed circularly polarized
(RCP) waves for chiral materials. From source-free Maxwell’s equations, we know
that

— —

kx E =wh, kx H=—wD. (2.18)

Substituting the constitutive relations in the equation of (2.17) into the equation
(2.18) reduces to:

DeeE-"F — Boui+"5 (2.19)
c c
By using the equation (2.18) we can write,
kx (kxE)=kx wB) = wkxB), (2.20)

where k is the wave vector and w is the angular frequency of the plane wave
impinging into a chiral material. From this step, we can combine the equation

(2.19) and (2.20) into one expression and obtain,
<l_5 (k x E) ik

Applying some algebraic process over the equation (2.21) to remove the depen-

kxH=-wD=— (eE—i— H)

gzw

(k x E)) . (2.21)

Cc

‘:I>—‘

dence of B and H parameters, reduces it an expression involving E field only

as

C

= [—wueE+w—E——(E xE)|. (222
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From the equation (2.22), we can obtain the equation varying refractive index

constant,

kx (kx E)=—k2(n® — k*)E — 2irko(k x E). (2.23)

Assuming that the plane wave is propagating through a chiral medium and E=

(GyEoz + ayEoy + 0. Ey,), equation (2.23) can be organized to determine  as

1
k3 (k* —n?) + k*] (a4, Fop + ayEo, + a.Fo.
Skl LFOUE" = 10°) + K] (@0 Bo + iy By + - B (2.24)

= &z X (d:vEOm + dyEOy + dZEOZ)7

where n = /u€.. After performing some algebraic operations the equation of

(2.24) can be written as

Ey 1
Eo.  2ikkok

(k5 (n* — &%) — k7] . (2.25)

The equation (2.25) is a second order equation with two unknowns leading to the
index of refraction for RCP and LCP defined as:

n? —2nk —(n* —k*) =0, nyz=nFk (2.26)

By the same algorithm which we extracted n and k, we can assume that
wave is propagating in a, direction in a chiral medium, for simplicity the deriva-

tion of the wave vector k will not be given but it is illustrated shortly as:

k* F 2kkok — kj(n* — k%) =0,  kz = ko(n F k). (2.27)

From the equations (2.26) and (2.27), we can note that if we constitute high
chirality x values greater than the n value then n_ will be negative so that the
negative index chiral materials can be realized by this approach. In addition to

above equations, x values can be calculated as:

ki —k_ ny —n_
K=——+— or K=——

2k 2

(2.28)
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The two important properties of chiral materials are optical activity and circular
dichroism. When a linearly polarized plane wave passes through a chiral medium
its polarization rotates resulting in a optical activity. This polarization azimuth

rotation angle of a elliptically polarized light is mathematically defined as:

6 = %[arg(TJr) —arg(T-)]. (2.29)

where 7 and 7" indicate the transmission coefficients for RCP and LCP waves.
The second important property of a chiral medium is the circular dichroism which
arises from the different absorption and distortion of RCP and LCP waves while
interaction with chiral particles. Circular dichroism is defined in terms of the

difference of transmitted powers as:

L (TP - TP
= —¢ L e |l W 2.30
= ghan (\T+\2+!T!2 (2:30)
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2.3.2 Retrieval Parameters for Chiral Medium

In the past, researchers investigated the effective media extensively being
characterized by electromagnetic properties via experimental and numerical tech-
niques. Toward this end, to retrieve exact electromagnetic parameters of a chiral

MM, a slab of reciprocal (Pasteur) chiral material will be investigated

Afr, dy, L

Figure 2.9 Schematics for the transmission and reflection properties of a chiral

MM slab for a plane wave incidence.

To describe macroscopic behaviour of a chiral MM slab, we consider the
problem in Fig. 2.9. The intrinsic properties ¢, u and n of a homogeneous medium
is independent of its thickness. However, MMs structures are inhomogeneous

structure whose thickness is limited by the unit cell size of the MM.

Retrieval procedure of chiral MMs is very similar to the retrieval procedure
of regular MMs except that appropriate branch indices must be determined for
each refractive index n, and n_ for RCP and LCP waves. Assume that a circu-
larly polarized plane wave normally impinges on a homogeneous chiral MM slab
in vacuum with a thickness of d and has refractive index of n4 and impedance of
Z (note that Z’s are identical) for RCP and LCP waves as seen in Fig. 2.9.

The wave vector is in the 2 direction so that all electric and magnetic fields
are tangential to interfaces. Incident and reflected electric fields for a normally

impinges circular polarized wave will be as:
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E+(2) = (a4, Fia,)Eye™™*,  (incident) (2.31)

E+(2) = (a, Fia,) Eye™. (reflected) (2.32)

It is assumed that amplitude of incident wave is to be unity and reflection coef-
ficient in medium (I) is R+ and transmission coefficients in (III) interface is T4
where F denotes forward and backward term. Moreover, inside the chiral slab
the forward and backward waves are R; and T j/F for RCP and LCP waves. The

impedance Z is defined as:

Z =+/puje and  Zy=/po/éo. (2.33)

By applying the boundary condition of the continuity at the first interface z = 0,

the tangential electric and magnetic fields have following equations:

1+ Ry =T+ R, (2.34)
|- R, — %‘ (2.35)

Similarly applying the boundary condition of the continuity at the second inter-

face of z = d yields

Tle**? + R e+t = T, (2.36)

=T, (2.37)

where k- is defined as the wave vector for forward and backward waves. Then,
the relation for the wave vectors will be k. +k_ = 2nky. Toward this end, by elim-
inating 7" and R’ in equations (2.34) to (2.37), we can obtain the transmission

and reflection coefficients as following [36]:
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T 47 etk
- (1+ 2)? — (1 — Z)2e2inkod’

(2.38)

(1 _ Z)2(62ink0d _ 1)

R- = - .
+ (1 + Z)Q _ (1 _ Z)262mkod

(2.39)

As seen from the equation (2.39), R, and R_ are equal to each other due to
identical impedances for RCP and LCP waves. By applying some algebraic ma-
nipulations on the equations (2.38) and (2.39), the impedance Z and refractive

index n4 are given as:

(1+R)2—-T,T_
7 = 2.40
7 1 Z -1
— A — = 21 : 2.41
N Tod {ln (T;F( Z+1R):F zmw} (2.41)

where m is the branch index and proper m value can be found using the group
delay technique [65]. The correct sign for square root in equation (2.40) and the
correct branch index in logarithm of equation (2.41) should be selected carefully

according to principle of energy conservation as below:

Re(Z) > 0, Sm(n) > 0. (2.42)

When the parameters Z and ny are retrieved from the equations (2.41) and

(2.42), the remaining parameters can be calculated from the following equations:

K:(n+_n—)/27 /“L:nzv

2.43
n=(ny+n_)/2, e=n/Z. (243)
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2.3.3 Alternative Retrieval Algorithm for Chiral Materials

Actually, in this section another alternative route will be demonstrated to
obtain constitutive parameters. Here, we consider again the same slab as in the
Fig. 2.9. Then, if we redefine T' = /T, 7" and R = R4 according to equations

(2.38) and (2.39), the transmission 7" and reflection R can be written as:

4Z6inkod
T = (1+ 2)2 — (1 — Z)2e2inkod’ (2.44)

- (]_ _ Z)2<62inkod i 1)
= (14 2)2 — (1 — Z)2e2inkod (2.45)

The equations (2.44) and (2.45) are exactly valid for ordinary nonchiral ma-
terials. For that reason, traditional retrieval algorithm can be applied to obtain
the retrieval parameters of n, k, € and p as determined from the equation (2.43)

[66]. Then, by using equation (2.38), we can derive x as:

—1 T+ —1 ’T+’€i¢+
= ()= Ly . 2.46
T Sked (T_> hod (\T_\ew— ’ (2.46)

where ¢+ denote the phases of transmission 7%.

After explicitly determining the x values using the equation (2.46), the

refractive index can be computed readily from the equation below:

ny =nF K. (2.47)

In addition, with the equation (2.46) at hand, it is understood that the
real and imaginary parts of k are respectively related to optical activity (azimuth

rotation) angle 6 and circular dichroism 7 as retrieved from the equations of (2.29)
and (2.30). They can be defined as below:

¢+ - (ﬁ, + 2mm

Re(k) = Seod : (2.48)
In|T_| — In|T
Sm(s) = |2k0 d”‘ + (2.49)
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where m is any integer defined by the condition of —7 < ¢, — ¢ + 2mmw < 7.

To summarize what we have done until here is: starting from classical electromag-
netic relations and Maxwell’s Equations, we theoretically derived all parameters
related to the chiral phenomena for a plane wave (Fig. 2.9). Retrieval parame-
ters of chiral MMs such as chirality parameters (), refractive index (n) for RCP
and LCP, wave vector (k), azimuth rotation angle (), circular dichroism (7),
transmission (7, reflection (R), impedance (Z), permittivity (¢) and (u) are re-
visited over which our new algorithmic extraction including near-field effects can

be constructed.

As mentioned in Chapter 1, the forward and backward transmission of
chiral materials are different while reflections are the same verified by the previous
equations contrary to bi-anisotropic materials which have non-identical forward
and backward reflection S-parameters. To realize negative refractive index in
chiral materials the value of k should be k > n to satisfy the equation (2.47). In
addition, for desiring more optical activity and less circular dichroism in chiral
MMs azimuth rotation angle (0) and elliptcity angle of circular dichroism ()
should be arranged appropriately. As mentioned previously, the impedance of
chiral material does not differ for RCP and LCP waves however, refractive indices

are changing so they are described as n, and n_.
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CHAPTER 3

ANALYSIS OF NEAR-FIELD EFFECTS FOR CHIRAL
METAMATERIALS SLABS

3.1 Introduction

Metamaterials (MMs) attain their special properties not just from their
composition and geometrical shape but also their periodic structural sequences.
This additional flexibility allow one to design MMs in various forms having
anisotropic, bi-anisotropic, and chiral properties [57, 44, 43, 59, 36, 35] demon-
strating exotic electromagnetic properties not attainable by natural materials.
Among other MM types, our concern in this thesis is chiral MMs with lack of
mirror symmetry showing extraordinary properties like circular dichroism and

optical activity.

In the previous chapter, we have examined a retrieval procedure for chi-
ral MMs well-known in the literature [36] and derived expressions for chirality
and optical activity. Although explicit in form, this retrieval procedure has the
disadvantage that it does not take into account the near field effects. In this
chapter, a new retrieval procedure will be proposed considering the near field

effects especially important for MMs at their resonances.

A retrieval method for determining electromagnetic properties of chiral
MMs has been proposed by Dr. Zhao and his colleagues [36]. Even though this
proposed technique is effective and well-established, the near-field effects which

might be present around the MMs borders have not been considered.
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Near-field effects for determining the electromagnetic properties of isotropic
and bi-anisotropic MMs were examined through the studies [57, 44, 43, 59] in
recent years. However, to our best knowledge, a retrieval method for chiral MMs
by taking into account near-field effects has not been incorporated until now.
Therefore, in this thesis, a new retrieval method for determining the semi-infinite
reflection coefficients of chiral MMs considering the near-field effects is proposed

via using scattering (S-) parameters.

Toward this end, we propose a method for accurate electromagnetic char-
acterization of chiral MM slabs by taking into account the near field effects which
is caused by high order modes at borders of materials for determining the exact

reflection coefficients.

Simulations were performed in the microwave frequency range, specifically
from 3.5 GHz to 7.5 GHz. To compile simulations, frequency domain solver and
free space conditions were chosen. Unit cell boundary conditions were selected in
the electric and magnetic field directions. Time dependence in this chapter was
assumed to be in time harmonic form e/** and propagation direction was selected
in the 2z direction. To validate the derived expressions taking into account the

near field effects, a chiral MM with U-shaped structure [37] was considered.
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3.2 Theoretical Analysis of Chiral MMs with Near-Field Effects

The problem statement is investigation of near field effects of a chiral MM
slab placed in free space medium is considered. In order to investigate the elec-
tromagnetic response of chiral MMs correctly, the retrieval procedure should be
extracted correctly. By considering the near-field effects for correct retrieval of
electromagnetic properties of chiral MMs, a configuration of Fig. 3.1 is examined

to determine the correct S-parameters and other necessary parameters.

air

Chiral MM Slab

€ >
L

Figure 3.1 Investigated chiral MM slab for near-field effect analysis involving
semi-infinite transmission and reflection and S-parameters.

While forward and backward semi-infinite reflection coefficients are different
in bi-anisotropic MMs [43], in chiral MMs forward and backward propagation
factors (¢; and t9) are expected to be different as shown in Fig. 3.1 due to

properties of circular dichroism and optical activity.

Following the studies [57, 43|, the ray-tracing method is useful for us to
determine the relation between scattering parameters and reflection and trans-

mission coefficients.
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Application of the ray-tracing method for determining the forward and

backward S-parameters for chiral MMs is as follows:
The S-parameters for forward transmission is:

Sor = TyToty + TiTot?t,12 + TV Tot 3218 + TV ot H3TS + ...

1115t

Sor = TyTaty (1 4 (t12D3) + (12215)* + ... )= 2°

The S-parameters for backward transmission is:

Sio = TiToty + TiTotat, 15 4+ Ty Tot3t3T5 + Ty TototTS + ...

T1T2t2

812 — T1T2t2(1 + (tgtl]:g) + (tgtng)Q I gaeocoo ) = T 17 12
1-— tztlFQ

The S-parameters for forward reflection is:

Sll - Fl + TngtQtJ‘g + TlTtht%Fg + TlTQt;ltzlng + o

T\ Totyto]
St =Dy 4+ T Totot To(1 + tiol2 + ..) = Ty 4+ 2222
1 — tot1 1%

The S-parameters for backward reflection is:

Sog = Ty + TyTit oy + To T35 + ToT it 1t + ...

15T oty

Sog =Ty + TyTititolo(1 + toti I3+ ...) =Ty + =,
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In equations (3.1)-(3.4), I'y and I'y are the semi-infinite reflection coeffi-
cients from air to MM slab and from MM slab to air, respectively, T} and 75 are
the boundary transmission coefficients, and t; and ¢, represent the propagation

factors given as

t; = e—chon+L7 ty = G—Jkon,L7 ne =nTF K, (3_5)

where n, and n_ illustrate the effective refractive indices for right hand circular
polarization (RCP) and left hand circular polarization (LCP), L is the thickness

of the chiral MM, and x is the dimensionless chirality parameter.

As it is seen from equations (3.1)-(3.4) that Si; and Say are the same whereas
So1 and Sy are different due to different propagation factors of ¢; and t5 as a
consequence of chirality coefficient k. When k = 0, the expressions of S5, and
S12 become identical and reduce to those in (13) and (14) in [57], verifying the

forward problem.

In this study, our purpose is to extract I'; and I'y from equations (3.1)-(3.4).
Toward this end, as was done in [43, 57], we consider two identical chiral MM
slabs with different lengths L; and L, and derive I'; as

2(Skh — Sf2) +T1X, + Y1 =0, (3.6)
Xy = (SlLf)Q - (SlLll)Q + S1L2132L11 - Sff*%?a (3-7)
Y1 = 5512[(5511)2 - SlelSlel] - SlLll[(SlL12)2 - 51L2252L12]7 (3-8)

ro— -X1F \/Xl2 - 4Yl(51L11 - Sff) (3.9)
o 2(Sf — S5i7) |
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Considering x = 0 reduces the expressions in equations (3.5)-(3.8) to those equa-
tions (16) and (17) in [57], verifying the expression of I';. Once I'; found for the

chiral MM, I'; can be determined as

S - STy

ly=——F— = ———. (3.10)
tl 15121 t225212
where
tfl(Q) — e—jkgul[ln(uQU3)+j27rm]L1(2)7
(3.11)
tgl(z) _ efjkoul[ln(ugm;)Jrj27rm]Ll(2)7
W J AP Sit =Ty
1= 7 775 7 v 20 [
ko(Ly — L) SH@ _ 1,
(3.12)
L L
_ Sy _ S
us = PR Uyg = Iy
Sl? 521

The parameter m is the branch index (integer) value in equation (3.11) that can

be determined using [65].
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3.3 Validation and Simulation

In order to validate the proposed retrieval method, two different analyses
were considered. In the first case, two identical isotropic and homogeneous Teflon
samples are considered as shown in Fig. 3.2. The properties of Teflon sample
are: complex permittivity is e,7 = 2.01 — ¢0.001 with lengths L; = 1.00 mm and
Ly = 2.00 mm. For the computational volume dimensions, the height and width

of the Teflon sample were selected as a, = 11.25 mm and a, = 11.25 mm.

L1z

Figure 3.2 Simulated geometrical properties of investigated configuration for
the Teflon sample in CST.

In the second case, an U-shaped MM structure was considered as demon-
strated in Fig. 3.3. The volume dimensions of the MM cell are a, = 15 mm,
a, = 15 mm, and a, = 10 mm. The dielectric constant of substrate is €, = 4 and
has a thickness of d = 1.6 mm with loss tangent of 0.025. The geometrical length
of outer ring is m = 6 mm, linewidth of each ring is w = 0.7 mm, the separation
between the rings is s = 1.5 mm, and the copper used for SRRs has a thickness
of 0.03 mm. Nearly all dimensions of the MM cell are taken from according to
study of in [35].
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Figure 3.3 Simulated geometrical properties of analyzed configuration for the
chiral MM cell with U-shaped split-ring-resonators.

S-parameters of both Teflon sample and MM slab were simulated by the
3-D electromagnetic simulator program-CST Microwave Studio. In simulations,
frequency domain solver and “unit cell” boundary conditions over x — y plane

were taken by assuming that the wave is propagating in the 2z direction.
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3.4 Discussion on Results of Near-Field Effects

The magnitudes of simulated S-parameters of the Teflon sample with length
Ly =1.00 mm and Ly = 2.00 mm and the analyzed MM slab with length L; = 50
mm (5 cells) and Ly = 60 mm (6 cells) are demonstrated in Figs. 3.4 - 3.7.
Although the Teflon sample is reflection symmetric (S;; = Sg2) and transmission-
symmetric (Sg; = Si2), the analyzed MM slab demonstrates reflection-symmetric
and transmission-asymmetric property (S9; # Si2) which can be noted from from
Figs. 3.4 - 3.7. This property can be associated with cross coupling effect between

the electric and magnetic fields (chirality phenomena) inside the MM slab.

1— - EE EE EE S EE EE BN EE EE O ER EE Em wm
L1

0.8 =Sl
= Is;]

08 sl
= ISp,|

045 12 |

0.2 ]

0 | | | | |
7 8 9 10 11 12 13

Frequency (GHz)

Figure 3.4 Magnitudes of simulated forward and backward reflection and trans-
mission S-parameters of the Teflon sample with length L; = 1.00 mm.

Moreover, it is noted from Fig. 3.6(a) and Fig. 3.7(a) that the magnitudes
of S5 and Sy, considerably reduce to zero around frequency regions 4.50 — 5.30
GHz and 5.85 — 6.65 GHz which indicates the resonance behaviour of the chiral
MM slab. Then, from the obtained simulated S-parameters of the two different
configurations in Figs. 3.4 and 3.7, the proposed extraction algorithm incorporat-

ing near-field effects was applied to retrieve I'; and I'y using equations (3.5)-(3.11).

35



lm————————————
0.8 1
L2
1S,
L2
06" =150 -
L2
1S5,
I L2 .
0.4 =[Sl
0.2 1
0 | ‘ | | |
: 8 9 10 11 12 13

Frequency (GHz)

Figure 3.5 Magnitudes of simulated forward and backward reflection and trans-
mission S-parameters of the Teflon sample with length L; = 2.00 mm.

Figs. 3.8 illustrate the real, imaginary and magnitude parts of the retrieved
['; and I'y coefficients for the Teflon sample. To validate accuracy of our proposed
method, the Fresnel reflection coefficient I' (from air to MM slab) was also re-
trieved by using the extraction method [36], which assumes that I' = I'y = —I'y

and does not take into account the near-field effects.
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Figure 3.6 Magnitudes of simulated forward and backward (a) transmission and
(b) reflection S-parameters of the chiral MM slab with length of L; = 50 mm (5
cells).

The real and imaginary parts of the extracted I' by the method [36] are
also shown in Fig. 3.9(a) and 3.9(b). From the dependencies in Figs. 3.9(a) and
3.9(b), the following conclusions can be extracted. Initially, although the real and
imaginary parts of I'; of the Teflon sample are identical to those of I', real and
imaginary parts of I'y are negative of those of I'. This property validates the our
proposed method because near-field effects does not appear around the surface

of the Teflon sample.
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Figure 3.7 Magnitudes of simulated forward and backward (a) transmission and
(b) reflection S-parameters of the chiral MM slab with length of L; = 60 mm (6
cells).

Second, it is noted from Fig. 3.9 that the real and imaginary parts of I'; of
the chiral MM slab are nearly the same with I" over the whole analyzed frequency
bands. Nevertheless, the real and imaginary parts of I'y of the chiral MM slab
are different and independent from the coefficient I' especially away from the
resonance regions (4.50 — 5.30 GHz and 5.85 — 6.65 GHz).
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In addition, in the study of isotropic and bi-anisotropic MM slabs similar
effect was also noted as in [43, 44, 57, 59]. This can be explained by the accumu-
lation of surface currents around the left and right surfaces of the analyzed chiral
MM slab. For that reason, the importance of near-field effect appears clearly on

the extraction of electromagnetic properties of chiral MM slabs.

Third, while over the whole frequency band magnitudes of I'y and I' are
similar for the chiral MM slab, magnitudes of I's and I' are different especially

away from the resonance regions which can be seen in Fig. 3.10(b).

Fourth, it is noted from Fig. 3.10 that |I';| and |I'y| should be less than
unity over the whole band; however, in Fig. 3.10(b) |I'y] is larger than unity over
the resonance regions. The circumstance that |I's| > 1 over resonance regions can
be explained by the fact that the chiral MM slab is a resonating structure and
at its resonance regions higher Bloch modes inside and over the surface of chiral

MM slab can be present.

Finally, from the Fig. 3.9(b) and Fig. 3.10(b) one can realize that the
value of |I'y| greater than unity. It seems that this is the violation of the passivity
principle; but |So1|, |Si2|, Si1| and |Sae| in Fig. 3.6 and Fig. 3.7 are both less

than unity, verifying the forward problem.
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Figure 3.9 Extracted I'; (proposed), I'y (proposed), and I' [36] of the chiral MM
slab or Ly = 50 mm (5 cell) and Ly, = 60 mm (6 cell) by using our method and
the method in [36]: (a) Real part and (b) Imaginary part.
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Figure 3.10 Magnitudes of chiral MM slab by using our method and the method
in [36] (a) I'y (proposed) and I" [36] and (b) I's (proposed) and I" [36].
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CHAPTER 4

CHARACTERIZATION AND REALIZATION OF CHIRAL
METAMATERIALS

4.1 Introduction

In addition to study of near-field effects in the previous chapter, a new type
of crescent-shaped chiral MM structure has been proposed and its optical activ-
ity and chirality properties are examined with comparing the parameters of the
U-shaped [37] and cross-shaped [38] MMs known in the literature. In order to val-
idate the derived equations, we will use different chiral unit cells for comparisons
such as U-shaped [37], cross- shaped [38] and the proposed crescent shaped [41].
These configurations will be utilized in detail for exact their characterization and

realization.

Simulations were performed in the microwave frequency range, specifically
from 2 GHz to 13 GHz. To compile simulations, frequency domain solver and
free space conditions were chosen. Unit cell boundary conditions were selected in
the electric and magnetic field directions. Time dependence in this chapter was
assumed to be the time harmonic form e/** and the propagation direction was

selected in the 2z direction.

In obtaining simulation results for the U-shaped chiral MM, the geometri-
cal arrangement and dimensions in the study of [37] were taken. Furthermore,
simulation results for the cross-shaped chiral MM, the geometrical arrangement

and dimensions in [38] were considered throughout in this thesis.
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4.2 Investigation of U-shaped, Cross-shaped and Crescent-shaped
Chiral MM

We will first describe the U-shaped, cross-shaped, and crescent-shaped con-
figurations briefly in next subsections and give some geometrical and construc-
tional details that we have used in our simulation study. Simulations for each MM
slab were performed by 3-D electromagnetic simulator program-CST Microwave

Studio (frequency domain solver).

Using the fundamental transmission and reflection scattering coefficient pa-
rameters from simulation program, all extracted parameters related to chiral MM
phenomena will be demonstrated in coming subsections. The configuration men-
tioned and proposed in Chapter 3 in Fig. 3.1 will be analyzed. Toward this
end, we will go on with detail informations about geometrical arrangements and
dimensions of the examined configurations. Then, response behavior of reflection
and transmission coefficients and the rest of other parameters related to chirality

parameters will be supplemented step by step in coming subsections.
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4.2.1 Sample 1: U-shaped Chiral MM

In our first analysis, the U-shaped MM structure in the study [37] was

examined, shown here for convenience and simplicity (Fig. 3.3).

Figure 4.1 Geometrical properties of the examined chiral MM cell with U-shaped
split-ring-resonators [37].

The properties of the U-shaped SRR structure are: the volume dimensions
of the cell are a, = 15 mm, a, = 15 mm, and a, = 10 mm. The length of the outer
ring is m = 6 mm, the separation between the rings is s = 1.5 mm, linewidth of
each ring is w = 0.7 mm, and the copper used for SRRs has a thickness of 0.03
mm. The thickness of the substrate is d = 1.6 mm and has a dielectric constant
of €, = 4 with a loss tangent of 0.025. All dimensions of the simulated cell are

similar to those in [35].
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4.2.2 Sample 2: Cross-shaped Chiral MM

In our second analysis, the cross-shaped SRR structure as shown in Fig. 4.2
was considered. That investigated cross-shaped SRR structure was taken from
the study [38].

i X

Figure 4.2 Geometrical properties of the analyzed chiral MM cell with cross-
shaped split-ring-resonators [38].

The properties of cross-shaped SRR structure are: the volume dimensions
of cell are a, = 15 mm, a, = 15 mm, and a, = 11.5 mm. The length of each cross
wire is [ = 14 mm, linewidth of each line is w = 0.8 mm and the copper used
for SRRs has a thickness of 0.03 mm. The thickness of substrate is d = 1.6 mm
and has a dielectric constant of ¢, = 4.5 with loss tangent of 0.033. The angle
¢o = 45° with respect to z-axis and the angle between the front and back side
linewires is rotated as ¢ = 15°. All parameter dimensions of the simulated cell

are similar to those in [38].
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4.2.3 Sample 3: Crescent-shaped Chiral MM

Fig. 4.3 illustrates the schematic configuration of the proposed chiral MM
cell which is new in the literature. It is double layered and each unit cell face
consists of four crescent shaped rings without any symmetry on FR-4 board.
Each crescent shaped ring is made by the difference of two circular disks; that is,
smaller disk has radius of r;, = 2.4 mm and bigger disk has radius of r,,; = 3.0

1m1n.

To obtain the crescent shaped ring, initially we put smaller disk on the inner
tangent of bigger disk and then by making Boolean algebra subtraction in CST
microwave studio program. Remaining small fragment slits on the tangentinal
side are also deleted with a rectangular line of dimensions m = 3.2 mm x 0.5 mm

in the y-direction.

(@) —— O

—

“

Figure 4.3 Geometrical properties of analyzed configurations for the chiral MM
cell with crescent-shaped split-ring-resonators (a) front view and (b) perspective
view [41].

The relative dielectric constant of the substrate is 4.3 with loss tangent of
0.025. The unit-cell dimensions are a, = a, = 15.0 mm, a, = 11.2 mm, ¢t = 1.6
mm, thickness of the copper is t,, = 0.03 mm. Each crescent shape is rotated by
90 degrees with respect to its neighbour and does not have mirror symmetry with
its opposite sides. All parameter dimensions of the simulated cell are similar to
that in publication [41].
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4.3 Characterization of Chiral MM

In this section, our purpose is to examine chiral properties (optical activity
and chirality) of the proposed crescent-shaped MM cell in reference to correspond-
ing properties of the U-shaped and cross-shaped MM cells. Toward this end, all
the equation in Chapter 2 will be applied to extract the chiral properties of these
MM slabs.

4.3.1 Forward Transmission Coefficients (S3;) of Chiral Medium

For the proposed chiral MM structure in Fig. 3.1, the scattering parameter
for forward transmission coefficient is denoted by S5; and its simulation results

are illustrated in Fig. 4.4.

The main important property of a chiral MM is having asymmetric trans-
mission coefficients in forward and backward directions in contrast to isotropic
conventional materials with symmetrical transmissions. When we glance at the
simulated figures related to transmissions in Fig. 4.4 and 4.5, especially at reso-

nance regions transmission behaviors are different due to the property of chirality.

According to different simulated chiral configurations, the resonance fre-
quency regions for U-shaped can be seen at 5.1 GHz and 6.35 Ghz in the whole
range of between 3.5-7.5 GHz. For cross-shaped the resonances are around 6.35
GHz and 7.4 GHz in the whole range of between 5-9 GHz, and for the proposed
crescent-shaped configuration, resonances are nearly at 9 GHz and 11.2 GHz in
the whole range of between 7-13 GHz.
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Figure 4.4 Simulated absolute forward transmission coefficients for the configu-
ration of (a) U-shaped, (b) Cross-shaped and (c¢) Crescent-Shaped.
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4.3.2 Backward Transmission Coefficients (S5;2) of Chiral Medium

According to Fig. 3.1, the scattering parameter for backward transmission
coefficient is denoted by Sy and its simulation responses are demonstrated in
Fig 4.5. When we look at the simulated backward transmission coefficients in
Fig. 4.5, response behaviors of transmissions have consistency with the forward
transmissions simulated in Fig. 4.4. Contrary to isotropic conventional materials
and bi-anisotropic MMs, backward transmissions are different than the forward
transmissions which can be seen in the Fig. 4.4 and 4.5. As a result of this

property, circular dichroism and optical activity can be seen in chiral structures.

4.3.3 Forward Reflection Coefficients (S;;) of Chiral Medium

The reflection scattering parameter for forward reflection coefficient is de-
noted by S7; and its simulation results are shown in Fig. 4.6. Generally, in chiral
structures the forward and backward reflections ideally should be the same and in
our simulations reflections are nearly the same except in some resonance regions
where there are little differences. When we compare the simulation results of
reflections from the Fig. 4.6 and 4.7, among the three configurations proposed
crescent-shaped is the best one for the ideal chiral case then the cross-shaped is
better than the U-shaped case.
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Figure 4.5 Simulated absolute backward transmission coefficients for the con-
figuration of (a) U-shaped, (b) Cross-shaped and (c¢) Crescent-Shaped.
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4.3.4 Backward Reflection Coefficients (S32) of Chiral Medium

The scattering parameter for backward reflection is denoted by Sy and
its response behaviors are illustrated in Fig. 4.7. If we look at the simulated
backward reflection coefficients in Fig. 4.7, response behaviors of reflections have
consistency with the forward reflections simulated in Fig. 4.6. Contrary to bi-
anisotropic MMs, backward reflections are nearly the same with the forward

reflections which can be seen in the Fig. 4.6 and 4.7.
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Figure 4.7 Simulated absolute backward reflection coefficients for the configu-
ration of (a) U-shaped, (b) Cross-shaped and (c) Crescent-Shaped.
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4.3.5 Azimuth Rotation Angle () of Chiral Medium

The two important properties of chiral materials are optical activity and
circular dichroism. When a linearly polarized plane wave passes through a chiral
medium its polarization rotates and resulting in a optical activity. This polar-
ization azimuth rotation angle of a elliptically polarized light is mathematically
defined as in the equation (2.29) ( 0 = 3[arg(T) — arg(T-)] ), where T and T_

indicate the transmission coefficients for RCP and LCP waves.

According to different simulated chiral configurations, the resonance fre-
quencies for U-shaped are seen at 5.1 GHz and 6.35 Ghz and for cross-shaped the
resonances are around 6.35 GHz and 7.4 GHz. Next, for the proposed crescent-
shaped configuration, resonances are nearly 9 GHz and 11.2 GHz. When we look
at the Fig. 4.8 (c), the resonance frequency of crescent shape at 11.2 GHz is
sharper than the first resonance at 9 GHz.

4.3.6 Elliptical Angle (1) of Chiral Medium

The second important property of a chiral medium is the circular dichroism
which arises from the different absorption and distortion of RCP and LCP waves
while interacting with chiral particles. The circular dichroism is defined in terms

of the absolute difference of transmitted powers as mentioned in the equation
_ 11 ([T P=|T?

According to simulated results in Fig. 4.9, we can extract that the response
behavior of configurations are nearly the same and compatible with each other.
In addition, it is seen that pure optical effect occurs at the middle of the two
resonance frequencies where elliptical angle corresponds to (7 = 0); that is, with
a rotated azimuth angle () linear incident polarization does not change through
the transmission because it is still linear polarization. Moreover, from the figures,

we note that the resonance points in the Fig. 4.8 have consistent with the Fig.
4.9.
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4.3.7 Chirality Constant (x) of Chiral Medium

The main property of chiral MM is determined by the coefficients of chi-
rality parameter which is dependent on the forward and backward transmission
variables as demonstrated in the equation (2.46). The value of chirality constant
(k) determines the robustness of the material properties. In addition, the cross-
coupling between electric and magnetic fields leads to strong chirality through
the medium and this can be explained by the surface current distribution at the

resonance regions [55].

As seen from the Fig. 4.10, the value of chirality parameters are enough to demon-
strate optical activity and circular dichroism because the value of k is more than
1 and can be assumed to illustrate high chirality properties [54]. Furthermore,
Fig. 4.10(a) and Fig. 4.10(b) have a bandwidth of approximately 1 GHz while
Fig. 4.10(c) has more than 2 GHz. In addition, first and second x values at
resonance points of Fig. 4.10(a) and Fig. 4.10(b) are nearly the same whereas
Fig. 4.10(c) demonstrates x value at 11.2 GHz is two times more than the first
resonance point of 9 GHz. This can be explained that chirality around 11.2 GHz

is more dominant than at 9 GHz.

4.3.8 First Reflection Coefficient (I') of Chiral Medium

After calculating the scattering parameters Ss;, Si2, S11 and Sy demon-
strated in Figs. 4.4, 4.5, 4.6 and 4.7 which represent the whole response of the
material transmissions and reflections. Those four parameters depend on the first
reflection parameter of I' value which also should be satisfied by the condition of

passivity which is |I'| < 1.

As seen from the Fig. 4.11, the whole simulated configurations satisfy
the passivity condition of |I'| < 1; that is, all absolute I' values are less than
unity. Furthermore, the main point for the extraction of property of materials
depends on the the value of I'. For that reason, determining the value of T’
exactly is very important for the retrieval of material properties such as refractive
index, permittivity and permeability. In addition, the parameter of transmission
(T') is dependent to branch index value whereas there is no any branch index
ambiguity for determining the I' value. For that reason, in the retrieval procedure

of materials I" should be first preferred than the transmission (7') parameter.
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4.3.9 Impedance (Z) of Chiral Medium

The impedance value is determined by the relation Z = % From this
relation it is seen that the first reflection I and impedance (Z) behaviors resemble
to each other which can be seen from Fig. 4.11 and Fig. 4.12. For that reason,
the impedance value is necessary for us to determine the refractive index correctly

for RCP and LCP waves.

The impedance value for RCP and LCP waves is the same and does not
change through the medium because forward and backward reflections are not
different. In addition, the impedances can be calculated from the equation (2.40).
However, the correct sign for square root in the equation (2.40) should be selected

carefully according to principle of energy conservation as Re(Z) > 0.

4.3.10 Refractive Index for RCP Waves (ny) of Chiral Medium

In this subsection, the effective refractive index for the RCP waves is re-
trieved through the equation (2.41) (ny = 5 [ln <é( - g—:R) IF2im7r}),
where m is the branch index to be determined for the plus sign of n. Furthermore,
the correct branch index in the logarithm of equation (2.41) should be selected

carefully according to principle of energy conservation which is Sm(n) > 0.

It is clearly seen that Re(n,) value in Fig. 4.13 initially has a value of
approximately 5 until the around the resonance region. In the resonance regions
a negative refractive index is seen due to strong response of chirality parameters.
In addition, as seen from the Fig. 4.13 strong chirality parameter pushes the

refractive index to be zero.
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4.3.11 Refractive Index for LCP Waves (n_) of Chiral Medium

The effective refractive indices for the LCP waves are retrieved through
the equation (2.41) for the negative sign of n. As seen from the Fig. 4.14, the
response behavior of refractive index for LCP waves is opposite the RCP waves

b

shown in Fig. 4.13 with respect to resonance regions. For LCP, “n_" is going to

b

zero in the second resonance point while in RCP, “n,” is in the first resonance
point. Moreover, according to RCP or LCP waves the impedance for chiral MMs

does not change but refractive index is changing.

It is also noted that refractive index value for LCP and RCP are consistent
with each other when the Fig. 4.13 and 4.14 are compared because the values of
refractive indices are nearly the same except for resonance regions. In addition,
as seen from the Fig. 4.14 that the response of n_ completes the other side of the
Fig. 4.13, this demonstrates the symmetry of refractive index through the chiral

medium.

4.3.12 Refractive Index (n) of Chiral Medium

In this section, the refractive index demonstrated for linearly polarization
wave according to equation (2.43) (n = (ny+n_)/2). As seen from the Fig. 4.15,
the response behavior of “n” is total mean of Fig. 4.13 and 4.14. In addition, it
can be seen that negative refractive index is achieved around the resonance regions
in Fig. 4.15. Furthermore, the negative refractive indices were also achieved by

the resonance regions of RCP and LCP waves as shown in Fig. 4.13 and 4.14.

Moreover, the refractive index for U-shaped and cross-shaped have two
different negative value at resonance regions while crescent shape has one negative
refractive index value only around 11.2 GHz. The response behavior of refractive
index dependent on the value of chirality parameter (x) because the medium has
huge chirality value then the refractive index can lead to higher negative index

values.
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4.3.13 Permittivity (¢) of Chiral Medium

The responses of relative permittivity (e) for three different configurations
are demonstrated in the Fig. 4.16. The € values for U-shaped and cross-shaped
begin around the value of 20 and for crescent shape it is nearly 13. In addition, at
the resonance regions permittivity values have negativity and permittivity values

are decreasing towards end of the frequency range.

The permittivity of crescent-shaped has negative values at the both res-
onance regions which are seen in Fig. 4.16 (c); however, it has one negative
refractive index in the Fig. 4.15 (c¢). This can be explained by the effect of
impedance parameter as in the equation (2.43) (€ =n/Z ). Moreover, from the
Fig. 4.16 (c) it is clearly noted that the response of proposed crescent-shaped
resembles to U-shaped and cross-shaped responses. For that reason, crescent-
shaped configuration is very useful for chiral structures and can lead to many

potential applications.

4.3.14 Permeability (i) of Chiral Medium

In this section the relative permeability of different chiral configurations
are illustrated in Fig. 4.17. From the figures, one can get that all different
configurations begins slightly over the value of unity and as expected at the
resonance regions they are differ from each other . Furthermore, permeabilities

have consistence when compared to other configurations.

Permeabilities are calculated from the equation (2.43) which is (u =n-2).
In addition, negative permeabilities can be seen at some certain resonance regions.
Next, when compared with the Fig. 4.16, it can be understand that the electrical
property of those different chiral configurations are dominant than the magnetic
property of that structures. Since, relative permittivity values are sufficiently

high when compared with the relative permeability values.
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CHAPTER 5

COUPLING EFFECT OF NEARBY RESONATING
METAMATERIAL SLABS

5.1 Introduction

Until this chapter, as a former study we have investigated mainly on the
near-field effects and characterization of chiral metamaterials (MMs) throughout
this thesis. From now on, we will investigate coupling effect of resonating MM
slabs that are adjacent to each other since, MM slabs that are close to each other
may interact with one another and this interaction causes the strong coupling

which consequently alter the characteristics of an individual MM cells.

In this chapter, the coupling phenomenon between MM slabs are examined
by application of the signal flow graph technique (SFG). Toward this end, the
scattering (S-) parameters of a whole combined MM structure composing of from
individual MM slabs are utilized. The SFG technique gives us the chance to
provide quantitative data about the level of coupling and relevant information
about the presence of the coupling as different from other methods in literature.
Using S-parameters for analysing the coupling effect of a MM slab composed of
split-ring-resonators are investigated and their resonances are especially designed
within X-band (8.2-12.4 GHz).
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There are many retrieval methods available in the literature for determining
the electromagnetic properties of MM slabs. These methods can be exemplified
as measured/simulated scattering (S-) parameters [45, 66-69], averaging of field
technique [63],the qualitative effective medium theory [46] and the homogeniza-
tion method [70].

MM slabs are generally designed in the transverse dimensions with periodic
arrangement of unit cells. Therefore, the importance of obtaining the physics and
mechanisms of coupling effect among adjacent cells in the transverse direction
rises especially for the some specific MM design applications [71, 72]. In addi-
tion, in some applications MM slabs are cascaded in the longitudinal direction
to enhance their radiation patterns and providing extra degree of flexibility to
adapt the response of MM slabs[71].

Therefore, coupling types can be classified into two groups as transverse
coupling and longitudinal coupling [72]. In the literature, both of these coupling
types are investigated through the studies [28-30, 71-79]. Although transverse
and longitudinal couplings of MMs in the studies [72-74] are analyzed without any
gap on resonating SRRs, in studies [29, 71] coupling between adjacent resonators
is analysed by applying the gaps and splits on resonating SRRs at microwave

frequencies.

It is noted that there are three different types of polarizations present in
MM structures. These polarization types can be classified as electric excitation,
magnetic excitation, and both of them together [72]. Similar to other resonating
structures in the literature, in the resonance regions MMs absorb much of the
energy, leading to minimum transmission properties [72]. Although individual
resonating cells operate independently, they can also behave co-operatively based
on coupling effect between these resonators. If separate MM resonators approach
to each other, these resonators can couple with one another resulting in different

total response when compared with response of each separate MM resonators.
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In addition, coupling phenomenon between nearby resonating MMs are also
examined at infrared and terahertz frequency regions through the studies [75,
78, 79]. Besides, the coupling effect of nearby MM resonators in the resonance
frequency regions can be changed or tuned so the studies related to this concepts
are analysed in detail through [28, 30, 76, 77].

However, to our best knowledge none of these studies analyses the coupling
effect using the SGF technique in terms of scattering (S-) parameters. This
analysis gives information about coupling effect of nearby MM resonators not
only qualitatively but also quantitatively. For that reason, in this chapter our
purpose is to investigate coupling phenomenon between nearby MM resonators
from simulated S-parameters of individual and overall MM responses by applying
the SGF technique.
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5.2 Theory of Coupling Analysis

In this section, the SFG and the transfer matrix (TM) techniques [80] will
be used to determine the quantitative and quality response of the coupling phe-
nomenon between two slabs where these samples can be either conventional ma-
terials and/or MM resonators. In order to analyze overall response of composite
structures composed of cascaded elements, the SFG technique is more useful for
determining or examining the S-parameters of the sources, networks, and loads

[80]. A composite structure composed of two slabs is demonstrated in Fig. 5.1(a).
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Figure 5.1 (a) A composite structure with two cascaded slabs, (b) its S-
parameter equivalent, and (c) its ABCD parameter equivalent [81].
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We can assume that the slabs in Fig. 5.1 are modelled as two-port circuits
with their corresponding S-parameters. The overall response of this composite
structure will be the individual response of each individual cascaded slab and
the response of coupling between them. For considering the effect of coupling
between two slabs in Fig. 5.1(a), the S-parameters representation of two-port

networks is demonstrated in Fig. 5.1(b).

Here, the slabs are described by forward and backward reflection and trans-
mission S-parameters (S11, Sg1, Si2, and S3). The first and second slabs are
specified by the superscript ‘1’ and ‘2’ in the parenthesis while Sﬁ), 521 , 512 ,

and Ség) denote the coupling network parameters.

The three cascaded two-port networks in Fig. 5.1(b) are applied by the
SFG technique and the overall response (forward and backward S-parameters) of

the composite structure in Fig. 5.1(a) is obtained as [82].

2 2T 2
qr _ gr SHSESY SRS (5.1)
11 — ~11 ) 21 — ) '
s 1 - 517S%
2 2 2
3T _ g 2) + 551)552)522; §3T _ 512;5( : (5 2)
22 T M22 2) cor’ 12 — ’ :
S S 22 - Sll 522

where

1 1 c 1 c
qr _ g0 5 g g r s gl 53
11 11 + (c) o(1)? 21 (c) o(1)? :
— 511 S 1 — 51152

c 1 1 c

ST 59 4 M o = _SS »
22 T M22 1)7 12 — (c) o(1)" ( : )
Here, the overall response of the structure is denoted by the superscript
‘3T" and the response of two networks (Slab-1 and Coupling networks) at left
side of the Fig. 5.1(b) corresponds to the superscript ‘2T’. From equation (5.1) -
(5.4), we note that the overall response of the structure is affected by the coupling

effect of two individual slabs shown in Fig. 5.1(a).
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Using the SF'G technique for determining the S-parameters of the coupling
network from equation (5.1) - (5.4) requires meticulous labor force. For that
reason, we get help from the TM technique (or ABCD parameters) in this study.
Besides, the wave cascading matrix technique can also be an alternative way for

the same purpose as mentioned in [83, 84].

The Fig. 5.1(c) is represented by the ABCD equivalent of the configuration

in Fig. 5.1(b) and mathematically it can be written as

A’ll) B’UJ
Cw Dy

A B
Cy Dy

AC BC
C. D,

Ay By
Cy Dy

, (5.5)

where the subscripts ‘w’, ‘1’, ‘¢’, and ‘2’ represent the overall response of the
composite structure, the first two left elements, the coupling section and the last
two right elements, respectively. Furthermore, by using S-parameters, ABCD

parameters can be obtained easily through [85].

A= [(1+511)(1 = S2) + S21512] /251, (5.6)
B = [(1+ S511)(1 4 Ss2) — S21.512] /2551, (5.7)
C = [(1 = S11)(1 = Sz2) — S51512] /2551, (5.8)
D = [(1 = 511)(1+ S22) + S21512] /251, (5.9)
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Via equation (5.5), the coupling section can be extracted in terms of the
ABCD parameters

(5.10)

Here, the operator [x]~! corresponds to the inverse of the matrix [x]. After
determining the ABCD parameters of the coupling section from equation (5.10),

S-parameters related to coupling section can be retrieved as

R R eea G
SRy Sacen. R 012
S5 = AC+BCiCc+Dc’ 19
Sé‘;’ _ —A.+ B.— C.+ D, (5.14)

A.+B.+C.+D.
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5.3 Computational Analysis of Coupling Analysis

In this section, ABCD and S-parameters of the coupling section will be
presented by using two different types of slabs. In the first case, each sample is
assumed to be a non-resonating material. However, in the second case, individual

samples are assumed to be constructed by a resonating MM cell.

5.3.1 Geometrical and Electrical Properties of Slabs

The investigated conventional material for coupling analysis is the polyethy-
lene sample. Its electric properties are dielectric constant e, = 2.25 and loss
tangent 0, = 0.0001. The sample dimensions are arranged according to X-band
waveguide (8.2 - 12.4 GHz) with length L; = 3.85 mm, height 10.16 mm, and
width 22.86 mm. On the other hand, geometrical parameters related to MM
unit cell are demonstrated in Fig. 5.2(a). Its dimensions are length u, = 2.54
mm and height u, = 2.54 mm. Furthermore, thickness of the FR4 material is
assumed to be d = 1.615 mm with a dielectric constant ¢, = 4.3, and a loss
tangent 65 = 0.025 (or d; = 0.005). In addition, metallization dimension of the
SRR pattern is L,, = 2.00 mm, width w = 0.30 mm, and gap g = 0.30 mm with
copper conductivity o = 5.8 x 107 S/m and copper thickness ¢,, = 35 pm.

Fig. 5.2(b) represents the construction of individual MM slabs composed
of small MM unit cells by the sequence of 4 x 7 times of first unit cells. In the
y direction, there are 4 unit cells (b = 4u,) with a repetition (¢ = Tu,) in the
longitudinal (x) direction so that cross section of the X-band waveguide almost
filled by overall MM unit cells. Furthermore, in the y direction the unit cells are
reversed in order to coincidence the gaps of neighbour unit cells with each other.
In the remainder of this chapter, this MM slab is called as 4 x 7 MM slab.

When we examine the MM slab in Fig. 5.2(b) (4 x 7), it has a periodicity
3.266 mm (= u,) and 2.54 mm (= u, = u,) in the x and y directions. Both these
periodicity dimensions are much less than the free-space wavelength of X-band

(approximately 10 times) which corresponds to the mid-frequency of 10 GHz [86].
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(a)

MA

Figure 5.2 (a) Configuration of principal axis and geometry of a MM (split-ring-
resonator-SRR) unit cell and field directions and propagation vector k. L,, = 2.00
mm, w = ¢g = 0.30 mm, u, = u, = 2.54 mm, u, = 2d + t,,, t,, = 35um
(metallization thickness), and d = 1.615 mm (substrate thickness) and (b) a MM
slab composed of 4 x 7 unit cells within the cross section of X-band waveguide
(a =22.86 mm and b = 10.16 mm) [81].

7



5.3.2 Simulation Details

For analysis of coupling phenomenon, propagation through a metallic waveg-
uide was considered at X-band (8.2 - 12.4 GHz). Simulations were performed
by finite integration technique program of CST Microwave Studio(©)—-2015. In
simulations, boundary conditions were assumed to be perfect electric conductor
(Ey = 0 — electric wall conditions) to construct a metallic waveguide structure
over the yz surfaces at * = Fa/2 and the xz surfaces at y = Fb/2 Fig. 5.2(b).
Furthermore, an imaging effect in the transverse plan (zy plane) are produced by

the boundary conditions.

To retrieve the response of the MMs for coupling analysis, electromagnetic
energy is transmitted from waveguide ports which are located at 10 mm away
from the surface of the MM slab over zy planes. In addition, while we were
performing the simulations on CST program, adaptive meshing features were

utilized to arrange the optimum number of meshing size.

5.3.3 Simulation Results

To demonstrate coupling analysis between two slabs explicitly, firstly the
conventional polyethylene sample mentioned in Subsection 5.3.1 was considered.
In this case, the first polyethylene slab (which is at left side in Fig. 5.1(b))
with length L, was simulated and its corresponding S-parameters are denoted by
Sﬁ), SS), Sg), and Séé). Besides, for the second polyethylene slab, it is selected
identical to the first sample with length L, and its S-parameters are denoted
by SS), Sg), Sg), and Sg). Then, the cascaded polyethylene slabs with overall
length 2L, were simulated and its S-parameters correspond to Si7, Sat, Si7 | and
S3T. In the end, after obtaining necessary S-parameters to investigate coupling

analysis, our algorithm was applied.
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and (b) extracted |5\, |S§(13)|, |S§§)|, and |S§§)] for cascaded two polyethylene slabs
with overall length 2L,4. Solid blue and dashed red curves show simulated and
calculated dependencies, respectively. In calculation, we used Sﬁ) = Ség) =0 and
S5y = 815 =1 [81]

21 12 -

Toward this end, with the aid of equations (5.1) - (5.4), S3f, S51, S3T', and
S3T were calculated by using simulated S-parameters Sﬂ), Sg), Sg), Sg), Sﬁ),
S 89 and S for the condition 5\ = S{ = 0 and S5 = 59 = 1. The
parameters S\9, 59, 59 and 5% will show us the difference between the how
simulated and calculated parameters (S37, S51, ST and S31) differ from each

other.
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Then, by using the simulated parameters S;7, Sai, S37 S35 and with the
aid of equation (5.6)-(5.9), the parameters related to whole cascaded polyethylene
slabs Ay, By, Cy, and D,, were determined. Next, by using a similar approach
from simulated Sﬁ), Séi) ) Sg), and S%), the ABCD parameters of the first and
second polyethylene slabs were calculated after computing S\, S5, 59, and
Sf;) from equation (5.11)-(5.14).

Dependencies of the simulated cascaded polyethylene slabs (each with has
a length Lg) |S3T|, |37, |S37|, and |S31 | are illustrated in Fig. 5.3(a) and their
calculated values under the condition 5\ = S{ = 0 and S\ = S = 1. By
using the equation (5.10), the coupling responses | S\, [S59], 15191, and |S5| for
cascade connection were extracted and are demonstrated in Fig. 5.3(b). Here,

the magnitude sign of the corresponding S-parameter is denoted by vertical bars.

From Figs. 5.3(a) and 5.3(b), the following points can be considered. First,
the polyethylene sample is a reflection-symmetric and transmission-symmetric
material because |S3T| = |S57| and |S3l| = |S3T] over the whole band. Second,
polyethylene sample is a passive material with non-resonating property so that
the coupling phenomenon can not be mentioned between cascaded polyethylene
slabs. Third, it can be noted that 59 = S{9 = 0 and S = 59 = 1 due to

no-coupling between cascaded slabs [87].

After completing the analysis of coupling effects of conventional materials,
results in Figs. 5.3(a) and 5.3(b) validate our proposed formalism. Next, the
coupling phenomenon between two MM resonator slabs will be considered. The
simulated S-parameters of the 4 x 7 MM slab with length 2.54 mm are demon-
strated in Fig. 5.4 according to different substrate losses. The following results

can be noted from the dependencies in Fig. 5.4.
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First, it is noted from Fig. 5.4(a) (for the 4 x 7 MM slab (6, = 0.005))

that there is a resonance frequency at 10.46 GHz for the local minimum value

can be achieved by increasing the level of substrate loss.
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Figure 5.4 Simulated (a) [S}))], [S5,'], |S1;], and |S3)| and (b) |S771, |S3].
|S3T|, and |S37| of the 4 x 7 MM slab with different substrate losses. Solid and
dashed curves denote S-parameters for 6, = 0.025 and 0, = 0.005, respectively

of transmission S-parameter. Second, due to coupling in propagation direction
(z direction) [72, 71, 85] (as noted from Fig. 5.4(b)), resonance frequencies for
cascade connection slabs (4 x 7 MM slabs) can be divided into two resonance fre-
quency points of 9.565 GHz and 10.464 GHz. Third, eliminating the appearance

of the extra resonance frequency points and producing a wider resonance region
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Figure 5.5 (a) Simulated (Sim) and calculated (Cal) |S3T], |S57], |S31], and
|S§2T| for cascaded two 4 x 7 MM slabs (d, = 0.025)[In the calculation We used
519 = 589 = 0 and 559 = S = 1], and (b) extracted [S9], [S], |S'9|, and
|522)| for cascaded two 4 x 7 MM slabs (6; = 0.025) [81].

For coupling analysis of cascade connection of the 4 x 7 MM slab, the
S-parameters |S$T|, [SaT|, |Si7], and |S3F| were calculated. For example, the
S-parameters |S3T|, |S57], 1S3, and |Si1| for two cascaded 4 x 7 MM slabs
with 0, = 0.025 were simulated and calculated as shown in Fig. 5.5(a). In our
calculation analysis, we fixed S\ = 5% = 0 and S5 = S\ = 1. As seen from
Fig. 5.5(a) that especially around the resonance regions (= 10.3 GHz), simulated
and calculated |S37, |S37], |S31], and |S31 | parameters differ from each other.

This indicates coupling mechanism of between cascaded MM slabs.
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In addition, coupling levels for the cascaded 4 x7 MM slabs are evaluated by
extracting [S\9], [S59], [S9], and |S5Y| and the results are demonstrated in Fig.
5.5(b). Moreover, we note from Fig. 5.5(b) that extracted coupling transmissions
|S§§)| and |S$)| exceed one around the resonance regions while, around these
regions the coupling reflections |Sﬁ)| and |S§§)| increase considerably, indicating

energy transfer between cascaded MM slabs in the propagation direction [80].

In order to clarify the investigation of coupling effects between MM slabs
in the propagation direction, the magnitude of magnetic field intensity for the
cascaded 4 x 7 MM slabs (d; = 0.025) at 10.485 GHz was obtained and illustrated
in Fig. 5.6(a). It is noted from those figures that for one period of two pairs of
unit cells in propagation (z) direction and two cells in the y direction for each

cascade connection of MM slabs are explicitly simulated and calculated.

Here, the maximum and minimum values are denoted by red and blue
colors, respectively. Furthermore, as seen from Fig. 5.6(a) that only one of the
pairs is active whereas the other one is inactive [71]. It can be considered that the
first pair of the 4 x 7 MM slab is excited while its second pair remains inactive.
The study [71] discusses the excitation selection in detail and the direction of the
excitation for both pairs to be in either symmetric or antisymmetric ways which

cause the different amplitude and phase responses.
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Figure 5.6 (a) Magnitude of magnetic field intensity over the SSRs for a cascade
connection of two 4 x 7 MM slabs | Here, the dependencies are recorded when
the highest field value is observed at resonance frequency 10.485 GHz. Red and
blue colors on the color bar denote maximum (0 dB A/m) and minimum values
(-40 dB A/m)], and (b) simulated (Sim) and calculated (Cal) |S;T|, [S3T|, |S3T],
and |S3J | for (a) cascaded two 4 x 7 MM slabs (s = 0.025) when the slabs are
separated by a 12 mm distance (filled by a FR4 sample) [Solid and dashed curves
show simulated and calculated dependencies, respectively. In the calculation, we
used 59 = 5% = 0 and S = SY9 = 1] [81].

To improve the coupling phenomenon further, the distance between cascade
connection of MM slabs was varied in various steps and our approach was applied.
For example, for the MM slabs separated by a 12 mm distance between two 4 x 7
MM slabs (J, = 0.025), simulated and calculated |S3T|, [S37|, [S3T|, and |Sas
are demonstrated in Fig. 5.6(b). In addition, the empty spaces inside the cross
section of the X-band waveguide; that is, between the MM slabs is filled by a
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FR4 sample. Furthermore, the relations Sﬁ) = Ség) = 0 and Sé‘i) = Sg) =1
are assumed in the calculations. Besides, simulated and calculated |S3T |, |S57 ],
|37, and |S57| for adjacent two 4 x 7 MM slabs are nearly identical as seen from
Fig. 5.6(b), this means that separating the slabs from each other considerably

decreases coupling between the MM slabs.

To investigate coupling mechanism further, the S-parameters (|S\|, [S59],
15491, and |SY)|) were extracted for cascaded two 4 x 7 MM slabs (5, = 0.025)
as illustrated in Fig. 5.7(a). We noted from the Fig. 5.7(a) that extracted
transmissions | S\ | (and [S\9|) are nearly one while reflections [S\¢| (and |S5])
are zero over the whole range, indicating the coupling effect between nearby MM

slabs is so weak (or negligible) in the propagation direction.

On the other hand, for the second case the MM slabs (for two 4 x 7 MM slabs
(0s = 0.025)) were separated by a 4 mm from each other and the dependencies
of 15491, 155, 15|, and |S%| are exhibited in Fig.5.7(b). It is noted from
Fig. 5.7(b) that extracted |SS| (or [S\9]) values are slightly over one around
the resonance region, indicating the existence of coupling phenomenon between
MM slabs in propagation direction. From the dependencies in Figs. 5.5(b) and
5.7(b), we note that the level of coupling for separated MM slabs far away from
each other is lower than the level of coupling between adjacent MM slabs with

no separation.
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CHAPTER 6

CONCLUSIONS AND FUTURE STUDIES

6.1 Conclusions

In this thesis, derivations, analyses, simulations, and a novel design of chi-
ral MMs have been investigated. On the other hand, coupling effects of adjacent
MM slabs has been investigated as one chapter. Briefly, two subjects have been
proposed throughout this thesis for accurate retrieval of electromagnetic proper-
ties of MMs. These subjects can be classified as presenting a robust and accurate
retrieval method for extraction of electromagnetic properties of chiral MM slabs
taking into account of near-field effects, and the other subject is investigation
of coupling phenomenon between nearby and distant MM slabs by considering
substrate loss effect. Outcomes for each investigated subjects are presented in the
following two subsections. Now, we will mention summary of the each chapters

separately.

In the first chapter, the basic information about MMs are concerned espe-
cially for chiral MMs. In addition, historical backgrounds on MMs, definition of
negative index MMs, literature review for chiral MMs, some terminologies and

thesis motivation were presented.

In the second chapter, characterization and realization of chiral MMs has
been discussed. Furthermore, starting from Maxwell’s Equations all necessary
equations were examined for the analysis of electromagnetic properties of chiral
MMs. In addition, classification of bi-isotropic media was described and the

concept of chirality properties was clarified in detail.
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In the third chapter, analysis of near-field effects for chiral MM slabs has
been considered. Previously, near-field effects for determining the electromagnetic
properties of isotropic and bi-anisotropic MMs were examined in the literature.
However, to our best knowledge, a retrieval method for chiral MMs by taking into
account the near-field effects has not been incorporated until now. Therefore, the
importance of near-field effects for retrieval methods especially for chiral MMs

was discussed in detail throughout this chapter.

In the fourth chapter, a new type of crescent-shaped chiral MM config-
uration has been proposed and its optical activity and chirality properties are
examined. In order to compare the properties of crescent-shaped chiral MM
structure, different chiral configurations in the literature such as U-shaped and

cross-shaped configurations have been utilized.

In the fifth chapter, the analysis of coupling of closely-located MM slabs
was performed to examine the effect of this coupling on the overall response of

stacked MM slabs in the propagation direction.

Toward this end, the coupling phenomenon between nearby resonating MM

slabs was examined by applying the signal flow graph (SFG) technique.

In order to validate the appropriateness and usefulness of the SFG tech-
nique, we first considered an isotropic ordinary dielectric material (polyethylene
sample). After validation, we next examined the effect of distance between res-
onating MM slabs and the effect of loss inside substrate materials in detail on the
strength of coupling between MM slabs (C-shaped split ring resonator). Simula-
tions were performed by CST-Microwave Studio at X-band (8.12-12.4 GHz).
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6.1.1 Comments on Analysis of Near Field Effects for Chiral Meta-

materials

A robust and accurate retrieval method for extraction of electromagnetic
properties of chiral MM slabs taking into account of near-field effects was pre-
sented. The ray-tracing method was also applied in order to incorporate the
near-field effects into scattering (S-) parameters of the MM slab. The method
uses S-parameters of two identical chiral MM slabs with different lengths (differ-
ent cell numbers) and determines the semi-infinite reflection coefficients from air

to MM slab and from the MM slab to air.

By using S-parameters (simulated by CST Microwave Studio), we first val-
idated our method for a Teflon sample then retrieved semi-infinite reflection co-
efficients of a chiral MM slab composed of U-shaped split-ring-resonators. From
the retrieval analysis, we note that these reflection coefficients are different and
independent of each other especially around resonance regions of the analyzed
MM slab and demonstrating the importance of near-field effect in the extraction

of electromagnetic properties of chiral MM slabs.

6.1.2 Comments on Analysis of Coupling Effect of Nearby Res-

onating Metamaterial Slabs

In this study, the coupling between nearby and distant MM slabs was in-
vestigated. To achieve our investigation, the SFG technique and transfer matrix
method (ABCD parameters) were utilized. The analysis of coupling phenomenon
in this study was separated into two parts. First, the calculated S-parameters and
the simulated S-parameters of whole MM structure were compared in order to
understand the coupling levels between resonating MM slabs. This was measured
by the difference between simulated and calculated S-parameters. It is observed
that as expected, there is no coupling effect between conventional slabs because

difference between simulated and calculated S-parameters was almost zero.

Second, S-parameters of the coupling network (see Fig. 5.1(b)) between
slabs by using ABCD parameters were extracted in order to be more suitable for
cascaded networks. It is noted that coupling levels are decreasing when the dis-
tance of nearby MM slabs decreases. In addition, the effect of loss inside substrate

materials and the distance between MM slabs were investigated in detail.
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6.2 Future Studies

In the analyses of the near-field effects subject, the electric and magnetic
surface susceptibilities at front and back surfaces of the chiral MM slab did not
considered. As a future study, these surface susceptibilities can be calculated as
was done for bi-anisotropic MMs in [44]. Additionally, the study of near-field
effects can be extended to take into account the coupling analysis of chiral MMs.
Toward this end, combining coupling analysis and near-field effects of chiral MMs
can open a way to design and characterize exotic electromagnetic properties in

the near future.
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