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ABSTRACT

The electromagnetic properties of complex media called” Left-Hand Metamaterials
(LHMSs)™ in which both permittivity and permeability attain negative real parts over a
given band of frequency have become the subject of research interest in recent years.
These new materials have a wide range of potential applications including lightweight
concave lenses for radar, increasing density with which DVDs can be written and the
density of electronic circuitry created via optical lithography, based on sub-
wavelength imaging .

In this project , we propose a theoretical model to estimate the resonance frequency
and the magnetic permeability of the square split ring resonators (S-SRR) having
varying gap width within the rings. The model also predicts the quantitative change in
permeability depending on the geometrical orientation of the S-SRR. The computed

results are verified with results obtained using the Math Lab simulator.
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Chapter One

Introduction And Literature Survey

1.1 Introduction

This chapter consists of an introduction of metamaterial. The literature survey of
metamaterial, and finally the problems statement and aims of the project are also

included.
1.2Metamaterials

Metamaterials are artificially constructed materials that have electromagnetic
properties not found in nature [1]. Meta-" means “altered, changed" or "higher,
beyond". The concept of metamaterials with simultaneously negative permittivity and
permeability, more commonly referred to as left-handed metamaterials, was first
theorized by the Russian physicist Veselago in 1968 [2]. The electric and magnetic
properties of materials are determined by two important material parameters,
dielectric permittivity ¢ and magnetic permeability x. Together the permeability and
the permittivity, determine the response of the material to the electromagnetic
radiation. Generally, ¢ and x are both positive in ordinary materials. While ¢ could be
negative in some materials for instance, ¢ possesses negative values below the plasma
frequency of metals (plasma frequency is the total number of electrons per unit
volume), no natural materials with negative x are known. However, for certain
structures, which are called left-handed materials (LHM), both the effective
permittivity (& ) and permeability( e ) possess negative values. In such materials,
the index of refraction ( n), is less than zero, and therefore, phase and group velocity
of an electromagnetic wave can propagate in opposite directions such that the
direction of propagation is reversed with respect to the direction of energy flow. The
negative permittivity is easily obtained by an array of metallic wires and was
theorized in 1996. It was shown that, the structure has a plasma frequency in the
microwave regime. Because of its low plasma frequency, this structure can produce
an effective negative permittivity at microwave frequencies while suffering relatively

small losses. JB Pendry also theorized the structure of negative permeability which is



established in 1999 with split ring resonator (SRR) structure. The first negative index
medium was developed when both of these structures were combined and it was
shown that, the negative index of refraction exists in the region where both the real
parts of the electric permittivity and magnetic permeability are simultaneously
negative typically, in a structure composed of SRRs and strip wires [3]. The history of
LHM started by Veselago when he made a theoretical speculation of this artificial
material that exhibits negative permittivity and permeability. Thirty four years later,
in 2001, Smith made the first prototype structures of LHM. The LHM is a
combination of SRR and thin wires (TW). New structures have been proposed such
as Omega shape, spiral multi-split, fishnet and S-shape, and they exhibit the
properties of a LHM. Since then, many researchers have been interested in
investigating this artificial material, and several of them used the LHM to improve the
properties of the microwave devices such as antennas and filters . Many papers have
been published regarding the LHM integrated with antennas, and their properties have
been analyzed . Although other metamaterials such as Frequency Selective Service
(FSS) and Electromagnetic Band Gap( EBG) have been used to enhance the gain of
an antenna ,the focusing effect of a LHM can be exploited in order to improve the

directivity and gain of antenna[4].
1.3 Literature Survey

Volkan Oznazli and Vakur B. Ertuk in 2007 [5], presented studying both
theoretically and experimentally the transmission properties of a lattice of split ring
resonators (SRRs) for different electromagnetic (EM) field polarizations and
propagation directions. Founded unexpectedly that, the incident electric field E
couples to the magnetic resonance of the SRR when the EM waves propagate
perpendicular to the SRR plane and the incident E is parallel to the gap bearing sides

of the SRR. This is manifested by a dip in the transmission spectrum.

ricardo marques ,ferran martin and mario sorolla in 2007[6] , Continuous media
with negative parameters, that is, media with negative dielectric constant, 1, or
magnetic permeability, m, have long been known in electromagnetic theory. In fact,
the Drude—Lorentz model (which is applicable to most materials) predicts regions of

negative 1 or m just above each resonance, provided losses are small enough



Vidyalakshmi.M.R and Dr.S.Raghavan in 2010[7], In this paper, three optimization
techniques namely genetic algorithm (GA), Artificial Neural networks (ANN) and
hybrid GA-ANN is applied to the case of square split ring resonator. The obtained
results are compared. In all the cases, the size of the split ring resonator is optimized
in order to obtain minimum error in resonant frequency. There are many types of GA
and ANN. Here, Binary genetic algorithm and feed forward backpropagation ANN is
chosen. A new method of hybridization is presented here which gives effective
results. Index Terms- Artificial neural network (ANN), Binary genetic algorithm
(BGA), Equivalent Circuit Analysis (ECA), Hybrid GA-ANN and Square split ring
resonator (S-SRR).

Chinmoy Sahal, Jawad Y. Siddiqui2 and Yahia M. M. Antar2 in 2011[8] , In this
paper, we present a design of a coplanar waveguide loaded with square split ring
resonators for filter applications. A theoretical formulation to estimate the resonant
frequency of the square split ring resonator is also proposed. Experimental
verification of the proposed theory is reported and the computed data are also

compared with simulation results revealing good agreement

H. Nornikman , Badrul Hisham Ahmad , Mohamad Zoinol Abidin Abd Aziz and
A.R. Othman in 2012[9] , This paper had been comparing the performance of the
normal patch antenna with single complimentary SRR patch antenna. Four different
shapes of single complimentary split ring resonator structure had been incorporated
into the microstrip patch antenna - square, circular, triangular, and rhombic. This
simulation works had been done in CST Microwave Studio simulation software. The
operating frequency of this antenna is 2.40 GHz for Wireless Local Area Network
(WLAN) application. The parameters that considered in these works are return loss,
resonant frequency, input impedance, gain, radiation pattern and bandwidth. The
focusing parameter is to achieve the best gain performance that obtained from the
single complimentary split ring resonator patch antenna. The addition of square SRR
onto patch antenna will improve the gain from 6.334 dB to 6.508 dB.

McGregor and K. M. Hock in 2013[10] , In this paper, we present theoretical and
simulation-based analyses of a novel, normal-conducting, multiple-cell, traveling
wave accelerating structure. Instead of the conventional circular apertures, we utilize

asymmetric complementary split-ring resonators to couple pillbox cavities and bring



the phase velocity below that of the speed of light in vacuo. We show that this

architecture exhibits a low, negative,

group velocity and that the 0 through modes decrease in order of frequency—in
contrast to conventional electrically coupled structures in which the 0 mode has the
lowest frequency and the mode the highest. We illustrate the efficacy of the proposed
design via electromagnetic and particle simulation results for a four-cell structure
operating around 1.9 GHz. Results are given for operation in the , 2=3, and =3 modes.
Our design achieves accelerating gradients of around 3:3 MV=m and a cavity voltage
of 0.594 MV for an applied rf power of 82 kW ( mode). The accelerating gradients
achieved are up to 3.3 times that of a conventional circular aperture-coupled design
with the same phase velocity, rf excitation power, operating frequency, mode type,

and number of cells.

Pedro J. Castro, Joaquim J. Barroso and Joaquim P. Leite Neto in 2013 [11],

Metamaterial one-dimensional periodic structures are composed of split-ring
resonators, which can display electric per- mittivity and magnetic permeability
simultaneously negative, are studied experimentally. In the present study, each
resonator is made up of two concentric circular copper rings patterned on a substrate
of kapton, with slits diametrically opposite each other and with the line of the splits
along the longitudinal direction of the periodic array containing seven split rings
evenly spaced. The experiments consist in inserting the metamaterial slab into a
square waveguide of side length 6 mm, corresponding to a cutoff frequency of 25
GHz. Transmission bands due to magnetic and electrical re- sponses are identified for
slits with aperture widths of 1 mm and 2 mm, centered at 5.67 and 6.12 GHz
frequencies, re- spectively, values well below the 25 GHz frequency cutoff, so

characterizing a medium with negative permeability and permittivity.

Anuradha Singh and Sanjay Kumar Sharma in 2014[12], In this paper, an
artificial neural network model is proposed to find out the resonant frequency of a
metamaterial based Hexagonal Split Ring Resonator (SRR). The main advantage of
Hexagonal SRR is small electrical size at resonance (electrically small) in the
microwave regime. The method can be used for a wide range of different depending
parameters (effective radius of the Hexagonal ring, split gap in the rings, width of the



rings, spacing between the rings, depth of the substrate). The calculated resonant
frequency is in very good agreement with the experimental results.

Ankita Tomar in 2014 [13] , In this work, Rectangular Microstrip Patch Antenna
(RMPA) along with metamaterial which has Square Split Ring Resonator (S-SRR)
with Horizontal Rectangular Strip (HRS) structure is proposed. Which has been
superimposed on RMPA atheight of 3.2mm from its ground plane. The RMPA with
proposed metamaterial structureis designed to resonate at 2.097 GHz frequency. This
work is mainly focused on increasing the potential parameters of microstrip patch
antenna. The simulation results showed that the impedance bandwith of RMPA with
Proposed metamaterial structure is improved by 17 MHz to 36.2 MHz significantly
the return loss reduced by -10.425 db to -28.15 db and increased the bandwidth and
directivity of the antenna . These improvements are due to the Double-Negative
(DNG) properties of metamaterial structure that acts as a lens when placed in front of
the RMPA. All the simulation work is done by using CST-MWS Software. Nicolson-
Ross-Weir (NRW) method is also used for verifying DNG properties of proposed

metamaterial structure.

Najuka Hadkar and Santosh Jagtap in 2015[14] , Microwaves are constantly
experiencing changes for many years. Microwave circuits use microstrip lines
because it allows easy integration of active and passive surface mount components
and it is less costly. In addition to a large number of benefits, microstrip lines have
some disadvantages such as narrow-band loss, interference and low efficiency. To
overcome the disadvantages, metamaterials are introduced. The proposed work shows
various concentric U-shaped multi-split ring resonators(SRRs) metamaterial
structures with & without broadside coupling. As compared to the conventional split
ring resonators , broadside coupled resonators shows decrease in the LC resonance
frequency and provide an electrically small and easy-to-fabricate alternative to the
present multi-band metamaterial structures. The multi-band magnetic resonator
topologies are simulated using CST Microwave Studio (MWS) to compute and
compare their electrical sizes. Different types of U-shaped structures with inner and
outer rings of SRR are used to realize transmission spectra, resonant frequencies and
electrical sizes. This topology has the flexibility of adjusting the resonance
frequencies by changing the design parameters such as the gap width, metal width and

inter-ring distances. The broadside-coupled multiple U-Shaped magnetic resonator



topology is considered to be a useful contribution to multi-band metamaterial research

applications.

1.4 problem statement

The project gives how to achieve Square Split Ring Resonator in a band frequency
(1-10)GHz .Hence the problem that be noted in this research is we cannot achieve

practical.
1.5 Aim of the Thesis

Design Square Split Ring Resonator in a band frequency (1-10) GHz and a achieve

negative permeability.

1.6 Thesis Organization

This thesis is organized, as follows:
Chapter 1:

Presents an introduction for metamaterials, literature survey followed by aim and

outline of the thesis.

Chapter 2:

The theory of metamaterial and its types.

Chapter 3:

Implementation to the design of the Square Split Ring Resonator (S-SRR).
Chapter 4:

The Math Lab software is used to obtain the permeability and permittivity of the S-
SRR, and the results discussion.

Chapter 5:

Provides the conclusion remarks and presents some ideas for the future works.



Chapter Two

Theory Of Metamaterial

2.1 Introduction

This chapter is divided into three main sections. The 1% section is a brief theory of
metematerial which includes the properties of metamaterial in electromagnetic field,
the behavior of negative index of reflection, and the other prominent properties of
metamaterial such as refraction and the Snell's Law is also presented. The 2™ section
explains the SRR structure and how it affects the left-handed properties of
metamaterial is observed where the emphasis is focused on the single-ring SRR
versus double-ring SRR as well as different structures of the SRRs. Next, the 3"

section presents the types of SRR.
2.2 Brief Theory of The Metamaterials

Metamaterial exhibits negative electrical permittivity and/ or negative

permeability. These two properties determine how a material will interact with
electromagnetic radiation including microwave, radio wave, x-rays and all other
electromagnetic wavelengths. When both permittivity and permeability are negative,
it is then they have a negative refractive index or left-handed material [3].

This relationship is shown by the following Maxwell’s equation for refractive index:

n =+ (2.1)

Electromagnetic waves are governed by Maxwell's equations, which show that these
waves contain both electric and magnetic fields, as shown in Figure (2.1).
Electromagnetic waves consist of in-phase, oscillating electric and magnetic fields.
Plane waves, as shown here, have electric and magnetic fields that are polarized at
right angles to each other. The field directions in a plane wave also form right angles
with respect to their direction of travel (the propagation direction). When an

electromagnetic wave enters in a material, the fields of the wave interact with the



electrons and other charges of the atoms and molecules that compose the material,
causing them to move about. For example, this interaction alters the motion of the
wave-changing its speed or wavelength [3].

T Electric Field
Electric Field

Direction Of
Propagation

T '.[

Magnatic Field

Figure 2.1: Electromagnetic waves [3]

Knowing that the permittivity and permeability are the only relevant material
parameters for electromagnetic waves, a 'material parameter space' can be imagined

into which all materials can be placed. This is illustrated in Figure (2.2).
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Figure 2.2: Permittivity(e),permeability(w)and refractive index (n) diagram [3]

Region | is where the permittivity and permeability are both positive. Since most

known materials have this property, this region of material parameter space has been



the most explored. However, the larger part of the map-three quarters, in fact has been
much less explored. This is because materials are just not so easily available in these
regions. In fact, materials that lie in the region Ill, where the permittivity and
permeability are both less than zero, do not appear in nature at all, while nature
appears to have limitations in terms of the material properties that are found. The

hope, then, is that the most of the material parameter space can be made accessible
with metamaterials. An important step towards this goal was made in 2000, when a
metamaterial was demonstrated to have a permittivity and permeability both less than

zero [3].

2.3 Negative Index Refraction

All transparent or translucent materials that are known of possess positive

refractive index or a refractive index that is greater than zero, in nature. However, as
proposed by Veselago and realized by Pendry, a negative refractive index is made
possible. Maxwell's equations relate the permittivity and the permeability to the
refractive index as follows in Equation (2.1): The sign of the index is usually taken as
positive [15]. However, Veselago showed that, if a medium has both negative
permittivity and negative permeability, this convention must be reversed, thus the
negative sign of the square root is chosen to indicate the negative refractive index [2].
This negative value can be explained as follows; as an example, it is often said that,
the velocity of a wave in a material is given by c/n, where c is the speed of light in
vacuum. The implication of a negative index, then, is that the wave travels backwards,
as shown in Figure (2.3). An electromagnetic wave can be depicted as a sinusoidally
varying function that travels to the right or to the left, as a function of time. Figure
(2.3) shows that a wave is incident on a positive index material (the reflected wave
has been ignored). The greater index of the second medium implies that, the
wavelength decreases (by a factor of 1/n); however, to maintain the same phase at the
interface as a function of time, the speed of the wave must also be reduced, again by a

factor of 1/n.



221Nn0Ss

My n>=nj

Figure 2.3: Wave incident on a positive index material [3]

When the refractive index is negative, the speed of the wave, given by c/n is negative
and the wave travels backwards toward the source, as shown in Figure (2.4). Yet, it is
reasonably expected that since energy is incident on the material from the left, the
energy in the material should likewise travel to the right, which is away from the
interface. To resolve this, Veselago showed that, there are more ways to define the
velocity of a wave. The definition c/n is well known as the phase velocity and
determines the rate at which the peaks (or zeros) of a wave pass a given point in time.
But this is not most relevant definition of a wave's velocity as the group, energy,
signal and front velocities can be defined, and these generally differ from the phase
velocity. Therefore, in left-handed metamaterial, wave propagates in the opposite

direction to the energy flows [3].

source

ny n>=-nj

Figure 2.4: Wave incident on a negative index material [3]

The startling properties of negative refractive index metamaterials are [15]:

e Snell’s Law (n; Sin ¢ = ny sin 0) still applies but rays are refracted away from

the normal on entering the material.

10



e The Doppler Shift is reversed that is a light source moving toward an observer
appears to reduce its frequency.

e Cherenkov radiation points the other way. Cherenkov radiation is the light
emitted when a charged particle passes through a medium under certain
conditions, in normal material the emitted light is in a forward direction;
whereas, in LHM, light is emitted in the reverse direction.

e The group velocity is anti-parallel to phase velocity.

2.4 Left-Handed Metamaterials

Almost all natural materials follow the so called "Right-hand Rule" because their
permeability and permittivity both have positive signs, then the electric field (E),
magnetic field (17) and wave vector (E) in such materials form a right handed set of
vectors, as shown in Figure (2.5). Wherein the electric field Eis along the positive x
direction, the magnetic field H is along the positive y direction and the wave

propagates along the positive z direction, thus E,Handk builda right-handed triplet.

All materials encountered so far in a natural form are right handed.

In Left-handed Metamaterial (LHM), the wave vector k is reversed in comparison
with what should have been for a RHM. The electric field E and the magnetic field H
make a left-handed triplet with the wave vector k.That means if the electric field E is

along the positive x direction and the magnetic field H is along the positive y
direction, the wave will propagate along the negative z direction in LHM, as shown in
Figure (2.6) [15].

11
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Figure 2.5: In Right-Handed Material (RHM), the electric field E, magnetic field
H and wave vector k build a right-handed triplet and the Poynting vector S has the

same direction as the wave vector k [15]
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Figure 2.6: In Left-Handed Material(LHM), the electric field E, magnetic field H and

wave vector k build a left-handed triplet and the Poynting vector S is in the opposite

direction of the wave

vector K [15]

Now, examine the direction of the energy flow in LHM, which is characterized by the

Poynting Vector, as follows:

S=—ExH (2.2)
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the Poynting vector power density can be written as:

E’XH:ijﬂ(EXE)x(EXH*)
-1, = - E -2
on(KXE ) E = - |E|
= (2.3)
-1 - P
oe H*(kXH) == |H|?
\

2.4.1 Unique Properties of Left-Handed Metamaterials
o Negative Refractive Index: For conventional material with &>0 and g >
0, the refractive index is given by n = m , SO that the conventional
material possesses a positive refractive index.
Yet, Left-handed Meta-material has both negative permittivity
(& (w) < 0) and negative permeability (¢ (w) < 0), the
refractive index n has negative value [3].
e Inverse Snell's law: An incident light that enters left-handed meta-
materials from a right-handed medium will undergo refraction, but

opposite to that usually observed for two right-handed media [16].

The Snell's law is described as:

= Z—j (2.4)
where @ is the incident angle and 0 is the refraction angle. Supposing medium | and
medium Il are conventional materials with n1 > 0 and n2 > 0 respectively, the
refracted light will be bent with positive 8 with the normal line OQ', as indicated by
the 4™ light ray in Figure (2.7). If medium Il is a left-handed metamaterial with n, <
0, the refracted light will be bent in odd way with a negative angle with OQO', as

indicated by the 3" light ray in Figure (2.7).
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Figure 2.7: Passage of a light ray through the boundary between medium | with
positive refractive index n; > 0 and medium Il with refractive index n,. 1 - incident
light ray; 2 - reflected light ray; 3 - refracted light ray if n, < 0; 4 - refracted light ray
if np > 0[16].

¢ Negative Phase Velocity: the phase velocity expression v, = ¢/n(w) shows
that the phase velocity v;, is related to the index of refraction n(w) , here c
denotes the speed of light in a vacuum. For LHM has negative refractive
index (n(w) < 0), the phase velocity has negative value. In LHM, the
phase velocity is in the opposite direction of the energy flow in the sense
that the energy flow leaves the source in waves with a phase velocity

pointing backward, as shown in Figure (2.8) [17] .

energy flow and
group velocity

_phase velocity

Figure 2.8: The energy flow and group velocity propagate forward in LHMs but the
phase velocity is backward[17]
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Veselago also predicted that the Doppler and Cerenkov effects will be reversed in
LHM [2]: an approaching source will appear to radiate at a lower frequency and
charged particles moving faster than the speed of light in the medium will radiate in

a backward cone, not a forward cone.

2.5 Different Metamaterial Structures

There are different metamaterial structures as antenna substrate, which includes 1-D
Split Ring structure, Symmetrical —Ring structure, Omega structure and S structure.
These structures are all left-handed materials where there will be a region where n is
negative and the index of refraction is zero would occur at the frequencies where

either permittivity or permeability is zero. These structures are illustrated in Figure

(2.9) [3].

/‘ /'
/ /
;‘/'
/f’l ™= 1 //
’/" [ /
/ //,
(a) Split Ring structure (b) Omega structure
v*.
b
2 d

(c) S structure

Figure 2.9: Different metamaterial structure [3]
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2.5.1 Split Ring Resonator( SRR)

A single cell SRR has a pair of enclosed loops with splits in them at opposite ends.
The loops are made of nonmagnetic metal like copper and have a small gap between

them. The loops can be concentric, or square, and gapped, as needed [18].

The SRR in its simplest form consists of a highly conductive metallic ring which is
broken in one (or several) location(s) by a non-conductive gap of air or other
dielectric materials. If this ring is placed in a temporally varying magnetic field an
electric circular current is induced in the metallic ring which in turn leads to charge
accumulating across the gaps. The electric field which builds due to the charge at the
gap counteracts the circular current leading to energy stored (predominantly) in
vicinity of the gaps and magnetic field energy concentrated in the region enclosed by
the ring. The SRR is thus a resonator which couples a perpendicular magnetic field
and can be characterized by the effective capacitance of the gaps and effective
inductance of the loop defined by the ring. It can be understood in terms of a resonant
LC circuit with a resonance frequency w;,= 1/LC, where L is the inductance and C is
the capacitance of the SRR. The resonant response of the circular current in the SRR
to an external magnetic field leads to a resonant magnetic moment which may reach
large negative values for array of SRRs such that the size of the SRR is much smaller
than the wavelength of an incident electromagnetic wave around the resonance
frequency behaves as a homogeneous effective medium with at negative (resonant)

permittivity per(w) [19].

The structure of the square split double ring resonator is as shown in Figure (2.10).

+' |+

A
A\

Figure (2.10) structure of the square split ring resonator
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It consists of two square shaped rings with gaps in between them on the opposite side
of both the rings. One method of obtaining the resonant frequency is by using the
equivalent circuit analysis (EAC) method [20]. The given distributed network is
converted into lumped network and analyzed.

When a magnetic field is applied perpendicular to the plane of the ring. The ring
begins to conduct and gives rise to current flowing through the rings will enable it to
act as an inductor and the dielectric gab(d) between the rings will lead to mutual
capacitance. Hence the equivalent circuit of the S-SRR will be a parallel LC tank
circuit as shown in Figure (2.11).

"

Figure (2.11) lumped equivalent circuit of S-SRR

From this, we can calculate the resonant frequency:

1

fo= 2mJLCs
Where

(2.5)

C, is the equivalent capacitance and
L is the effective inductance due to both of the rings.

The expressions for effective inductance and capacitance can be obtained as :

il Y
L=ﬂ[a_w_d{h4 038 ;HM]
F J

(2.6)
Where,
‘a’ denotes the length of the side of the square,
‘W' denotes the width of the conductor,

'd" denotes the dielectric width between the inner and the outer square and

17



' denotes the gab present in the rings.

F is the fiiling factor of the inductance and is given by:
F="" (2.7)

the effective capacitance is given by:

3
C; = [H—E{w+d]]€w3

(2.8)
where,
Cpu 1S per unit length capacitance between the rings.

According to Equations (2.6) and (2.8), the angular resonant frequency (wo) iS given
by:

3dC02

Wo = (2.9)

w2 r3

To calculate the effective permittivity of free space (€yeff) :

2
Wp

€reft = 1 — om0 (2.10)
Where

( op) is the plasma frequency ,

(w) angular frequency and

(') damping factor

To calculate the plasma frequency ( ®p) and damping factor (I') are given by:

18



V2m

P g2 co? o2 a2 ln(%)

® (2.11)

r=—2 (2.12)

rolo

To calculate the effective permeability (pesr) IS given:

F w?

Uerr =1 —

w2-we?+jrw

(2.13)

The refraction index n(w) is given by :

n(w) = Je(w) + ulw) (2.14)

2.5.2 The Omega Structure

The Omega structure, as the nomenclature describes, has an Q-shaped ring structure.
The omega structure resembles the Greek letter omega, and

consists of a C-shaped ring resonator with two wires connected to both ends, as
shown in Figure (2.9 b). These metamaterials have bi an isotropic characteristics and
also named as pseudochiral media . Electric and magnetic polarizations are induced
by both electric and magnetic fields in bi an isotropic media. There are two of these,
standing vertical, side by side, instead of lay flat, in the unit cell. In 2005 these were

considered to be a new type of metamaterial [21].

2.5.3 S Shape Split Ring Resonator(S-SRR)
The first split-ring resonators (SRR) exhibits a negative permeability at a given
frequency range. A common characteristic of all the SRR used in the realization of
metamaterials so far is that they need to be combined with a periodic arrangement of
rods in order to exhibit left-handed properties. As a matter of fact, although it is
known that the SRR itself does respond to the electric field, the frequencies associated

with this response usually does not overlap with the frequency response due to
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the magnetic field. In [22], Chen et al., proposed an S-shaped SRR structure (S-SRR)
which, without the need of additional rods as shown in Figure (2.9 c), produces an

electric and magnetic response within the same frequency range [23].
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Chapter Three
Methodology

3.1 Introduction

This chapter presents the methodology will explain the steps of work operation, the

requirement to design Square Split Ring Resonator.
3. 2 Design Procedure

In order to clarify the processes of designing the (Square Split Ring Resonator), the

flow chart, as in Figure (3.1), explains the process.

[ Design SRR ]
v

f, material types ,dimension

!

Calculation w, , w,, , Hoff » Ereff

, n(w)

!

Compare the result

Figure 3-1: Flowchart for the Design S-SRR
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3.3 Design Specifications
There are four essential parameters for the designs of square SRR
e Operating frequency (fr): The resonant frequency
must be selected appropriately. The resonant frequency selected
for this design is (8.2 - 12.4 ) GHz in X- band.
e Dielectric constant of the substrate (€r): The dielectric material
selected for this design is (€r =2.2) for Epoxy material.

e permeability effective of free space (lefs) :

e permittivity effective of free space (€pfr) :

Table( 3.1): Laminates specifications of S-SRR

Parameters Dimensions (mm)
Spacing between ring edges (d) 0.8
side (a) 7.5
inner ring radius (r) 0.7
Copper conductivity ( o) 5.96 * 10"7
frequency (GHz) 8.2-12.4

According to the dimensions of the S-SRR in the Figure (3.1), these parameters can

be obtained.

[le

A
v

Figure (3.2) structure of S-SRR
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e According to Equation (2. 10), the effective permittivity of free space (€refr)

is calculated after substituting plasma frequency( wp) , angular frequency(w)

, damping factor(I")
— wp?
Ereff = 1 — w2 +jTw

To calculate plasma frequency ( ®p), angular frequency(w) and damping factor(I")

Equations (2.11), (2.9) and (2.12) are given that.

—— vam
P g2 Cot o2 a2 ln(%)
_ 3 dCOZ
Wo = 2 13
2
I =
T o lo

Substituting
d=0.8mm, ¢ =3x10°m/s , pg=4n*10", a= 7.5mm, r =0.7mm
Substituting m=3.14 , Operating frequency (f) = (8.2-12.4)
6 =5.96 * 10’

e According to Equation (2.13) effective permeability (Les)is calculated after
substituting filling factor of SRR(F) , (®) angular frequency , (mo) angular

resonant frequency , (I') damping factor.

F w?

w2-wo?+jrw

Pepr =1 —

To calculation filling factor of SRR (F), the Equation (2.7) is given that.

e Calculation n(w) given by Equation (2.14).

n(w) = e(w) + p(w)
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Chapter Four

Results and Discussion

4.1 Introduction

This chapter consists of the simulation of the designed Square Split Ring Resonator S-

SRR using Math Lab software and discussion of these results .
4.2 S-SRR metamaterial

The aim of this project is to obtain negative permeability to achieve S-SRR.
Therefore, vary dimension of S-SRR to vary band frequency to achieve negative
permeability are selected.

Table (4.1) dimensions of the S-SRR obtained as a result

Resonant a (mm) r (mm) d (mm)
frequency (GHz)

1.0 6.2913 0.6323 0.6894
1.5 4.7410 0.3041 0.7167
2.0 4.4614 0.4114 0.9604
3.0 3.4066 0.4211 0.8575
4.0 3.2414 0.6182 0.9525
5.0 3.1144 0.7589 0.9375
6.0 3.1652 0.9085 0.9648
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Table (4.1) shown vary frequency band from (1-7) GHz, and the dimensions of S-
SRR also varied ,' a' decrease with increased frequency, while 'r and 'd" increase with

increased frequency .

According to calculation of dimensions in the section (3.3) and according to

Equations in the section (2.5.1), the results with varying dimensions are:

4.2.1 When the dimensions (f=1.0,a=6.2913, r=0.6323, d =0.6894 )

Fig (4.1) effective permeability for S-SRR in section 4.2.1
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Fig (4.2) effective permittivity for S-SRR in section 4
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Fig (4.3) refraction index for S-SRR in section 4.2.1
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4.2.2 When the dimensions (f=15,a=4.7410,r=0.3041, d =0.7167 )

Herf

a8l
10 -
PN (S N S S
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16—
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0
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Fig (4.4) effective permeability for S-SRR in section 4.2.2

Ereff
A

J

x
55138 T T T T T

5 5138 [--nnnmmneev ---------- -
55138 ---------- -
2 A SN SOUURUN (SRRSO SO -
5.5138 ---------- -
N :

-] P SO SIS S SRS S .

5 5138 | | i i |
0

Fig (4.5) effective permittivity for S-SRR in section 4.2.2
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Fig (4.6) refraction index for S-SRR in section 4.2.2

4.2.3 When the dimensions (f=2.0,a=4.4614 ,r =0.4114 ,d =0.9604 )
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Fig (4.7) effective permeability for S-SRR in section 4.2.3

28



Ereff

A
X
55138 . . ; . T
P OE"Y ENUSSSN SO SO SRS SO SO
55138 [--------o - booomonoee bomenoonees boommonoees bommooooes beommeenees .
L B hnnr SETCEETERRE ERREIRRTET EERRRERERN SRR -
-------- L AR - D < L R
55138 f----------- bonennennnns bomneneneee bmmmnnnnnns fommmmnnnees fommmnnnnns -
B 8138 -+ oo .
PR 75" NNSRRRRRR SRR SR S N
55138 i | i i |
0 2 4 6 8 10 12
Fig (4.8) effective permittivity for S-SRR in section 4.2.3
n(x)
A
Xy
45 ! ! !
)} I O O S Ho o *.1 PO e
7 FORSUORURL SOUUUPEL JOPSOUO0 SENUOPPEN OUSRE S .
)| SRR A, [, 1 ___________ ; ___________ P —
) S S SO SO OO SRR -
] I— —— S— — — R .
L e .
U S0 SO SO -
05 ---------- S S .
0 | | i | |
0 2 4 6 8 10 12

Fig (4.9) refraction index for S-SRR in section 4.2.3

29




4.2.4 When the dimensions (f=3.0,a=3.4066, r=0.4211, d =0.8575)
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Fig (4.10) effective permeability for S-SRR in section 4.2.4
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Fig (4.11) effective permittivity for S-SRR in section 4.2.4
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Fig (4.12) refraction index for S-SRR in section 4.2.4

4.2.5 When the dimensions (f=4.0,a=3.2414 ,r=0.6182, d =0.9525)
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Fig (4.13) effective permeability for S-SRR in section 4.2.5
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4.2.6  When the dimensions (f=5.0,a=3.1144,r=0.7589 , d =0.975)
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Fig (4.16) effective permeability for S-SRR in section 4.2.6
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Fig (4.17) effective permittivity for S-SRR in section 4.2.6
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Fig (4.18) refraction index for S-SRR in section 4.2.6

4.2.7 When the dimensions (f=6.0,a=3.1652, r=0.9085, d =0.9648 )
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Fig (4.19) effective permeability for S-SRR in section 4.2.7
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Fig (4.20) effective permittivity for S-SRR in section 4.2.7
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Fig (4.21) refraction index for S-SRR in section 4.2.7
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4.2.8 When the dimensions (f=7.0,a=75,r=0.7,d =0.8)
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Fig (4.22) effective permeability for S-SRR in section 4.2.8
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Fig (4.23) effective permittivity for S-SRR in section 4.2.8
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Fig (4.24) refraction index for S-SRR in section 4.2.8

37




According to Figures (4.1), (4.4), (4.7), (4.10), (4.13), (4.16), (4.19) and (4.22), its
show the simulated results of negative permeability; the range of the negative
permeability starts from 1GHz to 7.25 GHz .

While the Figures (4.2), (4.5), (4.8), (4.11), (4.14), (4.17), (4.20) and (4.23),show the
simulated results of positive permitivity. So the single Left Hand-Metamaterial(LHM)
can appear as the Figurs (4.3), (4.6), (4.9), (4.12), (4.15), (4.18), (4.21) and (4.24) are

shown.
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Chapter Five

Conclusion And Feature Work

5.1 conclusion

The design of Square Split Ring Resonator S-SRR has been presented. The work
includes design, simulation and measurement of the permeability, permittivity and

refraction index.
From this project, the following points can be concluded:

1. The permeability is obtained in negative value at the band 1GHz to 7GHz,
that means the LHM is achieved.

2. Positive permittivity is appeared in the same band.

3. Single Left-Hand Metamaterial LHM is achieved in the frequency band 1GHz
to 7GHz.

5.2 Feature work
This project can be expanded to use other types of :

1. Metamaterial as Photonic Band Gap (PBG) which can be implemented on the
design
2. Double Left-Hand Metamaterial can be implementation with negative

permittivity and permeability.
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APPENDIX A

function h = surf (varargin)
%$SURF 3-D colored surface.

% SURF (X,Y,Z,C) plots the colored parametric surface defined by

% four matrix arguments. The view point is specified by VIEW.
% The axis labels are determined by the range of X, Y and Z,

% or by the current setting of AXIS. The color scaling is
determined

o°

by the range of C, or by the current setting of CAXIS. The

scaled

o°

color values are used as indices into the current COLORMAP.

o°

The shading model is set by SHADING.

o°

SURF (X,Y,Z) uses C = Z, so color is proportional to surface

height.

o
°

o\

SURF (x,v,Z) and SURF(x,vy,%,C), with two vector arguments

replacing
% the first two matrix arguments, must have length(x) = n and
% length(y) = m where [m,n] = size(Z). In this case, the vertices

o\

of the surface patches are the triples (x(j), v(i), Z(i,3)).

% Note that x corresponds to the columns of Z and y corresponds to
% the rows.

% SURF (Z) and SURF(Z,C) use x = 1:n and y = 1:m. In this case,

% the height, Z, is a single-valued function, defined over a

% geometrically rectangular grid.

% SURF (..., 'PropertyName', PropertyValue,...) sets the value of the
% specified surface property. Multiple property values can be set

% with a single statement.

% SURF (AX, ...) plots into AX instead of GCA.
3 SURF returns a handle to a surface plot object.

% AXIS, CAXIS, COLORMAP, HOLD, SHADING and VIEW set figure, axes,

% surface properties which affect the display of the surface.
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o\

See also SURFC, SURFL, MESH, SHADING.

% Additional details:

% If the NextPlot axis property is REPLACE (HOLD is off), SURF

resets

% all axis properties, except Position, to their default values
% and deletes all axis children (line, patch, surf, image, and
% text objects).

% Copyright 1984-2008 The MathWorks, Inc.
% SRevision: 5.14.4.15 $ S$Date: 2008/09/18 15:56:55 $

% J.N. Little 1-5-92

error (nargchk(l,inf,nargin, 'struct'))

o

% First we check whether Handle Graphics uses MATLAB classes

1sHGUsingMATLABClasses = feature ('HGUsingMATLABClasses');

% Next we check whether to use the V6 Plot API

[v6,args] = usevéplotapi (varargin{:}, " '-mfilename',mfilename);

if isHGUsingMATLABClasses
hh = surfHGUsingMATLABClasses (args{:});
else

[cax,args,nargs] = axescheck(args{:});

hadParentAsPVPair = false;
if nargs > 1

)

% try to fetch axes handle from input args,
% and allow it to override the possible input "cax"
for i = 1:length(args)
if ischar(args{i}) && strncmpi(args{i}, 'parent',
length (args{i})) && nargs > i
cax = args{i+l};
hadParentAsPVPair = true;

break;

44



end
end

end

Q

% do input checking
dataargs = parseparams (args) ;

error (surfchk (dataargs{:}));

% use nextplot unless user specified an axes handle in pv pairs
% required for backwards compatibility
if isempty(cax) || ~hadParentAsPVPair
if ~isempty(cax) && ~isa(handle(cax), 'hg.axes")
parax = cax;
cax = ancestor (cax, 'Axes');
hold state = true;
else
cax = newplot (cax);
parax = cax;
hold state = ishold(cax);
end
else
cax = newplot (cax);
parax = cax;

hold state = ishold(cax);

end
if veo
hh = surface(args{:}, "parent',cax);
else
hh = double(graph3d.surfaceplot(args{:}, 'parent',parax)):;
end

if ~hold state
view (cax, 3);

grid(cax, 'on');

end

end

if nargout == 1
h = hh;
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end

o°

o°

out =

function out=id(str)

["MATLAB:surf:"'

str];
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