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Abstract

Electromagnetic Metamaterial is an artificial material that is made up of different
types of structural designs on dielectric substrates. In this thesis a broad and elite
investigation is being carried out by designing and simulating a metamaterial cell
comprising a square split ring resonator with a copper wire strip etched on the
ground plane to discover its some unusual parameters such as double negativity
of cell which are naturally not found in other materials of nature. A course of ac-
tion of these unit cells in a grouping shapes metamaterial. Also different types of
metamaterial cells such as square split ring resonator, circular split ring resonator,
circular complimentary split ring resonator, have been designed to resonate at fre-
quency 2.8 GHz,3.5 GHz, 5.8 GHz, 10 GHz,12 GHz, 26 GHz and 28 GHz. Lower
frequency cells were designed using FR4 substrate with 4.4 dielectric constant.
Higher frequency cells are designed using RT Duroid 5880 substrate with a 2.2,
dielectric constants.A square split ring resonator cell have been mathematically
modelled and used to design the microstrip patch antenna. These metamate-
rial cells show exceptionally great applications in the design of microstrip patch
antennas by improving their characteristics such as bandwidth, return loss, and
gain. The proposed microstrip line feed edge port excited, Co-axial feed rect-
angular, Circular patch antennas and metamaterial loaded bio-inspired planar
microstrip patch antennas such as hibiscus leaf and kaju leaf shape antennas
have been designed. These antennas are also designed with metamaterials to res-
onate at above frequencies. These antennas with different resonance frequencies
are useful for various WiMAX applications, 5G applications and other wireless
applications. The parameters of conventional antenna and metamaterial loaded
antennas were compared. The patch antenna loaded with square split ring res-
onatorhaving resonance frequency 3.5 GHz used for WiMAX application. The
proposed patch antenna have been simulated, fabricated tested analysed, and

reported for performance comparison of its parameters.
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Introduction/Motivation

With the introduction of the Internet system and cellular technology, the demand
for and popularity of mobile terminals (laptops, cell phones, etc.) skyrocketed,
propelling the telecommunications industry to new heights. The digital informa-
tion system and wireless communication technology are playing important role in
the development of society. Various wireless services, such as Wi-Fi, Bluetooth,
GPS, NFC, 4G, and 5G systems that operate in multiple frequency bands, neces-
sitate the use of portable devices for broadband applications. The rapid increase
in the system of wireless communication demands a base station and portable
terminal equipped with the best antenna. The portable terminals should satisfy
some important characteristics such as miniaturization, system integration, and
multiband or broadband operation. Due to some important features mentioned
in section 5.2, microstrip antennas are well suitable for the application of wireless
communication.

Although research on ’synthetic’ materials for microwave applications began in
1948.Metamaterials have only recently emerged as a breakthrough in the realm of
electromagnetic |1],[2]. Metamaterials have piqued people’s curiosity because of
their unusual responses to electromagnetic radiation. These materials are created
by structuring precise metallic inclusions onto a host dielectric substrate. The
structural design of metamaterial cells is responsible for the properties of the
cell and not the chemical composition of their constituents|3]. The metamaterial
concept was presented by Victor Veselago in 1968 who stated that the Poynting
vector of a monochromatic plane wave is anti-parallel to its phase velocity in
a medium having dielectric permittivity (¢) and magnetic permeability (i), to
be negative at the same time. He named these materials "Left-Handed Materi-
als" (LHM). In 1999, J.B. Pendry proposed the artificial negative permeability
medium by an arrangement of an array of small metallic structures called split-
ring resonators (SRR) [4],[5],[6].Rectangular rings having equal sides are called

square split-ring resonators (SSRR)|[7|. The cells which are having electric per-
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mittivity and magnetic permeability close to zero, But less than zero are called
zero Index metamaterials[8],[9]. It is made up of a periodic array of metallic
resonant elements. The wavelength is very much higher than the lattice constant
of metamaterial cell. Surface waves propagate within the substrate and are scat-
tered at bends and surface discontinuities, such as dielectric and ground plane
truncation, degrading the antenna pattern and polarisation characteristics [10].
Using metamaterials, surface waves can be eliminated while maintaining large
bandwidths. If the impedance of the antenna does not match the impedance of
the transmission line, the signals will be reflected, resulting in high return loss
and poor communication. The antenna impedance should be matched with the
transmission line impedance to avoid the problem of return loss [11], [12],[13].
A patch antenna is designed on a a dielectric substrate such as RT duroid 5880
with dielectric constant 2.2. The thickness of this dielectric substrate is 0.5 mm
or 0.25 mm, so that it is lightweight and easy to design and fabricate. It can be
designed in different ways on dielectric substrate. If we use a substrate of higher
thickness efficiency can be increased, however, as the height increases, surface
waves are introduced which usually are not desirable because they extract power
from the total available for direct radiation (space waves). Surface waves are
eliminated using metamaterials. To increase the bandwidth of patch antenna
arrays can be used. Bandwidth also can be increased by loading metamaterial
on a microstrip patch antenna.[14],[15],[16]. The proposed double negative and
mu negative metamaterial cells are designed and tested using MATLAB software.
Metamaterial cells are mathematically modelled [17],[18]. Also parameters of mu
negative metamaterial cell are extracted using full-wave simulator HFSS. Data
files (.csv files) of Sy; and Sy; are then exported and applied MATLAB script to
obtain the curve of complex permeability [19], [20]. The authors have designed
and simulated an edge port-fed rectangular patch antenna and circular patch
antenna for a 5G application and WiMAX application using FEKO software.It

is a wireless technology based on IEEE 802.16 standard that provides fast data
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over a widespread area. The WiMAX stands for Worldwide Interoperability for
Microwave Access, and it is a point to multipoint wireless networking technol-
ogy. It works in three layers, physical layer, MAC layer, and convergence layer.
RT duroid 5880 and FR4 substrates are used for designing metamaterial based
antenna for WiMAX and 5G application respectively, The metamaterial-based
rectangular microstrip patch antenna (RMPA) is simulated and bandwidth, re-
turn loss, gain and VSWR are measured.Impedance matching is noted on smith
chart. Optimization is done by using FEKO software [21],[22] ,[23].For further
advances and suitability, for the construction of antennas, the researchers con-
centrated on using bio-inspired geometrical shapes. The most important one is
bioinspired plant geometries, which employ shape of plant parts such as leaves,
fruits, and flowers to create antennas for various frequencies. The study of mi-
crostrip antennas based on models inspired by leaves (leaf-shaped antennas) has
piqued researchers’ curiosity due to promising outcomes. The hibiscus leaf and
kaju leaf shape patch antennas are designed and simulated [24], [25], |26]. These
antennas are loaded with metamaterials for improvement of their performance.
The lattice constant of metamaterial should be very much smaller compared to
the wavelength A conventional antenna and a proposed novel edge port fed bio-
inspired microstrip patch antenna (BMPA) with resonance frequency 5.8 GHz
and a ground plane of the substrate are loaded with square split-ring resonators
are simulated, analyzed and comparison of parameters such as bandwidth, return
loss, gain and VSWR is presented [27], [28],[29]. This patch antenna is designed
on FR-4 substrate with permittivity value equal to 4.4 and thickness equal to 1.6
mm. FR-4 material is cheaper and easily available. Surface wave propagation is
decreased by a metamaterial-loaded substrate, which improves antenna perfor-
mance. This patch antenna with improved parameters can be used for WiMAX
applications.The bandwidth required for the band with a center frequency of 5.8
GHz is 300 MHz [30],[31]. And the proposed patch antenna finds its suitability

for this application with a bandwidth higher than required.
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Chapter 1

Literature Survey with Gap Analysis

1.1 Application of Metamaterials for the Microwave An-

tenna Realisations

In the first decade of the twenty-first century, scientists have become very inter-
ested in artificial structures whose electromagnetic (EM) characteristics depend
on the geometry of the structure units rather than the chemical composition.
These electromagnetic structures, also known as metamaterials (MTM), exhibit
a wide range of incredibly strange properties, such as extremely high effective
permittivity and permeability values, phase and group velocity antiparallelism,
etc. It has been proposed to use left handed metamaterials (LHMTM), which
concurrently have negative permittivity and permeability as well as a negative
refractive index, to make a variety of microwave components with cutting-edge
features and compact sizes. Numerous MTM applications have been developed.
They include conical-beam radiators, resonant antennas, and new leacky wave
antenna with full-space scanning fan/pencil-beam. conical-beam radiators, As
one of the potential LHMTM-based applications, graded refractive index pro-
file (GRINMTM) with the composite right left handed (RH/LH) structures have
been studied intensively both experimentally and theoretically in recent years

32].



1.2 Survey on Microstrip Patch Antenna using Metama-

terial.

There are various ways to increase the bandwidth of a microstrip patch. the usage
of numerous resonators placed in the same plane, multilayer designs with numer-
ous resonators stacked vertically, impedance matching networks, and lowering
the Q factor of the patch by increasing substrate height and lowering dielectric
constant are few examples. The use of multi-resonator systems has drawbacks,
including larger area requirements and variability in radiation patterns. Wide
band impedance matching network applications present a problem due to the
larger substrate area required for the matching network’s inclusion. The simplest
direct technique to increase the bandwidth of the microstrip element is to employ
a thick, low dielectric constant substrate. This always leads to unacceptably high
feed inductance, surface wave generation, or spurious feed radiation. Therefore,
picking a substrate with a suitable thickness is crucial, and expanding the meth-
ods will broaden the bandwidth. The most well-liked and efficient of them are:
a) covering the surface of the printed element with slots of the right shape. b)
the edge of the microstrip patch is texturized with small or large slits. How-
ever, these methods also have the disadvantages, which leads to the formation
of complex structures. The study of metamaterials has recently attracted more
theoretical and experimental interest. Metamaterials (MTM) are manufactured
materials with characteristics that may not exist in nature. In the latter half
of the 1960s, metamaterial was first developed.The fundamental characteristics
of common materials found in nature, also referred to as Double Positive (DPS)
materials, are positive permeability and permittivity. Due to the property of neg-
ative mu and epsilon, metamaterials are referred to as Double Negative (DNG)
materials. V. G. Veselago observed that the plane wave’s Poynting vector is an-

tiparallel to the direction of the phase velocity, which is different from how plane



waves generally propagate in natural media. He used the term "left-handed" to
describe a chemical while keeping in mind that it is a synonym for "substance
with negative group velocity. Even though metamaterial does not exist in na-
ture, fascinating phenomena for these substances, such as Cherenkov radiation,
the reversal of the Snell Law, and Doppler effects, were theoretically predicted.
Metamaterials are also referred to as negative index materials (NIM) because of
their negative index of refraction. Given that the left-hand rule connects the
electric field (E), magnetic field (H), and propagation vector (K), a composite
medium made of conducting, non-magnetic materials can produce a left-handed
frequency band. In the metamaterial structure, negative permeability is produced
by split ring resonators (SRRs), whilst negative permittivity is produced via thin
wire components Each of the two concentric rings that make up the distinctive
pattern known as SRR has a split. The structure is referred to as a resonator
because it exhibits a specific magnetic resonance at a particular frequency. Split
ring resonators have the capacity to generate an effective negative permeability

across a certain frequency range[33].

1.3 Impedance and Gain improvement of Microstrip An-

tenna using Metamaterials.

Typically, a conducting ground plane is used to support a substrate-mounted
conventional microstrip patch antenna. In the investigation, a rectangular patch
antenna mounted on the substrate has a planar left-handed material pattern de-
signed to improve its horizontal radiation and increase its working bandwidth
through coupling with the conducting ground that is backed to the substrate and
has a different pattern. The suggested small metamaterial antenna has a permit-
tivity of 2.2 and is printed on an F4BM-2 substrate with a thickness of 0.8 mm.
To achieve 50- characteristic impedance from 3.85 to 16.15 GHz, the microstrip

feedline’s width is fixed at 2.40 mm. Four isosceles triangles in the upper layer



are connected at their apexes by a square frame, and four narrow metal strips are
radially attached to the outer frame in the unit cell from the connected portion.
On the lower layer are square metal patches with regular gaps.One parameter
at a time is changed while the other ones are fixed to investigate the suggested
antenna. To establish the ideal settings and completely comprehend how the an-
tenna’s construction behaves, the antenna was analyzed using Ansoft simulation

software high-frequency structure simulator (HFSS)[34].

1.4 Microstrip Patch Antenna loaded with Complemen-
tary SRR

Metamaterial based microstrip patch antennas loaded with complementary split-
ring resonators (CSRRs) is designed and characteristics are reported. The ground
plane of the suggested antenna uses CSRRs to modify the substrate’s effective
medium properties. Experimental findings supported the simulation results. The
experimental results show that the CSRR loaded patch antenna reduces in size
while maintaining the same bandwidth. On a glass epoxy FR-4 substrate, the
radiation characteristics of a circular patch antenna with a U-slot are measured,
and they are contrasted with those of a conventional circular patch antenna made
under the same condition. In addition to having a significantly wider bandwidth,
the updated antenna resonates at two separate frequencies. The return loss and
VSWR are measured for a simple circular patch antenna and a circular patch
antenna with a U-shaped slot.The designed antennas have been described.The
radiation pattern, VSWR, transmission coefficient, and reflection coefficient are
all presented. All of the designs have the same 1.6 mm substrate thickness, 4.4

dielectric constant, and 0.02 loss tangent [35].



1.5 MSA-T: Enabling affordable, All-Electronic Beam Steer-

ing satcom user terminals

A new type of antenna technology called Metamaterial Surface Antenna Tech-
nology (MSA-T) was created by Intellectual Ventures. It allows a radio signal to
be directed in a specific direction without the need for expensive parts or moving
pieces. New devices are made for people to use with advanced satellites. These
satellites will help people who work in transportation like planes, ships, and cars.
This will be the first time we use MSA-T technology. It can be used in places
where it’s important to have simple installation. The MSA-T’s antenna is made
similarly to printed circuit boards and can be made very easily. This is different
from the large, heavy and difficult to make antennas we use presently. MSA-T
allows for cheaper and lighter user devices that are only a few kilograms and
can be as thin as 2-3 centimetres. To give the customer enough internet speed,
MSA-T can use additional modules that send and receive information. MSA-T
versions can make antenna pieces that bend to match the shape of an object,

such as the body of an airplane|36].

1.6 High Gain Patch Antenna realized by using Negative

Permeability Electromagnetic Metamaterials

It is discussed how to make a high gain patch antenna that operates at 5-5.5 GHz
using electromagnetic metamaterials with negative permeability. The suggested
metamaterial cell is investigated and analysed using numerical methods. We
noticed that the reference microstrip antenna’s working frequency band overlaps
with the negative permeability provided by the suggested metamaterial construc-
tion from 5 GHz to 5.5 GHz. Periodically placing a few of the suggested meta-
material cells on the substrate surrounding the patch antenna increases the gain

of the antenna at the operational frequency by around 2.5 dBi, but the reference



antenna’s operating bandwidth is unaffected|37|.

1.7 Metamaterials: Fundamentals and Applications in the

Microwave and Optical regimes

Metamaterials are artificial structures of conducting materials such as copper on
dielectric substrate and have peculiar electromagnetic properties, from radio and
microwave frequencies up to optical frequencies. Although the field of metama-
terials, which has its roots in the history of artificial dielectrics, is only a little
over ten years old today, it has already sparked a great deal of interest among
scientists all over the world. Classical electromagnetism suddenly assumed a new
and fascinating perspective, demonstrating that there are fascinating phenomena
still undiscovered and applications for them still to be developed. All of this
richness is specifically connected to the idea of the macroscale constitutive char-
acteristics, including permittivity and permeability. What would be conceivable
if we could create materials whose constitutive parameters could be customised?
When we consider the fact that material parameters can typically be anisotropic
tensors that can also be spatially inhomogeneous (changing from point to point),
the variety of these possibilities becomes more apparent. Additionally, they are
capable of achieving values that were previously unthinkable and even combining
a material’s magnetic and electric responses. some of the most eminent experts
in the area describe how to design metamaterials with exotic new functions, how
to physically construct them, and how to use them in microwave and optical

applications|38|.



1.8 Nature Inspired Sunflower Shaped Microstrip Antenna

for Wideband Performance

Analysis and synthesis of a high frequency nature-inspired broadband micro-strip
patch antenna is designed and simulated. It is based on the sunflower structure
with particular type of the spirals which are frequently found in nature. The
reason behind using sunflower structure is to explore the properties of wideband
performance, uniform and stable distribution of electromagnetic energy obtained
in natural structure, successfully translated to antenna technology and to provide
a frame work for solving the optimization problems related to antenna application
in satellite communication A mathematical concept that is capable of defining
many complex shapes found in nature is the key of this new design. The pro-
posed antenna has simple geometric structure so it satisfies the requirements of
satellite communication in form of the reduced lobe level and stable radiation
pattern. The design is using computer simulation technology microwave Studio
and the geometry of proposed antenna offers impedance bandwidth of more than
5.44 GHz (12 GHz to 17.44 GHz) in the Ku Band. A simple construction, broad
bandwidth, adjustable and moderate gain are some of the key features of this de-
sign. Sunflower based micro strip patch antenna structure shows a non-uniformly
spaced, direct radiating array which is responsible for reducing complexity and

cost compared with conventional antenna [39].

1.9 Gap analysis

e Design and development of left handed and mu negative split ring resonator and
complimentary split ring resonator metamaterial cells with circular and square
shape.

e Design and development of coaxial feed and microstrip line feed metamaterial

loaded patch antenna for enhancing the bandwidth of antenna.



e Design and development of metamaterial loaded various types of patch antenna
for high gain application.

e High gain-bandwidth product caters to long haul 5G communication.

e To observe high gain in rectangular slot based microstrip patch antenna.

e Mathematical modeling of metamaterial cell to resonate at 26 GHz and 28 GHz.
e Design and simulation of multiband bioinspired conventional and metamaterial
loaded microstrip patch antenna design with peculiar hibiscus leaf shape and kaju
leaf shape, comparison of their parameters.

e Application of different types of metamaterial cells for miniaturising patch an-
tenna.

The fourth generation (4G) antennas are under continuous development stage
for achieving multiple frequency bands with compact design.In the recent years
high data rate in 4G and 5G communication technology has attracted many per-
sonal wireless application for industrial and scientific area. To support channel
capacity in the operating frequency of 4G and 5G electrically small antennas
are needed in the customer premises equipment and handheld receivers.To meet
the requirements various microwave techniques like metamaterial loaded anten-
nas,bioinspired metamaterial loaded antennas are reported.

Metamaterial cell square split ring resonator (SSRR) consisting of two ring is
designed on RT Duroid 5880 substrate with a permittivity value equal to 2.2
and thickness equal to 0.5 mm.The resonating frequency of cell is 26 GHz. The
negative mu appears in the frequencies between 24.8 GHz to 28 GHz. Edge-
fed rectangular microstrip patch antenna (RMPA) and edge fed circular patch
antenna with metamaterial cells loaded on the ground plane of the antenna.The
antennas resonates at 26 GHz frequency which is used for 5G communication.The
bandwidth and gain of both the antennas are increased compare to conventional
antennas.

Complementary circular split ring resonator is designed to resonate at 12 GHZ is

loaded on ground plane of Circular patch antenna which considerably increases

8



its bandwidth. The left handed metamaterial cell is designed with SSRR and cop-
per strip of width 0.6 mm on ground plane of FR-4 substrate with a permittivity
value equal to 4.4 and thickness equal to 1.6 mm. The dimensions of cell are 8
mm by 8 mm. The cell resonates at 2.8 GHz. The real part of permittivity and
permeability of SSRR are negative. The negative permittivity and permeability
exist between 2.6 GHz to 3.2 GHz frequency.The mu negative cell is designed with
resonant frequency equal to 2.8 GHz. The rectangular microstrip patch antenna
is designed loading mu negative metamaterial cells on ground plane of patch an-
tenna.The antenna is simulated and the bandwidth and gain reporded are equal
to 113 MHz and 3.5 dBi. The single negative metamaterial cell is mathemati-
cally modelled and simulated, It consists of a square split ring resonator with two
rings. The Rogers RT /Duroid substrate with dielectric constant 2.2 is used in
this design. The cell is designed to resonate at 26 GHz frequency.The calculated
resonance frequency is almost equal to ssimulated resonance frequency. For a
specific range of frequencies that is 24.5 GHz to 28 GHz this metamaterial cell
depicts negative values of permeability. A square split ring resonator cell is math-
ematically modeled, These metamaterial cells are used to design the microstrip
patch antenna.The bandwidth and gain of antenna are equal to 1.93 and 9dBi re-
spectively. The bandwidth and gain are higher compare to convantional antenna.
The single negative metamaterial cell is mathematically modelled and simulated,
It consists of a square split ring resonator with two rings having slots at 180 de-
grees to each other. The Rogers RT /Duroid substrate with dielectric constant 2.2
is used in this design. The cell is designed to resonate at 28 GHz frequency.The
calculated resonance frequency is almost equal to ssimulated resonance frequency.
For a specific range of frequencies this metamaterial cell depicts negative values of
permeability. This mathematically modeled metamaterial cells are loaded on the
surface of patch.The bandwidth and gain of antenna are equal to 2.14 and 8 dBi
respectively. The bandwidth and gain are higher compare to convantional antenna.

Mathematically modeling and simulating a single negative metamaterial cell com-

9



prising of a square split ring resonator with two rings.Various dielectric substrates
like FR4, Rogers RT/Duroid5880 and Roger RT/Duroid 6006 are used for mod-
eling metamaterial cells with same structure and dimensions. This metamaterial
cell depicts negative values of permeability for a specific range of frequencies.
The resonant frequency predicted analytically is found to be extremely close to
the frequency obtained by modeling metamaterial structure. The S parameters
are extracted using simulating software. The method used to extract the S pa-
rameters is one using perfect electric and perfect magnetic (PE-PM) boundary
conditions.Resonance frequencies of the cells with Rogers RT/Duroid 5880, FR4
and Rogers RT /Duroid 6006 substrate are 5.8 GHz,4.9 GHz and 4.4 GHz respec-
tively.

The Planar antennas can be printed on different types of dielectric substrates
with minimum cost and processing. One fundamental factor that makes pla-
nar antennas so desirable and important is their easy way of integration with
microwave or millimeter- wave circuit components.Some novel architectures and
techniques of designing the metamaterial loaded bio inspired planar microstrip
patch antennas such as hibiscus leaf and Kaju leaf shape antennas are discussed.
Conventional hibiscus leaf shape antenna is multiband antenna which resonates
at 5.8 GHz ,10 GHz and 13.4 GHz with bandwidth 267.7 MHZ,280.5 MHz,450.8
MHz.Metamaterial loaded hibiscus leaf shape antenna resonates at 5.8 GHz and
11 GHz.The bandwidth obtained is 750 MHZ and 2.25 GHz respectively. Con-
ventional kaju leaf shape antenna is multiband antenna which resonates at 5.8
GHz ,9.67 GHz with bandwidth 313.9 MHZ,390 MHz respectively.Metamaterial
loaded kaju leaf shape antenna resonates at 5.8 GHz and 9.18 GHz.The band-
width obtained is 404 MHZ and 480.5 MHz respectively.

A conventional antenna and a proposed novel coaxial feed rectangular microstrip
patch antenna (RMPA) with resonance frequency 3.5GHz and a ground plane of
substrate is loaded with square split ring resonators , This patch antenna is de-

signed on FR-4 substrate with permittivity value equal to 4.4 and thickness equal

10



to 1.6 mm.The proposed rectangular microstrip patch antenna is fabricated to
obtain experimental parameters. The Bandwidths of proposed conventional patch
antenna metamaterial loaded patch antenna and fabricated patch antenna are
122.9 MHz, 274.2 MHz and 210.2 MHz respectively.And the cnventional antenna
gain is 2.74 dBi and metamaterial loaded antenna Gain is 5 dBi.

The Microstrip patch antenna (MPA) is loaded with metamaterial cells that in-
creases the effective wavelength of the antenna, and thus lowers the resonant
frequency of the radiating mode. This in turn, leads to a substantial reduction
in its size as compared to the conventional half-wavelength MPA.All the meta-

material loaded patch antennas are reduced in size.
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Chapter 2

Objectives, Methodology and Novelty /

Main contributions of research

2.1

Objectives

The objectives of this research are:

2.2

I) Metamaterial cell design and optimization at resonance frequency using

MATLAB.
IT) To miniaturize microstrip patch antenna using Metamaterials.
I1T) To enhance the band width of antenna.

IV) Improvement of power handling capacity of antenna. Simulation of

antenna using HFSS software and fabrication

Methodology

The metamaterial cell comprising of Square split ring resonator (SSRR)
with copper strip on a ground plane of the substrate,and metamaterial cells
comprising of only square split ring resonator (SSRR), are designed and
simulated using MATLAB software to find parameters of cell such as Sy,
So1, Permittivity, Permeability. The CST platform is invoked through the
MATLAB script file. The complementary split ring resonator (CSRR) was

12



designed and simulated to load it on circular microstrip antenna.[40]. The
effective parameters of SSRR can be found out using second method in
which, We have to find out the transmission and reflection coefficient of the
cell by simulating cell using HFSS/FEKO based on numerical algorithms,
such as (FDTD) and Finite Element Method (FEM). Equations given below
are used to calculate impedance and refractive index respectively, from the
transmission coefficient (S51) and reflection coefficient (S11). And further to
calculate complex permeability and permittivity. Both the coefficients S1q
and S9; are exported to MATLAB to extract real and imaginary curves of
permeability using the following equations.

Zefr = i\/(l — (2.1)
(1—5u)° - S

1 , .
eg = o {[I(em50)] 4 2mam — i[ (et (22)
0

S91
(1= Sul(Zegs — 1)/ (Zesr + 1))

where d is the thickness of homogenous slab or substrate,Z. ¢ is a complex

iT]efkad —

e (2.3)

wave impedance and kg = 2wc¢/A, m is a branch due to periodicity of sign
function. Z; and n.y; from the above equation. Real part of the impedance
is positive and an imaginary part of the refractive index is negative. Fur-
ther €,.7r and i, .ff can be obtained according to €. cff= Nerr/Zess and
Lreff = Neff Zefs - This method is mainly used to find parameters of com-
plex structures|19]. Also metamaterial cells on various substrate are mathe-
matically modelled, simulated and their resonance frequency are compared.
Conventional rectangular microstrip patch antenna (RMPA), Circular mi-
crostrip patch antenna (CMPA) and metamaterial loaded patch antennas
are designed and optimised by FEKO software, for this purpose the genetic
algorithm method is selected, Objectives or goals are marked as reflection
coefficient, efficiency and impedance. Variables selected are length of patch,

width of patch, microstrip feed length and resonance frequency for RMPA.
13



2.3 Novelty / Main contributions of research

The main contributions and observations of this research are as follows:

e The novel idea is to place seven cells of metamaterial on the substrate ground
in an English letter U shape pattern to obtain very good impedance match-
ing, improved bandwidth and gain compare to conventional patch antenna.
Edge port feeding has been used in this antenna. Excitation of surface wave
becomes easy when a material with higher dielectric constants and thicker
material is used. Metamaterial cells reduce surface wave propagation thereby

reducing the surface wave quality factor and increasing the bandwidth of the

RMPA.

e The bioinspired structure of the shape of hibiscus leaf and kaju leaf has
been designed. The circular patch was designed to determine the approxi-
mate length of the major axis of the hibiscus leaf microstrip patch antenna
(HLMPA). Then the resultant circular microstrip patch antenna CMPA is
perturbed to acquire the proposed HLMPA structure. These antennas are
then loaded with metamaterial cells. The dimensions of an antenna are
optimized using FEKO. Both antennas are multi-band. The Hibiscus leaf
microstrip patch antenna resonate at 5.8 GHz, 10 GHz,13.4 GHz, and Kaju
leaf shape microstrip patch antenna (KLMPA) resonates at 5.8 GHz and
9.67 GHz, both antennas have considerable bandwidth and gain which can
be used for WiMAX and other wireless applications.

e Two Complementary circular split ring resonator are loaded on ground plane
of circular patch antenna to miniaturise antenna and to increase the band

width of an antenna.
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Chapter 3

Introduction to metamaterials

3.1 History of Metamaterials

Metamaterial, an artificially structured material that exhibits extraordinary elec-
tromagnetic properties not available or not easily obtainable in nature. Since
the early 2000s, metamaterials have emerged as a rapidly growing interdisci-
plinary area, involving physics, electrical engineering, materials science, optics,
and nanoscience. The properties of metamaterials are tailored by manipulat-
ing their internal physical structure. This makes them remarkably different from
natural materials, whose properties are mainly determined by their chemical con-
stituents and bonds. The primary reason for the intensive interest in metama-
terials is their unusual effect on light propagating through them. In 1898 J.C.
Bose showed the possibility of existence of artificial material by conducting mi-
crowave experiment on twisted structure. Later, the physicist victor Veselgo
(1968) presented theoretical investigation and Pendry in 1996 used an artificial
wired medium whose permittivity is negative to realize artificial electric plasma,
followed by this, in 1999 he used split-ring resonators (SRR) to realise magnetic
plasma. whose permeability is negative. [41],[42].Smith had realized gradient re-
fractive index medium to bend electromagnetic waves [5]. Metamaterial opened a
new exciting world for the scholars[43]|. Since a metamaterial is a material which

is having negative permittivity and permeability, it is also having negative index
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of refraction.Negative refraction was determined by a Snell’s law. The metama-
terials which are having electric permittivity and magnetic permeability close to
zero, But less than zero are called as zero Index metamaterials.The zero index

metamaterials are playing important role in a high directivity antennas.

‘ A>>d \

Figure 3.1: Lattice constant d of metamaterial cell and wavelength relation

_pdq_

Metamaterial is made up of periodic array of metallic resonant element. Size
of element and unit cells are small relative to wavelength. Lattice constants of
metamaterials are much smaller than the wavelength of the incident radiation
as shown in (Fig.3.1) [44]. Electromagnetic waves bend in the gradient refrective
index medium, Smith in 2004 proposed this theory.The split ring resonator which
gives negative permeability acts just like an artificial magnetic dipole. The gap
between both the rings i.e inner and outer ring acts as a capacitor while the
rings themselves act as an inductor, resulting in an LC resonant circuit. Just
below resonance, the magnetic dipole due to the split rings will lag the H field
by roughly 180 degree resulting in negative permeability. Negative permittivity
is obtained by the array of thin wire which is made of materials like aluminium
, copper, silver, and gold. The value of permittivity and permeability can be

verified “theoretically” with the help of mathematics.

3.2 Fundamental theory and background of metamaterials

Left-handed materials are those that exhibit both negative permittivity and per-
meability. The wave vector and the two field vectors of a plane wave form a left

handed triplet as seen inFig.3.2.Energy will be sent by the electromagnetic wave
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in the direction opposite to the phase velocity [45]. Backward wave media are
those in which the scalar product is negative or the energy velocity direction is the

opposite of the phase velocity direction . The material with simultaneously nega-

(a) Plane wave in a backward wave medium. (b) Plane wave in a isotropic medium

Figure 3.2: Schematic structures

tive permittivity and permeability are called as left handed metamaterials which
possesses many properties investigated by Vesalgo. Maxwell’s equations given to
understand metamaterial. They are artificial materials that show negative refrac-
tive index. These parameters are not found in natural materials. Equations3.1
and 3.2 are two Maxwells equation. Where €, and p, are relative permittivity and
permeability respectively and Equation 3.3 and 3.4 shows electric and magnetic

field intensities.|1],[46].

V x B = o ot (3.1
V x H= —€0€raa—£f (3.2)
D =¢€p = ¢e.E (3.3)
B = pH = pop, H (3.4)
n==£v|e|nl (3.5)

Further it can be simplified as k x ' = uwH and
kx H=—uwk
D and B are electric and magnetic field densities respectively. €, and pg are

permittivity permeability of vaccume . It is observed that k,E,H vector forms the
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right handed triplet when it propagates through medium with eps and mu grater
then zero. These vectors form left-handed triplets when it propagates through
medium with € and p less than zero. The refractive index is having a negative
sign, so that the causality is conserved. Due to the aforementioned facts, these
materials are known as left handed material. The Drude-Lorentz model describes
the material properties in classical electromagnetic. The frequency-dependent
permittivity and permeability are shown in equation 3.6 and3.7. These equations

are symmetrical because of the symmetrical nature of EM wave

(@) =1 “pe (3.6)
€ (W) = w? _wae—l—i'yew )
Wi
Hor (w) =1- 2 (37)

w? — w2, + iYW

Plasma frequency denoted by w, ,wy is the resonance frequency, and damping
factor v which are in connection to material losses. e and m represent electric and
magnetic responses respectively. The microwave range to optical range properties
of materials are realised by above equations. For noble metals w), . is at visible or
UV frequency and wy,. = 0 under the free electron approximation |1]. This shows
that below plasma frequency permittivity of metals is always negative. Naturally
existing materials are not available with negative permeability. When we cross
GHz frequency magnetic response reduces which is due to magnetic polarisation.
In the optical region,mu equal to 1 for all natural materials. Metamaterial consists
of periodically distributed structural elements, whose spacing and size is much
smaller than the wavelength of EM wave. The great aspect of metamaterial is that
the permittivity and permeability can be controlled by proper design structure.
Pendry proposed metal with low plasma frequency. Thin metallic wires are used
for structure which are arranged in three dimensional lattice of very thin wires as
depicted in (Fig.3.3)Two effects are possible from this structure. One effect is that

the effective electron density is reduced. Second, the effective electron mass is

increased because of the self-inductance of the wire structure. Calculations show
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that the effective relative permittivity of the system obeys the Drude-Lorentz

model.
€ff =1 - ﬁ% (3.8)
Woefs = #(5/7") (3.9)
Veff = G;izc;’% (3.10)
d

2r

Figure 3.3: Wire structure

where o is the conductivity of metal (typically in the order of 107/ohms/m).
Considering the wire radius r = 1.2 x 107 %m, lattice constant d = 3.8 x 1073m,
wpesy is the effective plasma frequency, now using the equation effective plasma

frequency can be obtained.

XS o0

(a) Complementary split ring resonators b) Split ring resonator (SRR)

(CSRR),with outer radius r

Figure 3.4: Metamaterial cells
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Complementary split ring resonators (CSRRs) shown in Fig.3.4a and split
ring resonator (SRR) depicted in Fig.3.4b are one of the original designs for
strong artificial magnetism. Each SRR consists of concentric split rings that
may be two or three with the gap in the opposite directions. From the point of
view of equivalent circuits, an SRR can be considered as an LC circuit with the
natural resonant frequency given by wy = \/I/TC with L and C denoting the
inductance and capacitance of the SRR structure, respectively. Within a certain
frequency region centred at the vicinity ofwy the magnetic flux is produced at
SRR or CSSR The strong circulating current are induced resulting in an effective
magnetic moment. This magnetic moment is in phase or out of phase with
respect to the external magnetic field. A negative value permeability p,.rr can
be obtained as a result of magnetic moments. Detailed derivations show that the

effective relative magnetic permeability of an SRR array is given by equation3.11.

Fuw?
e —1— ' 3.11
frers (@) w? —wi 4+l (3.11)
2
r

wp represents the resonance frequency,F is a filling ratio of SRR

[35C?
Wy = 273 (313)

I is a damping term I' = —2- Complementary Split Rings (CSRR) Structures

70 o

complementary to double split rings were designed by applying the Babinet prin-
ciple to the split rings . In this way structures with apertures in metal surface
are obtained. These complementary split rings (CSRR) create negative epsilon
instead of p in a narrow range near the resonance frequency. As an example, we
take the following parameters of SRRs: d = 4.5 x 1073 m,r = 1.5 x 107® m, and
S =1 x 10~* The resulting resonance is fo = wy/27 GHz. It should be noted
that this frequency corresponds to a free-space wavelength of 2.2 ¢m, about one

order of magnitude larger than the lattice constant d. Very often, it is difficult
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to analytically derive the effective parameters of certain metamaterials, due to
the complexity of the structure. Alternatively, we can obtain the effective pa-
rameters from numerical simulations. The first step of the retrieval procedure is
to calculate the transmission and reflection coefficient of the composite metama-
terials, based on numerical algorithms, such as Finite-Difference Time-Domain
(FDTD) and Finite Element Method (FEM). Some commercial softwares, includ-
ing COMSOL Multiphysics and ANSOFT HFSS, CST microwave studio, FEKO
are widely used. The refractive index and impedance are related to the transmis-

sion coefficient Ss; and reflection coefficient Sy as shown in section 2.2.

3.3 Analysis of metamaterials using transmission line

If the homogenous medium is considered then metamaterials are operated in the
fundamental mode. This defines the effective value of € and . Because of the
homogeneity of metamaterials, they can also be viewed as one dimensional (1D)
transmission line (TL). If conventional TL is compared, Homogeneous TL for
wave propagation in the z-direction has an incremental length AZ — 0 How-
ever, the only restriction of the incremental length is Az << A\; orAz < Ay,
where Az is equal to the average unit-cell size and A,/ is the guided wave-

length [47] [48] . The ideal incremental homogeneous line model for a composite

- \/— 0 —————
Y /i 11 Mse
— N |
L’k %
Y’
s C'r - | B

3

Figure 3.5: Ideal homogeneous incremented line model for composite Right /Left-handed meta-

material.

Right /Left-handed metamaterial is depicted in (Fig.3.5) [49]. It is possible to
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think of the circuit as a combination of the Left-Handed (LH) and Right-Handed
(RH) models (CRLH) of the transmission line. The impedance per unit-length
for metamaterial transmission line (MTM-TL) with €,5¢ and pcss, is defined
asZ = Z/AZ and admittance per unit-length is defined asY” = Y/AY . The
Lr(H.m) and CL(F/m) stand for series right-handed inductance and series left
handed capacitance respectively . The Ly (H.m) and Cg(F/m) stand for parallel
left-handed inductance and parallel right-handed capacitance, respectively. The

complex propagation constantyis written as equation 3.14 [50] [51].

T=a+j8=vZY (3.14)

2
Z = <wLR - %CL) = jm (3.15)

Y = (wR - L) = jﬂll (3.16)

(.ULL

7 = i\/ . . (3.17)
(1= 511)" = (Sa1)

Y = i\/(l i 511)2 — (521)2 (3.18)
(1 —=511)" = (S21)

Where w, and w, are resonant frequency corresponding to parallel and the se-

ries branch of the circuit respectively and defined as w, = \ﬂLl o0 and wp) =
RYL

\/ZLl o The resonance factor K (s/rad2) is given as the sum of LrC7, and L1 Cp.
LYR

Therefore, expression of gamma can be written as

¥ =78W) /(=) + (=) = Kuwi (3.19)

(3.20)
N = :I:\/(l + 511)2 — (521)2 (3.21)




wherewgandwy, are right-handed and left-handed frequencies in rad/(m.sec) and

defined aswR = 1

\/ﬁ and wp = 7o s(w) is a signed function expressed as
LYL

s(w) is a signed function expressed as

S(w) =—-1;w < min (ws,wy) Left — handed (3.22)

S (w) = +1;w > min (ws, w,) Right — handed (3.23)

CRLH-TL is reduced to RH-TL ifCpandLare open-circuited. Similar to how
CRLH-TL transforms into solely LH-TL when LR and CR are short-circuited,
fig.3.6b By taking into account phase velocity (vp) and group velocity (vg), the
can be understood. when w > max(ws, wy) vp = vg exhibits parallel behaviour,
indicating that(f) will be positive . In contrast If the frequency w < minws,w,)
then the relationship vp = —wvg is antiparallel. As a result, the LH-TL phase

constant(f) will be negative.

_..._&7__. I\ A—

Ci /A7
LeAZ l v
Li/AZ
Cr.A I

(a) Equivalent circuit of a periodic RH-TL (b) Dual configuration of RH-TL

with an infinitesimal incremental length (AZ)

Figure 3.6: Equivalent circuit of a periodic RH-TL

The presence of RH and LH circuit components causes the CRLH-TL circuit
to have a bandpass response, according to a later interpretation. The RH-TL
components produce a low-pass response at low frequencies, while the remaining

circuit components function as high-pass filtering. The expression of the vp is

shown in the equation 3.25. [52] [53].

(3.24)




V() + @) -t
(w/wp) = (Wi/w?)

The presence of RH and LH circuit components causes the CRLH-TL circuit to

vy = (3.25)

Vp = -1Ve Vp = ﬂve
Vg = -1Ve Vg = tive
& x @ >

a
A a)ls P
P
wCI'; 1 | ;}"CR
e
1 a)o
i LH RH i
I I
* . > ' '
Vp = -1Ve Vp = F1ve p.a Bandpass -
Vg = tive Vg = -1Ve >
(a) Equivalent circuit of a periodic RH-TL (b) Dual configuration of RH-TL

with an infinitesimal incremental length (AZ)

Figure 3.7: Schematic of the propagation mechanism.

have a bandpass response, according to a later interpretation [47]. The RH-TL
components produce a low-pass response at low frequencies, while the remaining

circuit components function as high-pass filtering.[54]| [55] [56]

3.3.1 Retrieval methods of parameters of metamaterials

The response of metamaterial is attributed by the effective material medium
quantities, i.e. permittivity and permeability. However, retrieval of constitu-
tive effective material medium parameters may not be possible directly. In these
methods, permittivity and permeability are obtained and the behavior of most of
the metamaterials is anisotropic. A proper electric or magnetic tensor is a neces-
sary requirement and only after exciting the metamaterial by a plane wave with
suitable electric and magnetic polarizations, negative refractive index is possible.

In most of the case, the near-field information of metamaterial structure is un-
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available. Some of the popular extraction techniques involve simulation of meta-
material cell to obtain scattering parameters (Sj;andSs;). In this method,|54]
homogeneous model of metamaterial is considered. The effective impedance
and its refractive index are expressed using S-parameters. Equation3.26 and
Equation3.29 are used to calculate refractive index and impedance, from trans-
mission coefficient(S3;) and reflection coefficient (S11) [19].Equation 3.27 is also
can be used to calculate refractive index.

Zoss = j:\/(l + Su)” — S5 (3.26)
(1-Sn)’ - 83

1 . ‘

Neff = im[[]n(emeffk(’d)] + 2mm — i[In(eMesrkod)]] (3.27)
(0]

pinesrkod _ So1 (3.28)

(1= Sul(Zegr = 1)/ (Zegr +1)])

1 B 1
Teff = 37608 I[E(l — St + s31)] (3.29)

where d is the thickness of homogenous slab or substrate,Z s is a complex wave
impedance and ky = 2wc/A. By using Equation 3.26 and Equation 3.29  per-
mittivity and permeability are calculated as ¢ = n/z and p = n.z In reality,
solving Equation3.26 gives multiple branches of inverse cosine and creates diffi-
culty in determining the material medium parameters. In addition to this when
the metamaterial unit-cell is inhomogeneous, and then Equation 3.26 and Equa-
tion 3.29 led to an ambiguous solution. This is because asymmetry in the model
along the direction of propagation results in the variation of S7; and S9; profile
and retrieval method becomes even more difficult. However, if the asymmetric

unit-cell is in infinite repetition, the unique index value can be extracted.
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Chapter 4

Classification of metamaterials

Electromagnetic field is determined by the properties of the materials involved.
These properties define the macroscopic parameters permittivitye and permeabil-
ity p of materials. It is well known that the response of a system to the presence
of an electromagnetic field is determined to a large extent by the properties of the
materials involved We describe these properties by defining the macroscopic pa-
rameters permittivity and permeability mu of these materials. This allows for the
classification of a medium, this class of materials has been presented in(Fig.4.1)
|44] . A medium with both permittivity and permeability greater than zero (e>
0, u >0) will be designated a double positive (DPS) medium. Most naturally

occurring media (e.g., dielectrics) fall under this designation.[57].

M
: A :
ENG Materials DPS Materials
le<, >0 e>0, pup>0)
Plasmas Dielectrics
» £
DNG Materials MNG Materials
e<0, p<) (>0, p<0)
; . Gyrofropic
Not found in nature, ~ e
I
but physically realizable magnetic materiats

Figure 4.1: Material classification.

A medium with permittivity less than zero and permeability greater than zero

(e< 0, u >0) will be designated an epsilon-negative (ENG) medium. This prop-
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erty is seen in many plasmas in specific frequency regimes. Noble metals, such
as silver and gold, for instance, exhibit this behaviour in the visible and infrared
(IR) frequency ranges. A mu negative (MNG) medium is one that has a permit-
tivity more than 0 and a permeability less than 0 (e > 0, < 0). Some gyrotropic
materials show this property in specific frequency ranges. Artificial materials
with DNG, ENG, and MNG characteristics have been created. A medium will
be referred to as a DNG medium if its permittivity and permeability are both

less than zero (e< 0, pu <0)

4.1 Electromagnetic Metamaterials

Metamaterials have become a new sub discipline within physics and electromag-
netism (especially optics and photonics).They are used for microwave and optical
applications such as new types of beam steerers, modulators, band-pass filters,
lenses, and antenna radomes, microwave couplers . Metamaterials consist of
structures. A metamaterial affects electromagnetic waves by having structural
features smaller than the wavelength of electromagnetic radiation it interacts
with. It is the greatest potential of metamaterials to create a structure with a
negative refractive index, since this property is not found in any non-synthetic
material. Almost all materials encountered in optics, such as glass or water, have
positive values for both permittivity and permeability . However, many met-
als (such as silver and gold) have negative permittivity at visible wavelengths.
Although the optical properties of a transparent material are fully specified by
the parameters ¢ and u, refractive index n is used in practice. All known non-
metamaterial transparent materials possess positive € and p. By convention the
positive square root is used for . However, some artificial metamaterials have(e<
0, 1 <0). Because the product of € p is positive,n is real. Under such circum-
stances, it is necessary to take the negative square root for n. Physicist Victor

Veselago proved that such substances can transmit light.
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4.1.1 Double negative metamaterials

The discovery that Jagadis Chandra Bose, an Indian physicist, conducted the first
microwave experiment on twisted structures—geometries that were essentially ar-
tificial chiral elements by today’s terminology—in 1898 marks the beginning of
attempts to explore the concept of "artificial" materials. In order to create "ar-
tificial" chiral media, Lindman embedded several tiny wire helices with random
orientations into a host medium in 1914. By stacking conducting spheres, strips,
and successfully controlling the artificial media’s effective refractive index, Kock
created lightweight microwave lenses in 1948. Since then, a lot of researchers
throughout the world have been studying artificial complex materials. In recent
years new concepts in synthesis and novel fabrication techniques have allowed the
construction of structures and composite materials that mimic known material
responses or that qualitatively have new, physically realizable functions that do
not occur or may not be readily available in nature. These metamaterials can
in principle be synthesized by embedding various constituents/inclusions with
novel geometric shapes and forms in some host media. Various types of elec-
tromagnetic composite media, such as double-negative (DNG) mate- rials, chiral
materials, omega media, wire media, bianisotropic media, linear and nonlinear
media, and local media, to name a few, have been studied by various research
groups worldwide [44]. It is common knowledge that electromagnetic waves in-
teract with inclusions in particulate composite media to produce electric and
magnetic moments. These moments then have an impact on the macroscopic
effective permittivity and permeability of the bulk composite "medium." Since
artificially created inclusions can be used to create metamaterials, the designer
has a wide range of independent parameters (or degrees of freedom) to work with
in order to create a metamaterial with specific electromagnetic properties. These
parameters include the characteristics of the host materials, the size, shape, and

composition of the inclusions, as well as the density, arrangement, and alignment
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of these inclusions. All of these design factors may be crucial. can play a key
role in the final outcome of the synthesis process. Among these, the geometry
(or shape) of the inclusions is one that can provide a variety of new possibilities
for metamaterials processing. Recently, the idea of complex materials in which
both the permittivity and the permeability possess negative real values at certain
frequencies has received considerable attention. In 1967, Veselago theoretically
investigated plane-wave propagation in a material whose permittivity and perme-
ability were assumed to be simultaneously negative. His theoretical study showed
that for a monochromatic uniform plane wave in such a medium the direction of
the Poynting vector is antiparallel to the direction of the phase velocity, contrary
to the case of plane- wave propagation in conventional simple media. In recent
years, Smith, Schultz, and their group constructed such a composite medium for
the microwave regime and demonstrated experimentally the presence of anoma-
lous refraction in this medium .

For metamaterials with negative permittivity and permeability, several names
and terminologies have been suggested, such as “left-handed” media ; media with
negative refractive index “backward-wave media” and “double-negative (DNG)”
metamaterials , to name a few. Many research groups all over the world are now
studying various aspects of this class of metamaterials, and several ideas and sug-
gestions for future appli- cations of these materials have been proposed.[58],[16].
It is well known that the response of a system to the presence of an electro-
magnetic field is determined to a large extent by the properties of the materials
involved. We describe these properties by defining the macroscopic parameters
permittivity e and permeability p of these materials. This allows for the classifica-
tion of a medium as follows. A medium with both permittivity and per- meability
less than zero(e<< 0, p <0) will be designated a DNG medium. To date, this class
of materials has only been demonstrated with artificial constructs. This medium
classification can be graphically illustrated. While one often describes a material

by some constant (frequency- independent) value of the permittivity and perme-
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ability, all material properties are frequency dependent. A number of material
models have been developed to explain the frequency response of various mate-
rials. The wave impedance of the medium in which an electromagnetic wave is
propagating causes the magnetic field of an electromagnetic wave to be smaller
than its electric field, so one typically focuses attention on how the electron mo-
tion in the presence of the nucleus and, consequently, the fundamental dipole
moment of this system are changed by the electric field.

In double negative metamaterials (DNG), the index of refraction is negative be-
cause both permittivity and permeability are negative. The term "negative index
metamaterials" (NIM) is another name for DNGs. DNGs are also referred to as
"left-handed media", "media with a negative refractive index", and "backward-

wave media".[44]

Incident Reflected
Wave Wave

Transmitted Transmitted
Wavein DNG Wave i_u DPS
Medium vl Medium

Figure 4.2: Scatering of wave incident on DPS-DNG interface

The phenomenon of negative refraction is studied on basis of the scattering of a
wave that is obliquely incident on a DPS— DNG interface as shown in(Fig.4.2).
Enforcing the electromagnetic boundary conditions at the interface, one obtains
the law of reflection. It should be noted that Snell’s law states that if a medium’s
index of refraction is negative, the refracted angle should similarly become "nega-
tive." The refracted angle is on the same side of the contact as the incident angle,

indicating that the refraction is anomalous.
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4.1.2 Single negative metamaterials

In single negative (SNG) metamaterials either permittivity or permeability are
negative, but not both. These are ENG metamaterials and MNG metamaterials
discussed below. Interesting experiments have been conducted by combining two
SNG layers into one metamaterial. These effectively create another form of DNG
metamaterial. A slab of ENG material and slab of MNG material have been
joined to conduct wave reflection experiments. This resulted in the exhibition
of properties such as resonances, anomalous tunneling, transparency, and zero
reflection. Like DNG metamaterials, SNGs are dispersive, so their permittivitye

permeability u, and refraction index n, will alter with changes in frequency [44].

4.1.3 Electromagnetic Bandgap Metamaterials

The propagation of light is controlled by electromagnetic bandgap metamateri-
als.Either photonic crystals (PC), a form of metamaterial, or left-handed mate-
rials (LHM), a different class, are used to achieve this. Both belong to a brand-
new class of artificially created structures that are used to direct and control the
movement of electromagnetic waves (light). Photonic crystals (PCs) and pho-
tonic bandgap (PBG) materials are a novel class of artificially produced structures
that have the capacity to regulate and modify the propagation of electromagnetic
(EM) waves. Electromagnetic bandgap (EBG) materials are these materials. A
well-designed photonic crystal can stop light from travelling in some directions,
allow it to go in only a few, or only in a specific area. They can be built in one,
two, or three dimensions (1D, 2D, and 3D), and they can be made of metallic or
dielectric materials.PCs’ photonic band structure is the source of their capacity
to regulate the transmission of light. When compared to the idea of electronic
band structure, the concept of photonic band structure emerges. We anticipate a
similar arrangement of energy bands, separated by bandgaps, to arise when elec-

tromagnetic waves propagate in a medium in which the dielectric constant varies
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regularly in space. This is similar to how electron waves travelling through the
periodic potential of a crystal are organised. Photonic bandgap materials or PCs
are the structures which show such a phenomenon, that is, produce a forbidden
frequency gap in which all propagating states are prohibited. The investigation
of these materials is a topic of intensive studies by many groups, both theoreti-
cally and experimentally. The periodicity alone does not ensure the existence of
a full PBG in the EM instance, but the PBG property of PCs makes them the
EM analogue of the electronic semiconductor crystals. However, a significant ad-
vantage of PCs is that, unlike semiconductors, where the periodicity is fixed, the
periodicity in PCs may be altered at will, altering the PBG’s frequency range.
These structures have recently been constructed in the far-infrared range, and
their prospective uses are still being researched. However, creating composite
materials with spectral gaps at frequencies up to the optical region is the biggest
scientific difficulty in the field of PCs. The first prescription for a periodic di-
electric structure with a full PBG rather than a pseudogap was provided by Ho,
Chan, and Soukoulis. The proposed structure consisted of a periodic lattice-like
diamond made of dielectric spheres. It was discovered that PBGs exist for both
air spheres in a dielectric and dielectric spheres in air over a broad range of filling
ratios and for refractive index contracts between spheres and host as low as 1.98.
However, this diamond dielectric structure is not easy to fabricate, especially in

the micrometer- and submicrometer-length scales for infrared or optical devices

[44][16].

4.1.4 Bi-isotropic and bianisotropic metamaterials

Metamaterials classification into double and single negative is normally done
based on the assumption that the metamaterials electric and magnetic responses
described by the parameters epsilon and mu. However in electromagnetic meta-
materials, the electric field that causes magnetic polarization, and the magnetic

field induces an electrical polarization, That is magnetoelectric coupling. This
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media are denoted as being biisotropic. Media which are exhibit magnetoelectric

coupling, and which are also anisotropic, are called as bianisotropic metamateri-

als. [59],[16].

4.1.5 Chiral metamaterials

If there is no translational or rotational change that enables an object’s mirror
image to be superimposed onto the original one, that thing is said to be chiral.
The use of chiral media and systems is widespread, as Lord Kelvin noted. Ex-
amples of things that are visibly chiral include our hands, screws, snail shells,
and so on. At the molecular level, there are also a number of chiral substances,
such as sugars and amino acids. But as the fatal misuse of the drug thalidomide
shows, the chirality of a medium is often ignored. From an optics perspective,
there are two basic causes for this: First, chirality often results in a weaker op-
tical reaction than achiral response, and second, a medium can contain an equal
number of elements with opposite handednesses, known as a racemic mixture,
rendering it optically inactive. Circular dichroism and optical activity are two
typical (but distinct) forms of chiral media’s optical response. As mentioned pre-
viously, optical activity relates to the rotation of the plane of polarisation of a
linearly polarised light beam, while circular dichroism denotes the difference in
absorption of light with left or right circular polarisation . The rotation angle is
used to describe optical activity. it is convenient to use the ellipticity, which is
a function of the relative difference in transmission. Here we should note that
optical rotatory dispersion, the unequal rotation of the plane of polarization of

light of different wavelengths, is different from optical activity.|60]

4.1.6 Terahertz Metamaterials

Terahertz metamaterials are metamaterials which interact at terahertz frequen-
cies. For research or applications of the terahertz range for metamaterials and

other materials, the frequency range is usually defined as 0.1 to 10 THz. This
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corresponds to the wavelengths between 3 mm (EHF band) and 0.03 mm (long-

wavelength edge of far-infrared light).[61]

4.1.7 Photonic Metamaterials

A subwavelength, periodic structure created artificially and intended to interact
with optical frequencies is known as a photonic metamaterial. The photonic
metamaterial can be distinguished from photonic band gap structures by its sub-

wavelength period.[62]

4.1.8 Tunable Metamaterials

A tunable metamaterial is a metamaterial which has the capability to arbitrarily

adjust frequency changes in the refractive index [63].

4.1.9 Frequency Selective Surface (FSS) based Metamaterials

. FSS-based metamaterials have taken the place of the fixed frequency metama-
terial. Intriguing roles are played by frequency-selective surfaces (FSSs) printed
on grounded stratified dielectric media in the variety of electromagnetic bandgap
(EBG) structures that have lately been produced. It is possible to create artificial
magnetic conductors (AMCs) or surfaces with "soft" and/or "hard" equivalent
boundary conditions by using this type of construction. These surfaces fall into
the category of artificial or metamaterial surfaces. Additional applications con-
centrate on obtaining a stop band for surface wave (SW) propagation along the
contact. Consequent benefits are the suppression of SW coupling the reduction of
diffraction lobes, the improvement of planar antenna efficiency, the development
of compact antennas and resonators, and the suppression of parallel-plate waveg-
uide modes. A simple and intuitive way to design an FSS-based metamaterial
resorts to a model based on equivalent LC circuits based on quasi-static concepts.
The LC model describes the dominant physics at low frequencies. The LC char-

acteristics are more and more dependent on wave polarisation and phasing as the
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frequency increases, rendering basic, quasi-static notions inadequate. This intro-
duces the need for a more rigorous network derivation which extracts from the
full-wave analysis the minimum number of wavenumber- dependent parameters
for an analytical synthesis of the surface impedance. Along this line, this chapter
illustrates first an integral equation method for the analysis of F'SS-based meta-
materials and then a general process to rigorously derive equivalent networks for

designing reflection and dispersion properties [64]
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Chapter 5

Theory and design of microstrip patch

antenna

5.1 Introduction

According to Webster’s Dictionary, an antenna is "a usually metallic device (as
a rod or wire) for radiating or receiving radio waves." According to the IEEE
Standard Definitions of Terms for Antennas (IEEE Std 145- 1983), an antenna or
aerial is "a means for radiating or receiving radio waves." It is, in other words, the

structural link between a directing mechanism and open space. Electromagnetic

i

Source Transmission
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Lo line ! Antenna
| ] |
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Figure 5.1: Antenna as transitional device

energy is transferred from the transmitting source to the antenna or from the

antenna to the receiver via a guiding device or transmission line. It can take the
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form of a hollow pipe (waveguide) or a coaxial line.In the first situation, we have
a sending antenna, and in the second, a receiving antenna. Microstrip antennas
appeal because they are lightweight, affordable, and conformable. These anten-
nas are compatible with printed strip-line feed networks and active devices.Since
the middle of the 1950s, it has been known that micro strip formations exhibit
radiation properties. When conformal antennas were necessary for missiles in the
early 1970s, this type of antenna utilisation got its start. Circular and rectangu-
lar micro strip resonant patches have been employed successfully in many array
topologies. The recent developments in microstrip antennas have been greatly
influenced by the present revolution in electronic circuit miniaturisation brought
about by large scale integration breakthroughs.Because traditional antennas are
typically a large and expensive part of an electronic system, micro strip antennas
based on photolithographic technology are seen as a technical achievement. A
microstrip Patch antenna, as depicted in(Fig.5.2), comprises of a radiating patch
on one side of a dielectric substrate and a ground plane on the other. The patch

can take any form and is typically constructed of conductive materials like copper

or gold [65].

i

Figure 5.2: structure of a microstrip patch antenna

High-performance aircraft, as well as many other governmental and commer-
cial applications where size, weight, cost, performance, ease of installation, and
aerodynamic profile are limits, may need low-profile antennas. Already have sim-
ilar requirements, such as mobile radio and wireless communications. These re-
quirements can be met by using microstrip antennas. Low profile, conformability
to planar and nonplanar surfaces, ease of fabrication using current printed-circuit

technology, mechanical robustness when mounted on rigid surfaces, compatibil-
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ity with Monolithic Microwave Integrated Circuit (MMIC) designs, and great
versatility in terms of resonant frequency, polarisation, pattern, and impedance
depending on the patch shape and mode chosen are some of the qualities of
these antennas.Building adaptive elements with changeable resonant frequency,
impedance, polarisation, and pattern is possible by inserting loads like pins and
varactor diodes between the patch and ground plane.The patch is typically square,
circular, rectangular, triangular, elliptical, or some other common shape as indi-
cated in order to facilitate analysis and performance prediction.Shapes are shown
in (fig.5.3). For a rectangular shape patch, the length L of the patch is usually
0.333)\g < L < 0.5\g, where )y is the free-space wavelength. A very thin patch
is used such that t < Ag (where t is the patch thickness) The dielectric substrate
height h is usually 0.003\g < h < 0.05)¢.The microstrip patch is designed so its
pattern maximum is normal to the patch (broadside radiator). The length L of
the element for a rectangular patch is typically \g/3 < L < Ao/2. Microstrip
antennas can be designed using a variety of substrates [65] [66]. Microstrip anten-
nas are often integrated with other microwave circuitry, a compromise has to be
reached between good antenna performance and circuit design. Often microstrip

antennas are also referred to as patch antenna.

1 @
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Figure 5.3: Different shapes of microstrip patch antenna

Square, rectangular, dipole (strip), and circular are the most common because

of ease of analysis and fabrication, and their attractive radiation characteristics,
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especially low cross-polarization

5.2 Advantages and Disadvantages of Microstrip Patch An-

tenna

Microstrip patch antennas are increasing in popularity for use in wireless appli-
cations due to their low-profile structure. Therefore they are extremely com-
patible for embedded antennas in handheld wireless devices such as cellular
phones,Bluetooth etc. The telemetry and communication antennas on missiles
need to be thin and conformal and are often in the form of microstrip patch an-
tennas. Some of their principal advantages are given below:

e Light weight and low volume.

e Low profile planar configuration.

e Low fabrication cost.

e Supports both, linear as well as circular polarization.

e Can be easily integrated with microwave integrated circuits

e Capable of dual and triple frequency operations.

e Mechanically robust when mounted on rigid surfaces.

e Can be designed for dual or multi-frequency operations.

Microstrip patch antennas suffer from more drawbacks as compared to conven-
tional antennas. Some of their major disadvantages discussed by Garg are given
below:[67] In its basic form, The microstrip antenna has a narrow impedance
bandwidth, However, various bandwidth-widening techniques have been devel-
oped. Up to 50 percent bandwidth have been achieved.It is typically true that
larger bandwidth requires giving up more physical volume of the antenna. The
microstrip antenna has a comparatively limited RF power handling capability
because of the close proximity of its radiating patch to its ground plane. Due to
its short length—roughly one half wave—a single patch element often has very

low loss, while microstrip arrays typically suffer from higher ohmic losses than
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arrays of other types of antennas with comparable aperture sizes. The dielectric
substrate and the metal conductor of the power splitting circuit and microstrip

line feed network are where this ohmic loss primarily occurs.

5.3  Basic principle of operation

A metal patch makes a resonant cavity, with the patch serving as the cavity’s top,
the ground plane as the cavity’s bottom, and the patch’s edges as the cavity’s
sides. The patch’s edges essentially serve as an open-circuit boundary condition.
Therefore, the patch functions as a cavity with ideal "magnetic conductors" on
the sides and an ideal "electric conductor" on the top and bottom surfaces. This
helps with patch antenna analysis. The electric field is largely z-directed and
independent of the z coordinate inside the patch cavity. Hence, the patch cavity
modes are described by a double index (m, n). For the (m, n) cavity mode of the
rectangular patch the electric field has the form

mmx nmy

Jcos(—=) (5.1)

E.(z,y) = Anncos(
w

Where L is the patch length and W is the patch width. The patch is usually
operated in the(1, 0) mode, the field is largely constant in the y direction, and L
is the resonant dimension. In this mode, the patch can be thought of as a wide
microstrip line with a width W and a resonant length L that is roughly half a
wavelength in the dielectric. This mode also results in the surface current on the
bottom of the metal patch being x-directed, and is given by. The electric field
is strongest at the two "radiating" edges of the patch, x = 0 and x = L, while
the current is strongest at the patch’s centre, x = L/2. Since the bandwidth is
related to the width, the width W is typically selected to be greater than the
length (W = 1.5 L is typical) in order to maximise the bandwidth. (The width
should be kept less than twice the length, however, to avoid excitation of the (0,2)
mode.) At first glance, it might appear that the microstrip antenna will not be an

effective radiator when the substrate is electrically thin, since the patch current
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in will be effectively shorted by the close proximity to the ground plane. If the
modal amplitude A10 were constant, the strength of the radiated field would in
fact be proportional to h. However, the Q) of the cavity increases as h decreases
(the radiation Q is inversely proportional to h). Hence, the amplitude A of the
modal field at resonance is inversely proportional to h. Hence, the strength of
the radiated field from a resonant patch is essentially independent of h, if losses
are ignored. The resonant input resistance will likewise be nearly independent of
h. This explains why a patch antenna can be an effective radiator even for very

thin substrates, although the bandwidth will be small.

5.4 Resonant Frequency

The simplest is the transmission-line model, As will be demonstrated using the
cavity model, a rectangular microstrip antenna may be thought of as an array of
two radiating narrow apertures (slots), each of which is of width W and height h,
separated by a distance L. In essence, the two slots of the transmission-line type
of the microstrip antenna are separated by the low-impedance transmission line
of length L.

Effects of a patch antenna’s fringing edge. The patch has limited dimensions
along its length and width, and the fields at its edges have fringing. This is
displayed for the microstrip antenna’s two radiating slots along its length. The
width is exactly the same. The patch’s dimensions and substrate height both
influence the fringing. For the principal E-plane (xy-plane) fringing is a function
of the ratio of the length of the patch L to the height h of the substrate (L/h) and
the dielectric constant epsilon of the substrate. Since for microstrip antennas
L/ h > 1, fringing is reduced; however, it must be taken into account because
it influences the resonant frequency of the antenna. The same applies for the
width. The typical electric field lines are nonhomogeneous line of two dielectrics;

typically the substrate and air. As can be seen, most of the electric field lines
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reside in the substrate and parts of some lines exist in air. As W/ h » 1 and
€, » 1, the electric field lines concentrate mostly in the substrate. Since some of
the waves travel in the substrate and some in air, an effective dielectric constant
€refs 1s introduced to account for fringing and the wave propagation in the line.
The patch of the microstrip antenna seems electrically larger than its true size
because of the fringing effect.The width-to-height ratio (W/h) and the effective
dielectric constant €,.7s have been used to expand the patch’s dimensions along
its length for the major E-plane by a distance called AL The resonant frequency
of the microstrip antenna is a function of its length for the predominantT My
mode. The width of RMPA, effective permittivity and fringing length AL are
shown in Equations. h=height of the substrate, W=width of rectangular patch
L=length of RMPA C{ = Speed of electromagnetic wave [65]

Cy [ 2
W_2fr,/€r+1 (5.2)

&+1 e—1 12h . _,
_ o r 1 /2 )

ETeff 2 + 9 ( + W ) (5 3)
reff +0.3) (% 4 0.264

Al = b (0.412) \Getr £0-3) (i +0264) (5.4)
(érefr — 0.258) (% +0.8)

C
Leff =3 : (5.5)

fT\/Wreff

Substrate width = w + 6h
Substrate length = L + 6hA

5.5 Feed technique

We briefly describe here four feeding methods for the microstrip patch antenna.

[65] [68]

5.5.1 Coaxial Probe Feed

The geometry of coaxial feed method is shown in (Fig.5.4). The coaxial probe

usually has a characteristic impedance of 50 ohms. The input impedance of the
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patch antenna varies with the feed location. Thus the location of the probe should
be at a 50 ohm point of the patch to achieve impedance matching. There are
a number of terms associated with the coaxial probe. Type N, TNC, or BNC
connectors are for VHF, UHF, or lower microwave frequencies. OSM or OSSM
connectors can be used throughout the microwave frequencies. The Omni Spec-
tra Corporation version of SMA connector is known as OSM connector. OSSM
connector,The OSSM connector was promoted by Omni Spectra. It is a micro-
miniature version of the SMA. It is a 50-ohm connector system with performance
from DC to 26.5 GHz with a flexible coaxial cable and up to 40 GHz when as-
sembled with a semi-rigid cable. OS-50 or K-connector are for millimeter wave

frequencies.

Patch

Substrate

Coaxial —‘——_.=

. Ground Plane
Connector

Figure 5.4: Coaxial Probe Feed

5.5.2 Microstrip-line feed

A microstrip patch can be connected directly to a microstrip transmission line,
as shown in (Fig.5.5). At the edge of a patch, the impedance is generally much
higher than 50 ohms (e.g. 220 ohms).The geometry of a direct microstrip feed
microstrip patch antenna top view is shown in (Fig.5.5). For impedance matching,
sections of quarter-wavelength transformers can be used to transform a large
input impedance to a 50 ohms line. The input impedance is smaller at points
away from the edge. Thus another method of matching the antenna impedance

is to extend the microstrip line into the patch. An array of patch elements and
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Microstrip feed

Figure 5.5: Microstrip-Line Feed

associated microstrip power division lines can all be created and chemically etched
on the same substrate using the microstrip-line feed approach for a reasonably
low fabrication cost per element. However, the transmission line leakage radiation
may be sufficiently enough to increase the sidelobe or cross-polarized levels of the

array radiation.

5.5.3 Proximity-coupled Microstrip-line feed

Patch

Substrate 1
Substrate 2

| Microstrip feed

Figure 5.6: Proximity-coupled Microstrip-line feed

Cross-polarized radiation is produced by higher order modes that are gener-

ated by coaxial feed patch antennas and microstrip patch antennas.The adoption
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of non-contacting feeds helps solve these issues.Through proximity coupling, an
open-ended microstrip line can be used to feed a patch antenna as shown in
Fig.5.6.The open end of a 100-ohm line can be placed underneath the patch at
its 100 ohm location. An open-ended microstrip line can also be placed in parallel
and very close to the edge of a patch, to achieve excitation through fringe-field
coupling, as shown in figure Both these noncontacting methods avoid any solder-
ing connection, which in some cases, could achieve better mechanical reliability.
As shown in diagram two substrates and microstrip line feed is between both

substrate.|65] [68]

5.5.4 Aperture-coupled feed

Patch Aperture/Slot

Microstrip Line

g Substrate 1
Ground Plane
Substrate 2

Figure 5.7: Aperture-Coupled Feed

An open-ended microstrip line can be placed on one side of the ground plane
to excite a patch antenna situated on the other side through an opening slot in
the ground plane, as shown in Fig.5.7 By using this slot-coupling or aperture-
coupling approach, it is possible to prevent both soldering connections and patch
radiation interference caused by line leakage radiation. Additionally, compared to
the coaxial probe feed, this feed approach enables the patch to attain a broader
bandwidth (>10) thanks to the use of a thick substrate. Figure illustrates the
architecture of an aperture coupled feed microstrip patch antenna. When two

resonators (slot and patch) having different but closely spaced resonance, wider
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bandwidth is achieved. The main disadvantage of this feeding method is the

back radiation from the slot. Advantages and disadvantages of all four feeding

methods are shown in Table 5.1

Table 5.1: Advantages and disadvantages of feeding methods

Feed

Advantages

Disadvantages

Coaxial feed

Microstrip line

Proximity Coupled

Aperture coupled

5.6

Fasy to match impedance.
Low spurious radiation.
Monolithic.

Fasy to fabricate.

Easy to match impedance.

No direct contact between
feed and patch.
Thin feed substrate

Thick patch substrate.

No direct contact
between feed and patch
avoids probe impedance.

Two substrates avoids
high dielectrc constant.

No radiation from feed.

Method of Analysis

Large Inductance.
Soldering required.
Spurious radiation from
Feed line for

thick substrate.

Requirement of

Multilayer fabrication.

Requirement of multilayer
fabrication.
Higher backlobe.

radiation

There are few methods of analysis for microstrip antennas. The most popular

method are the transmission-line and full wave (which include primarily integral

equations/Moment Method)[57] [68]. The transmission-line model is the easiest

of all, it gives good physical insight, but is less accurate and it is more difficult

to model coupling . Compared to the transmission-line model, the cavity model
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is more complex but good and accurate method. However, it also gives good
physical insight and is rather difficult to model coupling, although it has been
used successfully .The full-wave models can handle single elements, finite and in-
finite arrays, stacked elements, arbitrary shaped elements, and coupling and are
generally quite accurate and adaptable when used appropriately. They are the
most complicated models, nevertheless, and typically provide the least physical
knowledge. Only the transmission-line will be discussed in this section. The only
two patch configurations that will be discussed are the rectangular and circular
ones because they are the most common and useful. The rectangular patch is by
far the most widely used configuration. It is very easy to analyze using both the
transmission-line and cavity models, which are most accurate for thin substrates

We begin with the transmission-line model because it is easier to illustrate.

Transmission-Line Model It was indicated earlier that the transmission-line model

fe—w—
h t €r
|
X

(a) Microstrip line (b) Electric field

Figure 5.8: Microstrip line field

is the easiest of all but it yields the least accurate results and it lacks the versa-
tility. However, it does shed some physical insight. As it will be demonstrated
using the cavity model, a rectangular microstrip antenna can be represented as
an array of two radiating narrow apertures (slots), each of width W and height
h, separated by a distance L. Basically the transmission-line model represents
the microstrip antenna by two slots, separated by a low-impedance transmission
line of length L. Fringing Effects that is AL, other dimensions of patch antenna
,actual and effective length of patch, effective permittivity resonance frequency

width of patch are explained in section 5.4
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5.7 Antenna parameters

If the reflection coefficient of antenna is smaller, then the more power the antenna
is accepting. A significant reflection coefficient corresponds to poor impedance
matching at the input terminal as seen from eq In most cases, coaxial and mi-
crostrip transmission lines feeding the antenna have an impedance of 50 €. To
obtain maximum power transfer between the antenna and transmission line, the
characteristic impedance Zg of both should match. Both the antenna input
impedance Z4 and return loss can be valuable and relate how efficiently the
antenna accepts the supplied power. It is important to note that since the
impedance is a function of frequency, the return loss also varies with frequency;

thus, these values are usually plotted over a range of frequency

Incident Power

—_ » I
Z. 0
— | —>
. Power ' Power
\" o ! : Z;\
g Reflected : Transmitted
|
]
(P
Transmission Line < -- --- Antenna

b -

Figure 5.9: Different shapes of microstrip patch antenna

Reflection Coefficient =Return loss

Pref |ZA_ZG‘

S11(dB) =101 — =20log ——— 5.6
f)inc ‘ZA - ZG‘

Sr(dB) =101lo = —20log 5.7

Another measure for describing an antenna’s behaviour is its radiation pattern.
In the far field of an antenna, a radiation pattern is a three-dimensional depiction
of the normalised power measured across a hypothetical spherical surface. The

area surrounding an antenna in which the angular field distribution is unaffected
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by the distance from the antenna is known as the far-field. You can think of the
far-field as,
R >2D?/\
where R is the distance away from the antenna, D is the largest dimension across
the antenna structure, and A is the operating wavelength. The next parameter
is antenna gain, which is a representation of how much energy is concentrated in

a specific direction with respect to the average energy radiated in all directions.

_ U(89)
Py, /4T

G(0, ¢) (5.8)

Where U (6y) represents the radiation intensity, and Pin is the net power accepted
by the antenna. The gain is inherently a function off and ¢ as shown in the
formula, however often it is beneficial to know the maximum value, which is
known as peak gain. The peak gain is useful because it can give a quick indication
of an antenna efficiency and directivity when plotted versus frequency. Another
quantitative description of an antenna is the radiation efficiency. The radiation

efficiency is a ratio of the radiated power to input power.

Prad o Rr
Pi B RT+RL

(5.9)

er:

Where RL is the load resistance, also known as the antenna resistance, and Rr
is the radiation resistance. An important factor to take into account is radiation
efficiency since, even though an antenna exhibits good return loss and is absorb-
ing power, this does not always correspond to the quantity of power emitted.
The antenna’s bandwidth is another important factor. The bandwidth of an an-
tenna can be thought of as the precise frequency range on each side of its centre
or resonant frequency where an antenna performance parameter falls within a
reasonable range of values for those at the centre or resonant frequency. Either
the absolute bandwidth or the fractional bandwidth can be used to describe an
antenna’s bandwidth. The absolute bandwidth, ABW, is expressed as a differ-

ence between the upper limit and the lower limit of the bandwidth. It is given
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as where f; and f; are the upper limit and the lower limit respectively of the

frequency range at a return loss of 10 dB loss.
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Chapter 6

Design and development of metamaterial

based microstrip patch antenna

6.1 Design and development of Metamaterial based patch

antenna for 5G application

Microstrip patch antennas are being widely used for small wireless communication
aerospace applications WiMAX, WLAN, and 5G applications. This antenna is
compact lightweight and easy to design and fabricate. It can be designed in differ-
ent shapes like rectangular, circular, and triangular. A patch antenna is designed
on a dielectric substrate such as RT duroid with dielectric constant 2.2. The
thickness of this dielectric substrate is 0.5 mm. If we use a substrate of higher
thickness efficiency can be increased, however, as the height increases, surface
waves are introduced which usually are not desirable because they extract power
from the total available for direct radiation (space waves). The surface waves
travel within the substrate and they are scattered at bends and surface disconti-
nuities, such as the truncation of the dielectric and ground plane, and degrade the
antenna pattern and polarization characteristics.Surface waves can be eliminated,
while maintaining large bandwidths, by using metamaterials. If the impedance of
the antenna does not match with the impedance of a transmission line then there

will be a reflection of the signals and it causes high return loss and which will
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lead to bad communication. [69], [70]. To avoid the problem of return loss, the
antenna impedance should be matched with the transmission line impedance. To
increase the bandwidth of patch antenna arrays can be used. Bandwidth also can
be increased by loading metamaterial on a microstrip patch antenna. The au-
thors have designed and simulated an Edge port-fed rectangular patch antenna
for a 5G application using FEKO software. RT duroid 5880 a high-frequency
laminate is used for designing a Patch antenna. The metamaterial-based Rect-
angular microstrip patch antenna (RMPA) is simulated and bandwidth, return
loss, and gain are measured. Optimization is done by using FEKO software. A
mu (single) negative metamaterial cells are loaded on the ground plane of the
patch antenna. A significant improvement in patch antenna parameters has been

observed.

6.1.1 Metamaterials, Double negative or Left-Handed metamaterials

They are artificial materials that show negative permittivity permeability and
refractive index. These parameters are not found in natural materials. Due
to the negative refractive index, phase velocities, as well as group velocity of
electromagnetic waves are opposite to each other and opposite energy flow is
observed. Metamaterials having either permittivity or permeability negative are
called single negative metamaterials. Equations 6.1 and 6.2 are two of Maxwell’s

equations given to understand metamaterial[71]. [72]

OH
V X E = —,UJ(),UJTE (61)
VxH= —eoeraa—ff (6.2)
O*F

V2E = —€opo€r iy (6.3)

ot?
Where €, and p, are relative permittivity and permeability respectively and Equa-

tion 6.3 is a wave equation derived from the above equations. If €. and u, are
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considered as real numbers, then one can observe that the wave equation does not
change when signs of €, and u, are simultaneously changed. The Drude-Lorentz
model describes the material properties in classical electromagnetic. The effective

permittivity and permeability are given in equations

f2
Ceff — 1— f2——p]’yf (64)
2 r2
peff =1~ o ;L;;’JE 7 (6.5)

The plasma frequency is denoted by f, and f,,, in equations 6.4 and 6.5 fy is
the resonance frequency, f is the frequency of the signal and damping factor ~ ,
which is in connection to material losses. These equations can show microwave

range to optical range properties of materials .

L

SRR

Cp12 Cyl2

Figure 6.1: Square split-ring resonators Figure 6.2: Equivalent circuit for SSRR
(SSRR)

The SSRR Structure is designed using MATLAB code. In this way, a metal
surface is obtained, as shown in (Fig,6.1) [70]. The equivalent circuit for SSRR is
presented in (Fig,6.2). The inductance of the tank circuit model, Ls is calculated
by assuming the uniform current throughout the loop. The capacitance of the
tank circuit is assumed to be the parallel equivalent of the capacitances in each
pair of adjacent loops. The SSRR creates a negative u near resonance frequency.
The magnetic field vector of the incident plane wave is perpendicular to the SSRR,

which gives rise to the induced currents resulting in an effective magnetic moment
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that eventually will yield the negative permeability. The metamaterial supported
backward-wave propagation only for the magnetic field directed perpendicular to
the SSRR. We have presented the retrieval of parameters of a metamaterial cell
using MATLAB to verify the mu negativity of a cell. The inherent feature of
CST is used to invoke its platform through MATLAB script file [40]

6.1.2 Design of square split ring resonator cell

The SSRR is designed on RT Duroid 5880 substrate with a permittivity value
equal to 2.2 and thickness equal to 0.5 mm. The dimensions of 1x1 mm SSRR cell
are, L— 0.9 mm, b—0.54 mm, s—0.05mm, d—0.06mm, and e—0.13mm. The reso-
nance frequency is inversely proportional to the dimensions of the metamaterial

cell and directly proportional to strip width and slit width.

6.1.3 Parameters of SSRR Metamaterial Cell

S11 and Sy of SSRR cell depicted in (Fig.6.3). The lowest magnitude of Syq
indicates that the cell resonates at 26 GHz frequency. The Magnitude of S1; and
So1 at 26 GHz frequency is 0.2 and 0.78 respectively. which shows that return loss
is low at the resonance frequency. Both S parameters are important to calculate

the epsilon and mu of the cell. Frequency v/s real and imaginary values of y are

plotted using MATLAB software. [73]

Mu_r [RealTmaginary Part]

30
S-Parameters [Magnitude]

0.9 . . 25

0.8 i e 20

1

0.7 \ ' | AL 15 o
4 == §2.1 \ [y
i - 1
0.6 \ i 10 \
0.5 ; . \ A

b==a ] ¢ S
o s ~—.
0.4 < "- \ o . \ Bt Vo T

03 ~ 12
) A / 5
0.2 boR N

-10
0.1 20 22 24 26 28 30 32
20 21 22 23 24 25 26 27 28 29 30

Frequency / GHz

Figure 6.4: Real and imaginary values of

i of SSRR cell

Figure 6.3: S7; and S3; of SSRR cell.

Real and imaginary values of p of SSRR are shown in(fig.6.4) . The nega-
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tive mu appears in the frequencies between 24.8 GHz to 28 GHz. Therefore the
antenna on metamaterial must be designed to operate within the range of fre-
quencies. Hence, in this project, we considered a resonance frequency of 26 GHz.

which is one of the frequency bands used for 5G applications.

6.1.4 Method to find parameters of metamaterial cell of complex

Structure

It is sometimes difficult to calculate the effective parameters of certain metama-
terials, due to the complex structure. In such cases, parameters can be found
out from numerical simulations. First, we have to find out the transmission and
reflection coeflicient of the cell-based on numerical algorithms, such as (FDTD)

and Finite Element Method (FEM). This method also can be used to extract

parameters.
Zeff = i\/(1 . (6.6)
(1—5n)*— 53
1 : .
ety = £ {[In(e50)] -+ 2y — i{nerrk) (6.7
einesrkod _ Sa1 (68)

(1= 5Sul(Zegs = 1)/ (Zegr +1)])
equations6.6 and 6.7 refrective indexand and impedance tranmission coefficient
(S21) and reflection coefficient (S11). whereky is the wave vector in a vacuum,
defined as ky = i—g, d is the thickness of the substrate, and m is an integer. We
can find Z.f f and 7.s¢ from the above equation. Considering that metamaterial
are passive media, That is a real part of the impedance is the positive and the
imaginary part of the refractive index is negative. Further €, ¢ andp, rf can be

obtained according to ,eyerf = Neff/Zefs and fyeff = NeffZeff
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6.1.5 Edge Port fed Rectangular Microstrip patch Antenna (RMPA)

Design on Substrate without Metamaterial

The design of Edge fed RMPA without metamaterial on RT duroid 5880 sub-

strates is shown in (Fig.6.5) [70]
RMPA Design

Figure 6.5: Design of edge-fed RMPA without metamaterial

Rectangular microstrip patch antenna. (RMPA) design on RT Duroid sub-

strate with edge port feed at resonance frequency 26 GHz as employed in 5G

communication and tested on software FEKO. The width of RMPA Effective

permittivity and fringing length AL are shown in the equations shown below.[27]

h=height of the substrate, w=width of rectangular patch L=Length of RMPA

Co —Speed of electromagnetic wave |20]

5
W:CO\/

2f Ve +1

(erefs +0.3) (% +0.264)

e +1 € —1
Ereff = 9
AL = h(0.412)

o6

(érefs — 0.258) (% 4 0.8)

(6.9)

(6.10)

(6.11)



(6.12)
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Figure 6.6: Reflection coefficient v/s frequency of RMPA without metamaterials

The reflection coefficient v/s frequency graph of RMPA is shown in (Fig.6.6).
The antenna resonates at the resonance frequency 26 GHz. Design of edge fed
RMPA without metamaterials is shown in Table 6.1. Resonance freq. = 26 GHz,
Substrate: RT Duroid 5880, ¢, = 2.2, Loss tangent : 0.0009, height of sub-
strate(h) = 0.5 mm. At resonance frequency, the return loss is very low (-54dB),
which means the maximum power is radiated by the antenna.Fig.6.7 is a smith
chart showing impedance matching of RMPA at 26 GHz. The impedance of the
patch is zero at the center and increases to words edges. If at the edges impedance
is very high then a quarter-wave transformer should be used for impedance match-

ing. Otherwise, a microstrip line will match the 50 ohms port impedance.
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Table 6.1: Design of RMPA without metamaterial

Patch dimensions Calculated dimensions Optimized dimensions of Patch
of patch antenna (mm) antenna without metamaterial(mm)
Width of patch(W) 4.56 4.26
Length of patch (L) 3.57 3.25
Sub. width (Ws) 7.56 7.0
Sub. length (Ls) 6.57 6.5
Feed length 1.63 1.63
Feed width 0.49
07 1 14
0.5 2
04 ) ; Total Gain [dBi"
0.3 e LI
0.2 A5 40
W B 80
0.1 10 -12.0
-16.0
I-zo.o
— NSO IS ; - 240
S S SSa . 0.000312 +10.0103
0.1 0.0103, 88.3deg /|-10 .
\ f =26GHz
-0.2 8 3 Impedance: 5
7N 50.021 +i1.029
-0.3 o) e
04
0.5 -2
0.7 . 1.4 . .
: Figure 6.8: 3D view of far-field of an

RMPA without met terials at 26 GHZ
Figure 6.7: Smith chart showing impedance WIHOUL mhetamateria’s &

matching at 26GHz.

The gain of an antenna is a very important parameter, gain should be very close

to directivity so that the efficiency of the patch antenna increases.Fig.6.8 presents

a 3D view of the far-field of an edge-fed patch antenna without metamaterial at

26GHz. The far field figure also depicts total gain of the antenna.|43]

6.1.6 Application of Metamaterial in designing edge port fed rectan-

gular microstrip patch antenna.

Edge port fed rectangular microstrip patch antenna (RMPA) design

with metamaterial at 26 GHz resonating frequency

Antennas can be fabricated using DNG or SNG Metamaterial cells. Which is

used to increase the performance of the system. These cells could substantially
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Table 6.2: Design of Edge port fed RMPA with metamaterial

Patch dimensions Optimized dimensions of Patch

antenna with metamaterial(mm)

Width of patch(W) 4.26
Length of patch (L) 2.9
Sub. width (Ws) 6.5
Sub. length (Ls) 6
Feed length 1.55

increase the gain and radiated power of an antenna. Furthermore, these antennas
can improve efficiency-bandwidth performance. Various metamaterial-based an-
tennas can be used for wireless communication, Cell phones, etc. Fig.6.9 depicts
the design of edge-fed RMPA with metamaterial cells on the ground plane of the

antenna.Fig.6.10 Shows reflection coefficient v /s frequency graph of RMPA with
metamaterial [74] [75]

o
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N
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Reflection coefficient [dB]

&
o

Figure 6.10: Reflection coefficient v/s fre-
Figure 6.9: Design of metamaterial-loaded

quency of metamaterial loaded RMPA
RMPA.

The optimized design of edge-fed microstrip patch antenna with metamate-
rial is shown in Table6.2. The patch antenna is designed on RT Duroid sub-
strate. Resonance frequency = 26 GHz, Substrate: RT Duroid 5880 . €, = 2.2,
Losstangent = 0.0009, heightof substrate(h) = 0.5mm (Fig.6.10) shows the re-
flection coefficient v/s frequency graph of RMPA with metamaterial. At the res-
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onance frequency, the return loss is very low (-55dB), which means the maximum
power is radiated by the antenna. (Fig.6.11) is a Smith chart showing impedance
matching of RMPA with metamaterial at 26 GHz. At 26GHz the impedance
is almost 50 ohms and reactive impedance is almost zero, which matches with
source impedance. (Fig.6.12) presents the 3D view of the far-field of RMPA with
metamaterials at 26 GHz resonance frequency. Total gain has been depicted in
the figure. At 26GHz the impedance is almost 50 ohms and reactive impedance

is almost zero, which matches with source impedance.
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Figure 6.12: 3D view of the far-field of
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Figure 6.13: 3D view of far field of

RMPA with metamaterials at 25 GHz Figure 6.14: 3D view of far field of RMPA

with metamaterials at 27 GHz

(Fig.6.12)(Fig.6.13) (Fig.6.14) presents the 3D view of far field of RMPA with
metamaterials at 26 GHz,25 GHz and 27 GHz resonnce frequency respectively .

The radiation performance in the antenna indicates the efficiency of the radiation
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measured in terms of percentage and is obtained by calculating the value of the
ratio of the amount of power feed to the antenna to that of the power emitted
(radiated) from an antenna . This radiation efficiency boost the performance of
the antenna useful for 5G wireless technology and its applications . The author’s

proposed antenna has higher radiation efficiency of 90.5% at 26 GHz.

6.1.7 Application of metamaterial in designing edge port fed Circular

Microstrip Patch Antenna (CMPA).

Circular microstrip patch Antennas are designed using DNG or SNG Metamate-
rial cells. Which is used to increase the performance of the system. These cells
could substantially increase the gain and radiated power of an antenna. Further-
more, these antennas can improve efficiency-bandwidth performance. Various
metamaterial-based antennas can be used for wireless communication.

CMPA Design on Substrate without Metamaterial.

(6.13)
F
r= — (6.14)
(14 2 [in (35) + 1.7726] )
8.791 x 10°
=m0 (6.15)

NG

(Fig.6.15) shows design of coaxial feed circular patch antenn Circular microstrip
patch antenna (CMPA) design on RT Duroid substrate with edge port feed at
resonance frequency 26 GHz as employed in 5G communication and tested on
software FEKO. The radius of the the circular patch of CMPA is given by equa-
tion 6.16, [65]. Where r is the actual radius and F is the effective radius of the
circular patch, h is the height of the substrate.The top view of antenna is shown
in (Fig.6.15)

Design of edge fed CMPA without metamaterials is shown in Table6.3 Reso-
nance freq. — 26 GHz, Substrate: RT Duroid 5880, ¢, = 2.2 Loss tangent —
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Table 6.3: Design of Edge port fed CMPA without metamaterial

Patch dimensions Calculated dimensions Optimized dimensions of Patch
of patch antenna (mm) antenna without metamaterial(mm)
Radius of patch 2.2 2.1
Sub. width (Ws) 7.4 7.2
Sub. length (Ls) 7.4 7
Feed length 1.4 1.4

0.0009,height of substrate(h) = 0.5 mm. (Fig.6.16) shows the reflection coefficient
v/s frequency graph of CMPA. The return loss at resonance frequency is very low
(-56 dB), which means the maximum power is radiated by the antenna.(Fig.6.17)
Is a smith chart showing impedance matching of RMPA at 26 GHz. The impedance
of the patch is zero at the center and increases towards edges. If at the edges
impedance is very high then a quarter-wave transformer should be used for
impedance matching. The graph of VSWR v /s frequency is presented in (Fig.6.18)
VSWR of CMPA is 1.0 at 26 GHz. VSWR (voltage standing wave ratio) is the
measure of RF power that is transmitted into a load. We would like to cite one
example, power amplifier is connected to an antenna through a transmission line,
ideally there will be no reflections and full signal from the power amplifier will
be transmitted to the antenna. However in this world, no system is ideal, there
will be some mismatches which will cause some of the signal to get reflected back
in to the transmission line. If VSWR is one that means the system is perfectly

matched.
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Figure 6.19: 3D view of the far-field of a
Figure 6.20: 3D view of the far-field of a
CMPA without metamaterials at 25 GHz

CMPA at 26 GHz resonance frequency
resonance frequency

The gain of an antenna is a very important parameter, gain should be very close
to directivity so that the efficiency of the patch antenna increases. (Fig.6.19) and
(Fig.6.20)presents a 3D view of the far-field of an edge-fed patch antenna with-

out metamaterial at 20GHz and 26 GHz respectively. The total gain of an antenna
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Table 6.4: Design of Edge port fed CMPA with metamaterial

Patch dimensions Optimized dimensions

of Patch antenna (mm)

Radius of patch(W) 1.92
Sub. width (Ws) 7.4
Sub. length (Ls) 6.75

Feed length 1.45
Feed width 0.34

also has been depicted in the figure. The gain is 8 dBi and 6 dBi at 26 GHz and
25 GHz respectively. The optimized design of edge-fed microstrip patch antenna
with metamaterial is shown in Table6.4. The patch antenna is designed on RT
Duroid substrate. Resonance freq. = 26 GHz, Substrate: RT Duroid 5880, ¢, —
2.2, Loss tangent =0.0009, height of substrate(h) = 0.5 mm.

The antenna with metamaterial loaded is depicted in (Fig.6.21) and (Fig.6.22)
shows the reflection coefficient v/s frequency graph of CMPA with metamaterial.
At the resonance frequency, the return loss is very low (-43dB), which means the
maximum power is radiated by the antenna. (Fig.6.23)is a Smith chart showing
impedance matching of CMPA with metamaterial at 26 GHz. At 26GHz the
impedance is almost 50 ohms.(Fig.6.24) depicts the graph of VSWR v/s Fre-
quency. The value of VSWR is 1.0.
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Figure 6.21: CMPA with metamaterial ~ 44"¢Y of CMPA with metamaterial
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(Fig.6.25) depicts the 3D view of the far-field of a CMPA at 26GHz resonance
frequency. (Fig.6.26) is a 3D view of the far-field of a CMPA at 25 GHz frequency.
(Fig.6.27)shows the Directivity of an antenna at 26 GHz. (Fig.6.28)3D view of a
Theta gain of a CMPA at 26 GHz frequency. It is a gain at theta equal to zero
and phi equal to 90 degrees.
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Figure 6.24: VSWR v/s Frequency of CMPA
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Table 6.5: Different parameters of RMPA.

Parameters RMPA without RMPA with
metamaterial metamaterial
Reflection coefficient -54dB -60.7 dB
Bandwidth (10dB) 1.23 GHz 1.62 GHz
Gain 8 dBi 10 dBi
VSWR 1.1 1.04
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Figure 6.28: 3D view of theta gain of of a
CMPA at 26 GHz frequency

Figure 6.27: Directivity of antenna.

6.1.8 Simulation results

The metamaterial cell comprising of SSRR is designed and simulated using MAT-
LAB software, it has been found that the cell with SSRR is a single or mu nega-
tive cell that shows negative permeability. The comparison of the parameters of
RMPA with and without metamaterial are listed in Table 6.5 And the compar-
ison of the parameter of Conventional edge fed CMPA and CMPA loaded with
metamaterial is listed in Table 6.6 on the ground plane is designed and simulated
using FEKO, It has been observed that the gain and bandwidth of patch antenna
increases in comparison to RMPA without metamaterial. RMPA loaded with
and without metamaterial are simulated using FEKO, It has been found that the
bandwidth of antenna loaded with metamaterial cells increases considerably in
comparison to RMPA without cells. RMPA without cells returns loss and band-
width are =54 dB and 1.23 GHz respectively. Whereas RMPA with metamaterial
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Table 6.6: Different parameters of CMPA.

Parameters CMPA without CMPA with
metamaterial metamaterial
Reflection coeflicient -56dB -43.6 dB
Bandwidth (10dB) 1.20 GHz 1.50 GHz
Gain 8 dBi 9 dBi
VSWR 1.0 1.01

the values of return loss and bandwidth are -60.7 dB and 1.62 GHz respectively.
Gain of conventional RMPA is 8 dBi and gain of antenna with metamaterial cells
is found to be equal 10 dBi. So the bandwidth is increased by 400 MHz and gain
is increased by 2 dBi. Based on simulated results it has been found that the band-
width and gain of RMPA have improved. VSWR of the conventional antenna is
1.1 and that of the antenna with metamaterial is 1.02. Smaller the value better
is impedance matching. The lowest value of VSWR for ideal antenna is equal
to one. Conventional CMPA metamaterial loaded CMPA are simulated using
FEKO, It has been found that the bandwidth of antenna loaded with metama-
terial cells increases considerably in comparison to CMPA without cells. CMPA
without cells returns loss and bandwidth are —56 dB and 1.20 GHz respectively.
Whereas CMPA with metamaterial the values of return loss and bandwidth are
-43.6 dB and 1.50 GHz respectively. Gain of CMPA without and with cells are
found to be equal to 8 dBi and 9 dBi respectively. The bandwidth is increased
by 300 MHz and the gain is increased by 1 dBi. Based on simulated results it
has been found that the bandwidth and gain of CMPA have improved. VSWR
of the conventional antenna is 1.0 and that of the antenna with metamaterial is

1.01.
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6.2 Patch antenna design using complementary split ring

resonator

This section discusses a band width improvement of circular patch antenna (CPA)
realized by using electromagnetic metamaterial and operating at 12GHz reso-
nance frequency. Electromagnetic Metamaterial is a artificial material which is
made up of different structures on dielectric substrates. This structure is called
unit cell of metamaterial. Periodic arrangement of this unit cell forms Metama-
terial. Material consist of an atoms in the same way metamaterials are having
small metallic resonators of different shapes depending on resonance frequency.
This is having effect on external Electromagnetic waves. Circular patch antenna
substrate is loaded with CSRR. Conventional patch antenna and proposed patch
antenna are simulated using FEKO software. The bandwidth of both antennas

are compared.|71]

6.2.1 Metamaterials

Material which shows both permeability and permittivity negative are referred to
as double negativ metamaterials (here after written as metamaterial). Refractive
index of metamaterial is -ve. The metamaterials which are having electric per-
mittivity and magnetic permeability close to zero, But less than zero are called
Zero Index metamaterials. Metamaterials is made up of periodic array of metal-
lic resonant elements. The wavelength is very much higher than lattice constant
of metamaterials. Electromagnetic waves bend in the gradient refractive index
medium. A novel antenna design on metamaterials (CSRR) substrate for higher
band width is discussed here, and presented the simulated characteristics of the
proposed antenna. Many researchers has studied split ring resonators (SRRs).
The electric and magnetic boundary conditions are exchanged in CSRR, This
dual structure behaves like a dipole, whose propagation properties are just like

negative-epsilon medium CPA on a metamaterials substrate with complimentary
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split rings resonator (CSRRs) based ground plane have been simulated and ob-
served the bandwidth, and other radiation parameters. The comparison of the

BW between the CPA with and without metamaterials substrate is presented.

6.2.2 Double negative metamaterial

They are also called as Left-Handed metamaterials or Negative refractive index
metamaterials. Metamaterials are artificial materials which shows negative per-
mittivity ,permeability and refractive index, These parameters are not found in
natural materials. Due to negative refractive index, phase velocities as well as
group velocity of electromagnetic waves are opposite to each other and opposite
energy flow is observed. Negative refraction can be achieved when both pu, and
¢, are negative, Ife, and p, are considered as real numbers, then one can observe
that the wave equation do not change when signs of €, and p, are simultaneously
changed.|1] Due to the afore mentioned facts, these materials are known as left
handed material. The Drude-Lorentz model describes the material properties in
classical electromagnetic.Complimentary split ring resonator that is complement

of split ring resonator is used.

Figure 6.29: Complementary split ring resonators (CSRR)

Complementary split ring resonators (CSRR) is depicted in (Fig.6.29) , with
outer radius r and width of ring s between the two gaps. Complementary split
ring resonator (CSRR) structures is complementary to double split rings were
designed by applying the babinet principle to the split rings . Which gives metal

surface as shown in (Figure6.29).These CSRRs create negative € instead of y in
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a narrow range near the resonance frequency.It is sometimes difficult to calculate
the effective parameters of certain metams, due to the complex structure. In such
cases parameters can be found out from numerical simulations. The first step is
to find the transmission and reflection coefficient of the metamaterial. Then the
refractive index and impedance is calculated, from transmission coefficient (t)
and reflection coefficient (r) Further epsilon and mu is calculated from these

parameters (Refer section 6.1.4 )

6.2.3 Application of metamaterials in designing circular patch an-

tenna

Antennas are fabricated using DNG or SNG metamaterials. Which is used to
increase the performance of the system. The metamaterial could substantially
increase the radiated power of an antenna. Increase gain of antenna. Further-
more, These antennas can improve efficiency-bandwidth performance. Improve-
ment in antenna performance is boosted by using metamaterials which shows
negative permittivity, (ENG), a negative magnetic permeability (MNG), or both

are negative,which are called as left handed metamaterials.

6.2.4 Circular patch antenna design on circular substrate without

Metamaterial

Circular patch antenna design on circular substrate without Metamateri and with
coaxial feed at resonance frequency 12 GHz (used in Wireless communication and

tested on software FEKO. Radius of patch antenna is given by equation 6.16

r= F (6.16)

(1+ 2 [im (35) + 1.7726})1/2

8791 x 10°

AV

(6.17)
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Figure 6.30: coaxial feed circular patch antenna on circular substrate

(Fig. 6.30) shows design of conventional coaxial feed circular patch antenna
on circular substrate obtained from FEKO. h=height of substrate, r=radius of
circular patch Resonance freq. = 12 GHz Substrate :RT /duroid , r= 2.2 , h=1.58
mm, Radius = 4.38 mm F=4.94 Coaxial feed=2.22mm Substrate Radius =6.2

mim
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Figure 6.31: Reflection coefficient v/s frequency of CPA without metamaterial

(Fig.6.31)Shows graph of reflection coeflicient v/s frequency of CPA without
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metamaterial. The BW of CPA is 837 MHz and Return loss — -29 dB

6.2.5 Circular patch antenna design with Metamaterials

Circular patch antenna design with metamaterials and with coaxial feed at res-
onance frequency 12 GHz . Substrate :RT/duroid. Resonance frequency = 12
GHz , e, =22

h = 1.58 mm

Loss tangent =0.002

Calculated parameters

Radius = 4.01 mm

F =494

Substrate radius =6.4mm

Coaxial feed=2.37 mm

CSRR design.

Permittivity of dielectric substrate =2.2

Outer radius of first ring (outer ring)— 2.2 mm

Inner radius of first ring = 1.8 mm.

S is the gap between the internal and external ring =0.2mm.

Outer Radius of Second ring (inner ring)= 1.6mm.

Inner radius of second ring =1.2 mm

Split or Gap = 0.2mm.

Wavelength= 25 mm.

Lattice constant —6 mm.

(Fig.??) shows the ground plane and design of coaxial feed CPA on circular sub-

strate obtained from FEKO.(with metamaterial)
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Figure 6.32: CPA on circular substrate with Metamaterial
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Figure 6.33: Reflection coefficient v/s frequency of CPA with metamaterials

6.2.6 Simulation Results

When the CPA with the proposed metam Structure on circular shape substrate
is simulated using FEKO It has been found that the bandwidth of antenna
increases in comparison to CPA without metam. CPA without metam Return

loss and bandwidth are - 29dB and 837 MHz respectively. This antenna with
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metam loaded the values of Return loss and bandwidth are -45dB 1.161 GHz
respectively. So the bandwidth is increased by 324 MHz. On the basis of the

simulated results it is found that the CPA bandwidth has improved.

6.3 Design and development of coaxial feed circular patch

antenna on a metamaterial substrate

Metamaterial is made up of periodic array of metallic resonant elements. Size
of an element and unit cells are small relative to wavelength. Lattice constants
of metamaterials are much smaller than the wavelength. Electromagnetic waves
bend in the gradient refractive index medium. The split ring resonator which gives
negative permeability acts just like an artificial magnetic dipole. The distance
between both the rings i.e Space between the two consecutive rings acts as a
capacitor while the rings behaves like an inductor ,Which becomes LC resonant
circuit. Just below resonance, the magnetic dipole due to the split rings will lag
the H field nearly 180 degree to give negative permeability. Negative permittivity
is obtained by the array of thin wire of aluminum, silver, and gold. We can verify

the value of € andu theoretically with the help of mathematics.

6.3.1 pu (mu)negative metamaterial structures

Split ring resonators (SRRs) are one of the original designs for strong artificial
magnetism. Each SRR consists of concentric split rings that may be two or three
with the gap in the opposite directions. From the point of view of equivalent
circuits, an SRR can be considered as an LC circuit with the natural resonant
frequency given bywy = 1/ v/LC with L and C denoting the geometric inductance
and capacitance of the SRR structure, respectively. Within a certain frequency
region centred at the vicinity of wy the magnetic flux is produced at SRR or
CSSR The strong circulating current are induced resulting in an effective magnetic

moment. CSSR The formula to calculate dimensions of CSSR are given in chapter
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3 Complementary split ring resonators (CSRR), with outer radius r and width of
ring s between the two gaps

Complementary Split Rings (CSRR) Structures complementary to double split
rings were designed by applying the Babinet principle to the split rings . In this
way structures with apertures in metal surface are obtained, These complemen-
tary split rings (CSRR) create negative € instead of 1 in a narrow range near the

resonance frequency. Alternatively we can obtain the effective parameters from

numerical simulations.

6.3.2 Circular patch antenna design without Metamaterial and with
coaxial feed at resonance frequency 10GHz (used in Wireless

communication and tested on software FEKO

Circular patch antenna without metamaterials is shown in fig.6.34,freq v/s Reflec-
tion coeficient is shown in (Fig.6.35a). Circular patch antenna without metama-
terial is shown in , h=height of substrate, r—=radius of circular patch Resonance
freq. — 10 GHz Substrate :RT/duroid , ¢,—2.2 h — 1.58 mm. Loss tangent
=0.0002

Calculated parameters.

Radius =5.5 mm, F =5.92, Coaxial feed—3.2mm

Substrate dimensions

Lsub =20 mm, Wsub = 20 mm.

NPT e CEL A

—
SAGLET FrEog w2 DRI
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Figure 6.34: Circular patch antenna without Metamaterial
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Graph of frequency v/s reflection coefficient of circular patch antenna with-
out metamaterial is shown(Fig.6.35a), the bandwidth is equal to 795 MHz and

reflection coefficient is equal to -26 dB.

171 [~ cartesian graptit )
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Freguency [GHz] Freguency [GHz]

(a) Frequency v/s Reflection coeffi- (b) Frequency v/s Gain (without metamate-

cient(without Metamaterial rial

Figure 6.35: Circular antenna parameters)

Frequency v/s gain graph of antenna without metamaterial is shown in (Fig.6.35b)

. Gain remain constant through out band of frequencys. And it is equal to 7 dBi

6.3.3 Patch antenna design with Metamaterial and with coaxial feed

at resonance frequency 10GHz (Tested on software FEKO)

Antennas are fabricated using double negative (DNG) or single negative (SNG)
metamaterials. Which is used to increase the performance of the system. The
metamaterials could substantially increase the bandwidth of antenna radiated
power of an antenna. Increase gain of antenna. (Fig.6.36a)frequency v/s reflec-
tion coefficient (with metamaterial). frequency v/s gain graph of antenna with
metamaterial is shown in (Fig.6.36b). Gain remain constant through out band
of frequency. Increase in bandwidth is observed keeping the gain same as that of

the patch antenna without metamaterial. The gain is found to be equal to 7 dBi.
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Figure 6.36: Parameters of metamaterial loaded circular antenna

Table 6.7: Different parameters of circular patch antenna

Parameters Patch antenna without patch antenna with
metamaterials) metamaterial)
Reflection coefficient -26 dB -40 dB
Bandwidth(-10 dB) 795 MHz 880 MHz
Gain 7 dBi 7 dBi
3 db beam width 79 degree 73 degree

6.3.4 Simulation Results

The simulated results are presented in this section. When the circular patch an-
tenna with the proposed metamaterial Structure is simulated at 10 GHz using
FEKO software, it has been found that the bandwidth of antenna increases signif-
icantly in comparison to circular patch antenna without metamaterial. Circular
patch antenna without metamaterial Reflection coefficient and bandwidth are 26
dB and 795MHz respectively. This antenna with metamaterial loaded the values
of Reflection coefficient and bandwidth are -40dB and 880 MHz respectively. So
the bandwidth is increased by 85 MHz. Gain remain constant through out band-
width. .Increase in bandwidth is observed keeping the gain same as that of the

patch antenna without metamaterial. And it is equal to 7 dBi .Comparison of 3db
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beam width and other parameters is shown in Table 6.7

6.4 Design and Extraction of Parameters of Metamaterial
cell and its Application to enhance the performance of

Patch Antenna

Extraction of parameters of a square split ring resonator with a metal strip on a
ground to verify double negativity of a cell and only square split-ring resonator
to verify mu negativity of cell. A rectangular microstrip patch antenna is loaded
with mu negative metamaterial cells. This helps in the improvement of patch an-
tenna parameters. The coaxial feed rectangular patch antenna is operating at 2.8
GHz resonance frequency. A novel antenna design on square split ring resonator
(SSRR) substrate for higher bandwidth is discussed here and presented the sim-
ulated characteristics of the proposed antenna. Also, a cell comprising of SSRR
is designed and simulated to find mu negativity of a cell at the same resonance
frequency. The proposed double negative and mu negative metamaterial cells
are designed and tested using MATLAB. A conventional antenna and a proposed
novel coaxial feed rectangular microstrip patch antenna (RMPA) with resonance
frequency 2.8 GHz and a ground plane of the substrate is loaded with square split-
ring resonators is simulated using FEKO software, analyzed and comparison of
parameters such as bandwidth, return loss, gain and VSWR is presented. This
patch antenna is designed on FR-4 substrate with permittivity value equal to
4.4 and thickness equal to 1.6 mm.FR-4 material is cheaper and easily available.
Surface wave propagation is reduced by metamaterial-loaded substrate, thereby

increasing the performance of an antenna.

6.4.1 Double negative metamaterial

They are also called Left Handed or Negative refractive index metamaterials.

They show negative permittivity, permeability, and refractive index. The phase
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velocities and group velocities of electromagnetic waves are opposite to each other

due to the negative refractive index, and contrary energy flow is detected

r“\‘ Sl i—Tt
=
- e ‘ m b q
i = '
| m
i
1

Figure 6.37: Square split-ring resonators (SSRR) with a metal strip

A Square Split Rings Resonator (SSRR) Structures with metal strip in ground
plane and also only SSRR is designed using MATLAB code. Fig.6.37 shows the
SSRR with a metal strip on the ground plane. This SSRR creates negativepunear
the resonance frequency. Also when the ground plane of SSRR is loaded with
a conductor it shows a negative permittivity andu. We have presented the re-
trieval of parameters of a metamaterial cell using MATLAB to verify the double
negativity of a cell and only mu negativity of a second (without strip) cell. The
parameters like p, € ,S11 S91 and refractive index are obtained.u is the perme-
ability of the metamaterial cell,e is the permittivity of a cell, Si; is a reflection

coefficient. So; 1s a transmission coefficient.

6.4.2 Design of SSRR (Double negative metamaterial cell

The SSRR is designed on FR-4 substrate with a permittivity value equal to 4.4
and thickness equal to 1.6 mm. The dimensions of 8x8 mm SSRR are, a =7.2

mm, b=5 mm, ¢=0.6 mm, d=0.7 mm, e=0.4 mm and f=0.6.
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6.4.3 Parameters of SSRR

. Fig.6.38b shows the real part of permittivity and permeability of SSRR which
are negative and the maximum value at 2.8 GHz is equal to -11.03 and - 8.4 re-
spectively. The negative permittivity and permeability exist between 2.6 GHz to

3.2 GHz frequency. Therefore in this work, we have considered 2.8 GHz resonance

frequency.
S-Parameters [Magnitude] Tables\1D Results\Extract Material Properties [Real Part]
50
.9 | L LY L S 40
al |—s1a| 77T 20 = =-Epsilon_r
= ——— 2T 0 — Mu_r =
5 $1,1:0.1952467 |.._.. 20 4 Epsilon_r : -11.036647
s21:076701470( || T Mu_r:-8.4853931
S R U S e N -~
-40 y Pt
S ’l
3 -60 -
’
b "
. B0 {4
0 r’
1.5 2 2.5 |2.80253 3.5 4 -100
Frequency / GHz 1.5 2 2.5 |2.8025 3.5 4

(a) S11 and S2; of SSRR with the strip ~ (b) permittivity and permeability of SSRR

with the strip on the ground plane

Figure 6.38: Parameters of metamaterial cell.

(Fig.6.38a shows the S7; and Sy; of SSRR, (Fig.6.38b) permittivity and per-
meability of SSRR with the strip on the ground plane. The metamaterial cell
resonates at 2.8 GHz frequency, The refractive index of SSRR is equal to -10,It
is depicted in (Fig.6.39)
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Table 6.8: Different parameters of SSRR.

Frequency Permittivity Permeability Refrective index

parameters of the proposed cell 2.8 GHz -11.03 -8.4 -10.15

Parameters of other researcher 10GHz -8.2 -6.4 -5.4

n [Real Part]

10

___________________________________

An:-10.157474

-20

1.5 > 25 3 35 4

Figure 6.39: refractive index of SSRR

Our proposed cell is 8x8 mm, If the cell is designed with smaller dimensions
then it will show the negative value of permittivity and permeability at higher
frequency. Other researcher have designed such metamaterial cells. 2.2x2.2 mm
which shows negative values of the permeability at around 10 GHz . Different

parameters of SSRR metamaterial cells are given in Table 6.8.

6.4.4 Single negative Metamaterial cell

Design of single negative Metamaterial cell.
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Figure 6.40: Real and imaginary values of Mu of SSRR

Cells that show either permeability negative or permittivity negative are re-
ferred to as single negative metamaterial cells. If permeability is negative then it
is called a mu negative metamaterial cell. The SSRR was designed on FR-4 sub-
strate with a permittivity value equal to 4.4 and thickness equal to 1.6 mm. The
dimensions of 8x8 mm SSRR are, a = 7 mm, b=>5.6 mm, ¢=0.5mm, d=0.7mm,
and e=0.5mm. Real and imaginary values of mu of SSRR are shown in Fig,6.40.
The Real and imaginary values of Mu of SSRR are shown in figure. The nega-
tive mu appears in the frequencies between 2.6 GHz to 3.1 GHz. Therefore the
antenna on metamaterial must be designed to operate within the range of fre-

quencies. Hence, in this project, we considered a resonance frequency of 2.8 GHz.

6.4.5 Rectangular microstrip patch antenna (RMPA) design on the

substrate without Metamaterial

Design of RMPA.
The coaxial feed RMPA (Fig:6.41)is designed at resonance frequency 2.8 GHz
(used in wireless communication and tested on software FEKO .) Refer section

6.1.5 for design equations of rectangular microstrip patch antenna.
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Figure 6.41: Microstrip patch antenna

Table 6.9: Design of RMPA without metamaterial

Patch dimensions Calculated dimensions Optimized dimensions of Patch

of patch antenna (mm) antenna without metamaterial(mm)

Width of patch(W) 32.6 28.8
Length of patch (L) 25.18 23.5
Sub. width (Ws) 42.2 42
Sub. length (Ls) 34.8 34
Feed length 1.63
Feed width 5.8

6.4.6 Parameters of RMPA

Fig.6.42 Shows graph of Reflection coefficient v/s frequency of RMPA without
metamaterials. The BW of RMPA is 85 MHz and Return loss = -33.09 dB,For

impedance matching refer Smith chart Fig:6.43
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Figure 6.43: smith chart showing impedance matching at 2.8GHz

Fig.6.44 depicts the 3D view of the far-field of patch antenna without meta-
material at 2.8GHz. The gain is equal to 3 dBi.
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Figure 6.44: 3D view of far-field of patch antenna without metamaterial at 2.8GHz

6.4.7 Rectangular microstrip patch antenna (RMPA) design on a

substrate with metamaterial

Design RMPA with metamaterial substrate. RMPA with metamaterial substrate
and coaxial feed is designed at resonance frequency 2.8 GHz (used in Wireless
communication and tested on software FEKO ) Resonance freq. = 2.8 GHz,
Substrate :FR-4 | ¢, = 4 Loss tangent =0.01 (Fig.6.45)Shows RMPA with six

cells of SSRR on its ground plane.

Table 6.10: Design of RMPA with metamaterial

Patch dimensions Optimized dimensions of Patch

antenna with metamaterial(mm)

Width of patch(W) 28
Length of patch (L) 22
Sub. width (Ws) 39
Sub. length (Ls) 34
Feed length 5.44
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Figure 6.45: RMPA with six cells of SSRR on its ground plane

6.4.8 Parameters of RMPA with metamaterial substrate

(Fig.6.46) Presents the graph of Reflection coefficient v/s frequency of RMPA
with metamaterial. The BW of RMPA is 113 MHz and Return loss = -35.24
dB. Surface waves are more easily excited when materials with higher dielectric
constants and thicker material are used. Metamaterial cells reduce surface wave

propagation and increase the bandwidth of RMPA.
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Figure 6.46: Reflection coefficient v/s frequency of RMPA with metamaterial

(Fig.6.47 )shows the 3D view of the far-field patch antenna with metamaterial
loaded and at 2.8GHz. The gain of antenna is 3.5 dBi.

86



Total Gain [dBi]
3.50
I 1.75
0.00
-1.75
-3.50
-5.25
-7.00
-8.75
-10.50

-12.25
-14.00

Figure 6.47: 3D view of the far-field patch antenna with metamaterial loaded and at 2.8GHz

(Fig.6.48) depicts a graph of VSWR v/s frequency. VSWR is the ratio between
the maximum voltage and minimum voltage in the transmission line. It shows
the system matching. If the reflection coefficient is zero then the value of VSWR
is 1 and it is the lowest value possible. It is the best value for any antenna. The

smaller the value better the impedance matching and more power are delivered.
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Figure 6.48: Graph of VSWR v /s frequency of metamaterial loaded RMPA.

Different parameters of RMPA with and without metamaterial are given in
table 6.11. Fig: 7.80. 3D view of far-field of Metamaterial loaded patch antenna
at 2.8GHz
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Table 6.11: Different parameters of RMPA.

Parameters RMPA without metamaterial RMPA with metamaterial
Reflection coefficient -33dB -35.23 dB
Bandwidth (10dB) 85 MHz GHz 113MHz
Gain 3 dBi 3.6 dBi
VSWR 1.04 1.03
Half power Beam width 101 degree 89 degree

6.4.9 Simulation Results

When the SSRR with a metal strip on the ground plane is designed and simu-
lated, it has been found that the permittivity, permeability, and refractive index
are being negative, which implies that it is a left-handed metamaterial cell. The
values of parameters are listed in Table 6.11. RMPA loaded with and without
metamaterial are designed and simulated using FEKO, It has been found that
the bandwidth of antenna increases in comparison to RMPA without metama-
terial. Its return loss and bandwidth are — 33.09dB and 85 MHz respectively.
This antenna with metamaterial loaded the values of Return loss and bandwidth
are -35.23 dB and 113 MHz respectively. So the bandwidth is increased by 28
MHz, based on the simulated results it is found that the RMPA bandwidth has

improved.

6.5 Capacitive Coupled Circular Patch Antenna for band
suppression and Gain improvement by loading Circu-
lar Slot on Coupling

Wireless communication is increasing at very fast rate.With rapid growth in tech-

nology there has been a demand for high performance durable antennas for vari-

ous applications. This proposed antenna capacitive coupled coaxial feed circular

patch antenna (CCCCPA) also behave as good receiving elements at the har-
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monics of the design frequency.When this proposed antenna is used as receiving
antenna it blocks the resonance frequency near the designed frequency that is 6
GHz, there by avoiding need of band pass/low pass filter. So the received signals
can be fed to diode detector. Harmonic rejection antennas has been presented by
researchers using different techniques, like the proximity-coupling for harmonic
suppression [76], slot coupled slot loop antenna , use of defected ground ,right
angle slits , ground pin , compact microstrip resonant cell (CMRC) , photonic
bandgap (PBG) structures spurious free antenna etc. In this paper, a CCCCPA
is designed at resonance frequency 6GHz and band at resonance frequency 11.5
GHz is suppressed by loading semi-circular slot on coupling, The gain of antenna
has been improved after loading semi-circular slot on coupling. CCCCPA without
slot and with slot on coupling has been simulated using FEKO software. This

antenna can be used for wireless power transfer and reception. |77| 78|

6.5.1 CCCCPA design on a rectangular substrate without slot on
coupling at resonance frequency 6 GHz (used in Wireless com-

munication and tested on software FEKO

Radius of patch antenna can be calculated using equation given in the section
6.2.(Fig.6.49) shows design and geometry CCCCPA on a rectangular substrate
obtained from FEKO.(without semicircular slot) [72] [79] The antenna is printed
on the RT Duroid laminate of thickness (h) 1.58 mm, relative permittivity e, =
2.2 loss tangent 0.0009. The actual radius “r” of the circular patch for resonance
frequency (f,) 6 GHz can be calculated using the cavity model approach.
Resonance frequency = 6 GHz

Calculated radius of circle =9.36mm

Optimised Radius of circle =8.9 mm

centre — 4mm , F —9.878

Coaxial feed=10.2mm

Elliptic arc 1 radius (ru)=9.8mm, rv=9.8mm
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centre (C-1)— -3.7mm, start angle—-980 degrees, Stop angle—980 degrees
Elliptic arc2 radius(ru)—14.5mm, rv—10.5mm, C-2 —-3.3 , start angle —-1000
degrees Stop angle = 1000 degrees Substrate dimensions

Lsub =38 mm, Wsub = 32mm.

Figure 6.49: CCCCPA on rectangular substrate without slot

6.5.2 Parameters of CCCCPA

(Fig.6.50) Shows graph of reflection coefficient and gain v/s frequency of CCC-
CPA without slot. The BW of CPA is 445 MHz and Return loss — -31 dB. Gain

equal to 5.5 dBi, also we have one more band at resonance frequency 11.5 GHz

Miscellaneous Data

Reflection coefficient Magnitude
Total Gain (Theta =0 deg; Phi =10 deg)

o

=]

oefiicient, Gain [dB; dBi]

o
=]

tion c

Reflect

o
&

,h
o
B
~
@
5 By
5
=}

Frequency [GHz|

k12

Figure 6.50: Freq v/s Reflection coefficient and gain (without slot)
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6.5.3 CCCPA design on a Rectangular substrate with slot on Cou-

pling at Resonance frequency 6 GHz

(Fig.6.51) shows the CCCCPA design on a rectangular substrate with a slot on
coupling at resonance frequency 6 GHz (used in Wireless communication) [76][80]
The optimised radius of circular patch is equal to 8.8 mm, Coaxial feed=10.2mm
Substrate dimensions

Lsub =35 mm, Wsub = 30 mm.Centre of semi-circular slot is 10.2 mm,inner
radius equal to 2.5 mm and outer radius equal to 3 mm,Slot width equal to 0.5

min

Figure 6.51: CCCCPA design on a rectangular substrate with a slot on coupling

(Fig.6.52) Shows graph of frequency v/s reflection coefficient and Gain of CC-

CCPA with semi-circular slot on coupling. The BW of CCCCPA is 430 GHz and
Return loss = - 26 dB. Gain equal to 6.5 dBi .It has been observed that the band

at 11.5 GHz resonance frequency is being supressed|77].
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Figure 6.53: 3D view of far field of CCCCPA 6 GHz

(Fig.6.53) shows the far field 3D view of CCCCPA at 6 GHz
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Figure 6.54: Equivalent circuit model of the proposed CCCCPA with slot

The circular patch is represented by the first resonator (consisting of R1, L1,
C1), the capacitive gap is represented by the pi-network (consisting of Cg, Cgl
and Cg2), and the semi-circular coupling is represented by the second resonator

(consisting of L2, C2). The series resonator consisting of L3-C3 represents the

slot.
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6.5.4 Simulation Results

CCCCPA with resonance frequency 6 GHz for suppressing band for wireless power
reception and transmission application is designed. Initially, a capacitive coupled
circular patch antenna has been designed based on the cavity model approach and
FEKO software for optimization. The initial antenna shows unnecessary band
at 11.5 GHz with 20dB return loss and gain at 6 GHz is 5.5 dBi. In order to
suppress this band modifications are done in design. Semicircular slot is loaded
on coupling which serves as filter to supress band at 11.5 GHz. From Frequency
v/s Reflection coeflicient and Freq v/s Gain graph of capacitive coupled antenna.
It is observed that reflection coefficient at11.5GHz is almost -4db (suppressed
band), And the Gain is almost 6.6 dBi at 6 GHz.So the gain of antenna has

improved .

6.6 Characterization of patch Antenna with Rectangular

slot for 5G Application

A Microstrip Patch Antenna is fed by edge port.It is designed on RT duroid
substrate for 5G application. The impedance of 50 ohms has been achieved. A
rectangular slot is loaded on a patch antenna. The variations and improvement in
patch antenna parameters are reported.|81] [82] Microstrip patch antenna are be-
ing widely used for small wireless communication aerospace application WiMAX,
WLAN and 5G application. Patch antenna is designed on dielectric substrate
such as RT duroid with dielectric constant 2.2. Thickness of this dielectric sub-
strate is 0.5 mm. If we use substrate of higher thickness efficiency can be in-
creased, However, as the height increases, surface waves are introduced which
usually are not desirable because they extract power from the total available for
direct radiation (space waves). [83]. The authors have designed and simulated

Edge port fed rectangular patch antenna for 5G application. The Rectangular
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microstrip patch antenna (RMPA) is simulated and band width, return loss gain
are measured. Also a rectangular slot is loaded on patch antenna. A significant

improvement in patch antenna parameters has been observed.|84] [85]

6.6.1 Design of antenna

Rectangular microstrip patch antenna.(RMPA) design on RT Duroid substrate
with edge port feed at resonance frequency 26 GHz as employed in 5G commu-

nication. (Fig.6.55)shows design of Edge fed RMPA obtained from FEKO .

Figure 6.55: Edge fed RMPA on RT duroid substrate

Design of edge fed RMPA on RT duroid substrate. Resonance freq. — 26 GHz
Substrate: RT Duroid 5880 €,= 2.2 Loss tangent : 0.0009, height of substrate(h)

= (0.0 mm
Table 6.12: Dimensions of RMPA
Patch dimensions Calculated dimensions Optimized dimensions of Patch
of patch antenna (mm) antenna without metamaterial(mm)
Width of patch(W) 4.56 4.26
Length of patch (L) 3.57 3.24
Sub. width (Ws) 7.56 7
Sub. length (Ls) 6.57 6.5
Feed length 1.63
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6.6.2 Parameters of RMPA without slot

(Fig.6.56a)Shows graph of Reflection coefficient v/s frequency of RMPA. The
bandwidth of RMPA is 1.25 GHz and Return loss = 45 dB
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(a) Freq v/s Reflection coefficient (b) Total gain of RMPA

Figure 6.56: Parameters of antenna

Gain of antenna is a very important parameter, Gain should be very close to
directivity so that efficiency of patch antenna increases. (Fig.6.56b)Shows total
gain of RMPA, which is equal to 6.75 dB.

6.6.3 Rectangular microstrip patch antenna.(RMPA) design with rect-

angular slot at 26 GHz resonating frequency

(Fig.6.57) Shows design of edge fed RMPA with rectangular slot on patch. The
optimised design of edge fed microstrip patch antenna with slot on patch The
patch antenna is being designed on RT Duroid substrate. Resonance freq. —
26 GHz Substrate : RT Duroid 5880 ¢, = 2.2, Loss tangent —0.0009 hight of

substrate(h) = 0.5 mm
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Figure 6.57: RMPA with rectangular slot on patch.

Table 6.13: Dimensions of RMPA with slot

Patch dimensions

Optimized dimensions

of patch antenna (mm)

Width of patch(W)
Length of patch (L)

Sub. width (Ws)
Sub. length (Ls)

Feed length

4.28
3.01

6.5

6.05

1.52

6.6.4 Parameters of RMPA with slot

Far field

Phi=0 deg

Phi =90 deg

Maxiim:-(0-ded, 7.19767 dBi)
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(a) Total gain of RMPA with slot
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(b) 3D view of far field of patch antenna at 26
GHz

Figure 6.58: Parameters of antenna
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2D far field radiation pattern of antenna is presented in (Fig.6.58a). The total
gain of RMPA is equal to 7.19 dB. (Fig.6.58b) shows the 3D view of far field of

patch antenna at 26 GHz resonance frequency.

6.6.5 Simulation Results

Conventional edge fed RMPA and edge fed RMPA loaded with slot is designed and
simulated using FEKO, It has been observed that the gain of antenna increases
in comparison to RMPA without slot. RMPA without slot the bandwidth and
return loss are 1.25 GHz and -45 dB respectively and the gain is 6.7dB. This

antenna after loading slot the gain is increased to 7.19 dB.
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Chapter 7

Design of Microstrip Patch Antenna using

Mathematical Modeled Metamaterial Cell

7.1 Characterization of microstrip patch antenna using math-

ematically modelled metamaterial cell

A square split ring resonator cell is mathematically modeled and used to de-
sign the microstrip patch antenna.Broad study of this material is being carried
out by mathematically modeling and simulating a single negative metamaterial
cell which consists of a square split ring resonator with two rings. The Rogers
RT /Duroid substrate with dielectric constant 2.2 has been used in this design.
For a specific range of frequencies, this metamaterial cell depicts negative values
of permeability. These metamaterial cells have a lot of contributions to the design
of microstrip patch antennae by improving their characteristics such as reflection
loss, bandwidth, and gain. The resonance frequency obtained by simulating the
metamaterial cell is compared with the calculated value from the circuit model.
The theoretical value of resonant frequency calculated using a mathematical equa-
tion is found to be extremely close to the frequency obtained by simulating meta-
material structure. The S parameters curves and complex permeability curves
are obtained. These modeled cells are used for designing rectangular microstrip

patch antennae. Square split ring resonating cells are placed on the ground plane
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of the edge-fed microstrip patch antenna. The parameters such as bandwidth,
Gain, return loss, VSWR of conventional antenna, and metamaterial-based an-
tenna are compared and recorded.|[72],[17], |86] The authors noted that dielectric
characteristics affect distributed capacitance associated with the rings of SRR,
but inductance is unaffected. We've covered some of the key characteristics of mu
negative metamaterials [87]. Mathematical modeling of mu negative metamate-
rial cells with two rings and structured on Rogers RT/Duroid 5880, Inductance
and distributed capacitance of SSRR and hence the resonance frequency are cal-
culated and compared with simulated value. MATLAB is used to obtain the
curve of the S parameter and complex permeability. Using this modeled cell rect-
angular microstrip patch antenna (RMPA) has been designed. Its parameters are
recorded and judged the advantages of loading SSRR cells on the ground plane

of the patch antenna [88|.

7.1.1 Double negative or left-handed metamaterials

They are materials of artificial form and their permittivity permeability and re-
fractive index are negative. Due to the negative refractive index, phase velocities,
as well as the group velocity of electromagnetic waves, are opposite to each other

and opposite energy flow is observed.

7.1.2 Design of mu negative metamaterial cell on RT /Duroid 5880

substrate

The SSRR with two rings as shown in (Fig.7.1a) is designed on Rogers RT/
Duroid 5880 substrate with a permittivity value equal to 2.2 and thickness equal
to 0.5 mm. The dimensions of the 1x1 mm SSRR cell are, L= 0.9 mm, b= 0.54
mm, e=0.08mm, Strip width d = 0.13 mm, and spacing between n and (n+1)
turn is s = 0.05 mm, The resonance frequency is inversely proportional to the
size of the cell, and it also depends on strip width, slit, spacing between n th

and (n+1) ring. (Fig.7.1a) shows the geometry of the SSRR consisting of two
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Figure 7.1: square split ring resonator

rings with their slit displaced by 180 degrees. The equivalent circuit for SSRR is
presented in(Fig.7.1b) . The inductance of the tank circuit, Ls is calculated by
assuming the uniform current throughout the loop. The capacitance of the tank
circuit is a parallel equivalent of the capacitances in each pair of adjacent loops.
The total strip length Ln of an nth ring of the SSRR and the total spacing length
Lg between the nth and (n+1) turn of SSRR are determined.|87] Then the total
inductance and the total distributed capacitance between two consecutive rings

of SSRR, of strip width d are shown in the following equations

Ln=4[L —2d(n—1)—2S(n—1) (7.1)
L,=4[L— (n+1/2)(d+ s)] (7.2)
Cssnn — %[QL — (2N = 1)(d + 5)Chu (73)
Cpul - eoereff% (74)

Lssnir = %szg4.86[ln(0.98/p) +1.84p)] (7.6)
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Lavg = 4[L — (N — 1)(s + d)] (7.7)

Lav
Lssrn = % 04.86[1(0.98/p) + 1.84p] (7.8)
1
f= 7.9
2mv/LssrrCssrr (79)

Cpu 1s the capacitance per unit length of two parallel strips of width d apart by
distance s. The dielectric substrate affects the distributed capacitance only and is
given by equation 7.3. Values of K(k) and K (k') also can be taken from(Fig.7.2).
K(k) is known as the complete elliptical integral of the first kind, and K (k') is its
complex value. It is defined for 0 < k < 1 Eq.7.7 presents the average length of
the strip. Resonance frequency is given by Eq.7.9 The dielectric substrate used
in SSRR does not affect the inductance [17]. The inductance of SSRR is given
by Eq.7.8 Where p is the fill ratio of SSRR and is stated as p=((N-1)(s+d))/(L-
(k) K

(N-1)(s+d))
|

J

I

o

I |
\___.___:ﬁir____»_ B 1 - -

— A
el
0.5

L &
-1.0 -05 0.0 10

Figure 7.2: Graph of k v/s K(k) and K(k’)

7.1.3 Method to find Parameters of SSRR Metamaterial

A Square Split Rings Resonator (SSRR) Structure is designed using MATLAB
code. (Fig.7.1a) shows the SSRR with a two-metal split ring on the surface of
the substrate. This SSRR creates negative mu near the resonance frequency. We
have presented the retrieval of parameters of a metamaterial cell using MATLAB
to verify the mu negativity of the cell. The SSRR with two rings and substrate
Rogers Duroid/RT 5880 has been simulated and different parameters like p e,
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Table 7.1: Comparison of calculated and simulated resonance frequency of SSRR with Rogers

RT /Duroid dielectric materials

substrate  Dielectric No.of Lengthof Ls(nH)C(pf) calculated Measured res.eff.permeability
constant turns side(L)mm res. freq.(GHz) freq.(GHz)

Roger RT/Duroid 2.2 02 0.86 4.0 0.01 25.5 26 -0.5

S11, S91, and refractive index are obtained [44].u is the permeability of the meta-
material cell,e is the permittivity of a cell, Both S parameters of metamaterial
cells are depicted in(Fig.7.3a). Equations used to calculate impedance and re-

fractive index are shown in section 6.1.4.

Mu_r [Real/Imaginary Part]

S-Parameters [Magniinde |

]
— Mu_r (Re)
=== Mu_r({Im)

20 21 2‘1 IIS 24 3‘5 1‘6 27 EIB 1-9 30 -10 ; ; ;
Fregquency ! GITx 22 33 M 35 % 37 8

(a) The graph of Sq1, Sa1 v/s frequency of SSRR (b) The graph of Permeability V/s frequency of
with Roger RT Duroid 5880 substrate SSRR with Roger RT Duroid 5880 substrate

Figure 7.3: SSRR parameters

It is also observed in (Fig.7.3b) that permeability of the cell is negative at 26
GHz frequency and the value of mu is -5 at 26 GHz.Comparison of calculated
and simulated resonance frequencies of SSRR with Rogers RT /Duroid dielectric

materials is presented in Table7.1

7.1.4 RMPA design on the substrate without metamaterial at 26

GHz resonance frequency

Rectangular microstrip patch antenna. (RMPA) design on RT Duroid substrate

with edge port feed at resonance frequency 28 GHz as employed in 5G communi-
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Figure 7.4: Design of edge-fed RMPA without metamaterial.

Table 7.2: Design of RMPA without metamaterial

Patch dimensions Calculated dimensions Optimized dimensions of Patch
of patch antenna (mm) antenna without metamaterial(mm)
Width of patch(W) 4.56 4.26
Length of patch (L) 3.57 3.35
Sub. width (Ws) 7.56 6.8
Sub. length (Ls) 6.57 6.25
Feed length 1.57 1.57

cation. The width of RMPA Effective permittivity and fringing length A L are
shown in equations.(Refer 6.1.5) The design of edge-fed RMPA without metama-
terial on RT duroid 5880 substrates is shown in (Fig.7.4) .

The design of RMPA without metamaterials is shown in Table7.2. Resonance
freq. = 26 GHz, Substrate: RT Duroid 5880, ¢, = 2.2, Loss tangent : 0.0009,
height of substrate(h) — 0.5 mm The BW, gain, return loss, and VSWR are shown
in Table 7.4. Return loss Of the antenna depends on its impedance matching.
Return loss is very low for the perfectly matched antenna. (Fig.7.5) depicts the
reflection coefficient v/s frequency graph of RMPA. These parameters determine
the ratios of the amplitudes in the transmitted and reflected wave when a plane
wave incident on the dielectric DNG medium.The performance of the microstrip

patch antenna is getting a boost once a split-ring resonator is loaded on the patch.
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At the resonance frequency, the return loss is equal to (-45 dB).
(Fig.7.6) presents a 3D far-field radiating pattern at 26 GHz resonance frequency.

0

Reflection coefficient [dB]

-50 i | i | i
24.024.525.025.526.0 26.527.0 27.5 28.0
Frequency [GHz]

Figure 7.5: Reflection coefficient v/s freq of RMPA without metamaterials

The gain of an antenna is 8.0 dBi at 0 degrees at 26 GHz. The gain of the antenna
at total bandwidth remains almost the same. It slightly decreases at the lower

end of the band of frequency.

Total Gain [dBi]
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Figure 7.6: 3D far-field radiating pattern at 26 GHz

7.1.5 Rectangular microstrip patch antenna (RMPA) design with a

modeled metamaterial at 26 GHz resonating frequency

Antennas are designed using DNG or SNG Metamaterial cells. Which are used to
increase the performance of the system. These cells could substantially increase

the gain and radiated power of an antenna. Furthermore, these antennas can
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Table 7.3: Design of RMPA with metamaterial

Patch dimensions

Optimized dimensions of Patch

antenna with metamaterial(mm)

Width of patch(W)
Length of patch (L)
Sub. width (Ws)
Sub. length (Ls)
Feed length

Feed width

4.26

2.99

6.8

6.2

1.6

0.48

improve efficiency-bandwidth performance. (Fig.7.7) Shows the design of RMPA

with metamaterial cells on the surface of a rectangular patch.

Figure 7.7: Design of edge-fed RMPA with metamaterial.

The optimized design of the edge-fed microstrip patch antenna with metamaterial

is shown in Table7.3. The patch antenna is designed on an RT Duroid substrate.

Resonance freq. = 26 GHz, Substrate : RT Duroid 5880, ¢,— 2.2, Loss tangent

—0.0009,height of substrate(h) = 0.5 mm. (Fig.7.8)shows the reflection coefficient

v/s frequency graph of RMPA with metamaterial. At the resonance frequency,

the return loss is (-50.8 dB).
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Figure 7.8: Reflection coefficient v/s freq of RMPA with metamaterials

(Fig.7.9)and (Fig.7.10) present a far-field radiating pattern of RMPA with
metamaterial showing gain at resonance frequency 26 GHz and 25GHz respec-

tively. The gain of an antenna is 9 dBi at 26 GHz and 8 dBi at 25 GHz.
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Figure 7.9: 3D view of the far-field of a Figure 7.10: 3D view of the far-field of a
RMPA at 26GGHz resonance frequency RMPA at 25GHz
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Figure 7.11: Impedance matching Of Figure 7.12: VSWR of RMPA with meta-

RMPA at 26GHz material

(Fig.7.11) Is a Smith chart that shows the impedance matching of RMPA with
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metamaterial at 26 GHz. At 26 GHz the impedance is almost 50 ohms and the re-
active impedance is almost zero, which matches with source impedance.(Fig.7.12)
presents VSWR, Its is equal to 1.00 which signifies perfect matching of source
impedance of 50 ohms with an antenna. The radiation performance in the an-
tenna indicates the efficiency of the radiation measured in terms of percentage
and is obtained by calculating the value of the ratio of the amount of power fed
to the antenna to that of the power emitted (radiated) from an antenna. This
radiation efficiency boosts the performance of the antenna useful for 5G wire-

less technology and its applications. The proposed antenna has higher radiation

efficiency of 88.8 % at 26 GHz.

7.1.6 Simulation Results

A Square split ring resonator a metamaterial cell is designed and simulated us-
ing the software. A metamaterial cell consisting of only SSRR. shows a negative
permeability to state it as a single or mu-negative metamaterial cell. The com-
parison of the parameters of RMPA and metamaterial-based RMPA with the
same resonance frequency is listed in Table7.4 Rectangular microstrip patch an-
tenna for 5G wireless Network technology is effectively designed, implemented,
and compared the performance at a 26 GHz resonance frequency. Conventional
RMPA and RMPA loaded with metamaterial on the patch of the antenna system
are simulated at a frequency of 26 GHz. It has been observed that the gain of
a antenna increases by 1dBi and the bandwidth of patch antenna increases con-
siderably in comparison to RMPA without metamaterial. RMPA without cells
returns loss and bandwidth is —45.1 dB and 1.25 GHz respectively. Whereas
RMPA with metamaterial the values of return loss and bandwidth are — 50.8
dB and 1.93 GHz respectively. Gain of RMPA without and with cells are found
to be equal to 9 dBi and 8 dBi respectively. So the bandwidth is increased by
0.68 GHz. Based on simulated results it has been found that the bandwidth of
RMPA has improved. VSWR of the conventional antenna is 1.01 and that of the

107



Table 7.4: Different parameters of RMPA.

Parameters RMPA without metamaterial RMPA with metamaterial

Reflection coefficient -45.2dB -50.7 dB
Bandwidth (10dB) 1.25 GHz 1.93 GHz
Gain 8 dBi 9 dBi
VSWR 1.01 1.0

antenna with metamaterial is 1.00 which indicates that the antenna impedance

is perfectly matched.

7.2 Mathematical Modelling of Metamaterial Cell and its

Application in Design of Microstrip Patch Antenna

7.2.1 Mathematical modelling of mu negative metamaterial cells with

two rings and structured on Rogers RT /Duroid 5880

The Inductance and the distributed capacitance of SSRR and hence the resonance
frequency are calculated and compared with simulated value. Parameters of mu
negative metamaterial cell are extracted using full-wave simulator HFSS. Data
files (.csv) of Sy; and Sg; are then exported and applied MATLAB script to
obtain the curve of complex permeability. Using this modelled cell Rectangular
microstrip patch antenna (RMPA) has been designed|75|. Its parameters are
recorded and judged the advantages of loading SSRR cells on the surface of the
patch[89] [90]. The SSRR showed in (Fig.7.13) with a number of rings equal to
two is designed on Rogers RT/ Duroid 5880 substrate with permittivity value
equal to 2.2 and thickness equal to 0.5 mm.

The dimensions of 1 mm x 1 mm SSRR cell are, L= 0.9 mm, b= 0.6 mm,
e—0.08mm, Strip width d — 0.1mm, and spacing between n and (n+1) th turn is
d = 0.05 mm, Fig.7.13 shows the geometry of the SSRR consisting of two rings
with their slit displaced by 180 degrees. The inductance of the tank circuit , The
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Figure 7.13: Square split-ring resonators (SSRR) metamaterial cell

capacitance of the tank circuit and the inductance Ls is calculated by assuming
the uniform current throughout the loop. The equations to find total strip length
Ln of an nth ring of the SSRR and the total spacing length Lg between nth and
(n+1) th turn of SSRR are determined. Then the total inductance and of the
total distributed capacitance between two consecutive rings of SSRR, of strip

width d and resonating frequency are obtained using equation shown in section

7.1.2.

7.2.2 Method to find Parameters of SSRR Metamaterial

(Fig.7.14) presents metamaterial cell simulation in the waveguide.

Figure 7.14: Metamaterial cell simulation in the waveguide

The effective parameters of SSRR can be found out in numerical simulations.
First We have to find out the transmission and reflection coefficient of the cell-

based on numerical algorithms, such as (FDTD) and Finite Element Method
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Table 7.5: Comparison of calculated and simulated resonance frequencies of SSRR with Rogers

RT /Duroid dielectric materials

subst material Dielectric const‘No.of turns‘side(L)mm‘Ls(nH)‘C(pf)‘cal.res.freq.(GHZ)‘MeaS res. freq.‘Mu eff

Roger RT/Duroid 2.2 ‘ 02 ‘ 0.9 ‘ 3.36 ‘0.01‘ 26.5 ‘ 28 ‘ -0.5

(FEM). This method also can be used to extract parameters.Calculate impedance
and refractive index , from the transmission coefficient So; and reflection coeffi-
cient S71. And further to calculate complex permeability and permittivity. Both
the coefficients S1; and So; are exported to MATLAB to extract real and an
imaginary curves of permeability using equations.[43] After simulation, It is ob-
served that the resonance frequency of the metamaterial cell is 28 GHz. The

graph of S1; and Sy; v/s frequency is presented in (Fig.7.15a). It is also observed
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(a) S11 and Sa; v/s frequency of SSRR with (b) Permeability V/s frequency of SSRR with
Roger RT Duroid 5880 substrate Roger RT Duroid 5880 substrate

Figure 7.15: SSRR parameters

from (Fig.7.15b) that permeability of the cell is negative at 28 GHz frequency.
Also, the values of inductance, capacitance, and resonance frequency of SSRR

are presented in Table7.5.
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7.2.3 Application of modelled metamaterial in designing Rectangular

microstrip patch antenna. (RMPA)

MPA Design on Substrate without Metamaterial

Rectangular microstrip patch antenna (RMPA) design on RT Duroid substrate
with edge port feed at resonance frequency 28 GHz as employed in 5G commu-
nication. Rectangular microstrip patch antenna (RMPA) design without meta-
material at 28 GHz resonating frequency. (Fig.7.16). shows the design of RMPA

without metamaterial on RT duroid 5880 substrate.

Figure 7.16: Design of edge fed RMPA without metamaterial

The design of RMPA without metamaterials is shown in Table7.6. Resonance
freq. = 28 GHz, Substrate: RT Duroid 5880 ¢, = 2.2, Loss tangent : 0.0009,
height of substrate(h) = 0.25 mm
(Fig.7.17) dipicts the reflection coefficient v/s frequency graph of RMPA. At the

Table 7.6: Design of RMPA without metamaterial

Patch dimensions Calculated dimensions Optimized dimensions

of patch antenna (mm) of Patch antenna (mim)

Width of patch(W) 4.24 4.11
Length of patch (L) 3.48 3.36
Sub. width (Ws) 7.85 6.84
Sub. length (Ls) 6.0 5.8
Feed length 2.17 1.97
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resonance frequency the return loss is -54 dB.
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Figure 7.17: Reflection coefficient v/s freq of RMPA without metamaterials

At resonance frequency the return loss is very low, which means the maximum

power is radiated by antenna. The BW,

gain, return loss and VSWR are shown

in Table7.8. Return loss Of antenna depends on its impedance matching. Return

loss is very low for perfectly matched antenna.

(Fig.7.18) presents far field radiating pattern in UN and VN plane at 28 GHz

resonance frequency. The gain of antenna is 6.39 dBi at 0°. And directivity equal

to 7.64 dBi at 28 GHz.
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Figure 7.18: Far field radiating pattern
and total gain at 28 GHz
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Figure 7.19: smith chart with impedance

matching

The smith chart showing impedance matching at 28 GHz of RMPA is presented

112



in (Fig.7.19). At 28 GHz the impedance is almost 50 ohms.Total surface current
and far field view are depicted in (Fig.7.20)

Surface

current [Afm Total Gain [dBi]
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m o

R R B s
PEODNREOS®

Figure 7.20: 3D view of far field and surface current

7.2.4 Rectangular Microstrip Patch Antenna (RMPA) design with

Metamaterial at 28 GHz Resonating Frequency

(Fig.7.21) Shows the design of RMPA with metamaterial cells on the surface of

rectangular patch.

Figure 7.21: Design of edge fed RMPA with metamaterial

The optimized design of edge fed microstrip patch antenna with metamaterial
is shown in Table 7.7. The patch antenna is designed on RT Duroid substrate.
Resonance freq. = 28 GHz, Substrate : RT Duroid 5880, €, = 2.2, Loss tangent —
0.0009, height of substrate(h) = 0.2 mm. (Fig.7.22) show the reflection coefficient
v/s frequency graph of RMPA with metamaterial. At resonance frequency, the

return loss is very low (-39 dB).
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Table 7.7: Design of RMPA with metamaterial

Patch dimensions Optimized dimensions of patch

antenna with metamaterial(mm)

Width of patch(W) 44
Length of patch (L) 2.65
Sub. width (Ws) 6.1
Sub. length (Ls) 4.81
Feed length 1.08
Feed width 0.35
— 0
m 2,14275 GHz
B, 5 - " -
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Figure 7.22: Reflection coefficient v/s freq.of RMPA with metamaterial

(Fig.7.23) and (Fig.7.24) presents 2D and 3D far field radiating pattern of
RMPA with metamaterial showing gain in UN and VN plane at 28 GHz resonance
frequency. The gain of antenna is 6.31dBi at 0°.Directivity equal to 7.66dBi at
28 GHz. (Fig.7.26) is a Smith chart showing impedance matching of RMPA
with metamaterial at 28 GHz. At 28 GHz the impedance is almost 50 ohms
and reactive impedance is almost zero, which matches with source impedance.
(Fig.7.25) presents VSWR, Its is equal to 1.00 which signifies perfect matching

of source impedance of 50 ohms with antenna.
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Figure 7.23: Far field radiation pattern of antenna with metamaterial
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Table 7.8: Different parameters of RMPA.

Parameters RMPA without RMPA with

metamaterial metamaterial

Reflection coefficient -50dB -39 dB
Bandwidth (10dB) 0.826 GHz 2.14 GHz

The 3D view of far-field of RMPA with metamaterials at 28 GHz resonance

frequency is presented, Total gain has been depicted in the figure.

7.2.5 Simulation results

The metamaterial cell comprising of SSRR. is designed and simulated using the
software. A metamaterial cell with only SSRR shows negative permeability to
state it as a single or mu negative metamaterial cell. The comparison of the
parameters of RMPA and metamaterial-based RMPA with the same resonance
frequency is listed in Table 7.8. Rectangular microstrip patch antenna for 5G
wireless Network technology is effectively and efficiently designed, implemented,
and compared for better performance at a 28 GHz resonance frequency. Conven-
tional RMPA and RMPA loaded with metamaterial on the patch are simulated
at frequency 28 GHz. It has been observed that the gain of antennas remains
almost constant and the bandwidth of patch antenna increases considerably in
comparison to RMPA without metamaterial.

RMPA without cells returns loss and bandwidth are -50 dB and 0.826 GHz
respectively. Whereas RMPA with metamaterial the values of return loss and
bandwidth are -39 dB and 2.14 GHz respectively. So the bandwidth is increased
by 1.32 GHz|91]. Based on simulated results it has been found that the bandwidth
of RMPA has improved. VSWR of the conventional antenna is 1.01 and that of
the antenna with metamaterial is 1.00 which indicates that antenna impedance

is perfectly matched with the source impedance of 50 ohms.
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7.3 Mathematical Modelling of Metamaterial Cell on Var-
ious Dielectric Substrates and comparison with Nu-

merical simulations

7.3.1 Introduction

Mathematically modeling and simulating a single negative metamaterial cell com-
prising of a square split ring resonator with two rings.Various dielectric substrates
like FR4, Rogers RT /Duroid5880 and Roger RT /Duroid 6006 are used for mod-
eling metamaterial cell This metamaterial cell depicts negative values of per-
meability for a specific range of frequencies. The resonant frequency predicted
analytically is found to be extremely close to the frequency obtained by modeling
metamaterial structure. The curves for the metamaterial’s complex permeabil-
ity based on its unit element are calculated using a parameter-retrieval method
employing the S parameters. The S parameters are extracted using simulating
software. The method used to extract the S parameters is one using perfect elec-
tric and perfect magnetic (PE-PM) boundary conditions.Parameter extraction

procedure is described in section 7.2.2. [79]

7.3.2 Design of mu negative metamaterial Cell on RT /Duroid 5880

substrate

. The SSRR shown in fig.7.27 with two rings is designed on Rogers RT/ Duroid
5880 substrate with permittivity value equal to 2.2 and thickness equal to 0.5
mm. The dimensions of 5x5 mm SSRR cell are, L = 5 mm, b = 3 mm, c—
0.5 mm, Strip width e = 0.5 mm, and spacing between n and (n+1) th turn
is d = 0.5 mm, The resonance frequency is inversely proportional to the size of
the cell, and it also depends on strip width, slit, spacing between (n+1) and n
th ring.(Fig.7.27) shows the geometry of the SSRR consisting of two rings with
their slit displaced by 180°.
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Figure 7.27: Square split-ring resonators (SSRR) metamaterial

Calculation of total strip length Ln of nth ring of the SSRR and the total spacing
length Lg between nth and (n+1) th turn of SSRR, total inductance and of the
total distributed capacitance between two consecutive rings of SSRR, of strip

width d is explained in previous section, shown in the equations 7.3 to 7.6.[92]

7.3.3 Method to find parameters of SSRR metamaterial cell

Metamaterial cell simulation in the waveguide is explained in section 7.2.2 .

7.3.4 Simulated results

The SSRR with two rings on a substrate Rogers RT/ Duroid 5880 has been simu-
lated within waveguid, perfect electric and perfect magnetic (PE-PM) boundary
conditions are set up on appropriate axis and excitation is applied to reveal elec-
tromagnetic propagation through the structure. After simulation, It has been
observed that the metamaterial cell resonates at 5.8 GHz frequency. The graph
of S11 and Sy v/s frequency is presented in (Fig.7.28a) . The resonating fre-
quency thus observed is shown in the figure. It is also observed from(Fig.7.28b)
that permeability of the cell is negative at 5.8 GHz frequency. Also, the values
of inductance, capacitance, and resonance frequency of SSRR are presented in
Table7.9 The SSRR with the substrate FR4 has been simulated within waveg-

uide, It has been observed that the resonance frequency of metamaterial cell is
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4.9 GHz. The graph of Sj; and Sy; v/s frequency is presented in (Fig.7.29a).
The resonating frequency thus observed is shown in the figure. It is also ob-

served from figure and (Fig.7.29b). that permeability of cell is negative at 4.9
GHz frequency.[13] [93] (Fig.7.30a) depicts the graph of Si; and S9; v/s fre-
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Figure 7.29: SSRR parameters

quency of SSRR with substrate Rogers RT /Duroid 6006. It is observed that the
resonance frequency of metamaterial cell is 4.4 GHz. The resonating frequency
thus observed is shown in the fig.7.30a It is also observed from (Fig.7.30b) that

permeability of the cell is negative at 4.4 GHz frequency.|94| |77|
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Chapter 8

Design and development of metamaterial

based bioinspired patch antenna

8.1 Introduction

This chapter attempts to discuss some novel architectures and techniques for
designing conventional and metamaterial loaded bio-inspired planar microstrip
patch antennas such as hibiscus leaf and Kaju leaf shape antennas. Both anten-
nas are loaded with mu negative metamaterial cells, With the introduction of the
internet, the demand for and popularity of mobile terminals (laptops, cell phones,
etc.) has skyrocketed, propelling the telecommunications industry to new heights.
The digital information system and wireless communication technology play an
important role in the development of society. Various wireless services, such
as Wi-Fi, Bluetooth, GPS, NFC, 4G, and 5G systems that operate in multiple
frequency bands, necessitate the use of portable devices for broadband applica-
tions. The rapid expansion of wireless communication systems necessitates the
use of a base station and a portable terminal outfitted with the best antenna.
The portable terminals should satisfy some important characteristics, such as
miniaturization, system integration, and multiband or broadband operation. Mi-
crostrip antennas are ideal for wireless communication applications due to several
important characteristics. For further advances and suitability for the construc-

tion of antennas, the researchers concentrated on using bio-inspired geometrical
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shapes. The most important one is bioinspired plant geometries, which employ
plant part shapes such as leaves, fruits, and flowers to create antennas for various
frequencies and technologies. The study of microstrip antennas based on models
inspired by leaves (leaf-shaped antennas) has piqued researchers’ curiosity due to
promising outcomes. We propose hibiscus and Kaju shape geometries for patch
antennas. The second category is bioinspired antennas in animals, which strive
to mimic the operation of antennas used in communication systems by using the
shape of exterior components or the shape of organs of the animals.[95] [93]. These
antennas are loaded with metamaterials for improvement in their performance.
The development of planar antenna technology in recent years has fundamentally
changed the microwave and millimeter-wave communication fields. Planar anten-
nas can be printed on different types of dielectric substrates with minimum cost
and processing. One fundamental factor that makes planar antennas so desirable
and important is their easy way of integration with microwave or millimeter-wave
circuit components. A metamaterial is an artificial material that is constructed
using an array of metallic resonant cells. Metamaterials’ lattice constants should
be much smaller than their wavelengths. A conventional antenna and a proposed
novel edge port fed bio-inspired microstrip patch antenna (BMPA) with a res-
onance frequency of 5.8 GHz and a ground plane of the substrate loaded with
square split-ring resonators are simulated using software, analyzed and compari-
son of parameters such as bandwidth, return loss, gain and VSWR is presented.
This patch antenna is built on an FR-4 substrate with a permittivity of 4.4 and
a thickness of 1.6 mm. The FR-4 material is cheaper and more easily available.
Surface wave propagation is decreased by a metamaterial-loaded substrate, which
improves antenna performance.This patch antenna with improved parameters can
be used for WiMAX applications. It is a wireless technology based on the IEEE
802.16 standard that provides fast data over a widespread area. The WiMAX
stands for Worldwide Interoperability for Microwave Access, and it is a point to

multipoint wireless networking technology . It works in three layers: the phys-
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ical layer, MAC layer, and convergence layer. The bandwidth required for the
band with a center frequency of 5.8 GHz is 300 MHz. And, with a bandwidth
greater than required, the proposed patch antenna was found to be suitable for
this application. The parameters of the conventional antenna are compared with

the metamaterial-loaded antenna.

8.2 Circular Microstrip Patch Antenna

8.2.1 Circular microstrip patch antenna(CMPA)

The Microstrip patch antenna was patented in 1955. But around the 1970s, this
started receiving considerable attention. Microstrip antennas, as shown in figure
2.1, consist of a dielectric substrate sandwiched between a very thin metallic strip
(patch) and the ground plane. A Circular microstrip patch antenna (CMPA)
shown in (Fig.8.1)is an initiator for the proposed bioinspired microstrip patch
antennas (BMPA). That is a hibiscus and Kaju leaf shape patch antenna. Refer
section 6.2.4 for the design equations of CMPA. For the resonant frequency (fr) at
5.8 GHz, the radius of the patch (r) is 6.48 mm. The radius of the substrate is 9.6
mm. The feed length is 2.4 mm. The diameter of CMPA is 12.96 mm. Then the
resultant CMPA is perturbed to achieve the proposed BMPA structure.Where
the length of the axis of the proposed BMPA for a resonance frequency of 5.8
GHz is in line with the diameter of the CMPA[25]. The proposed structure is
built on FR4 substrate with a dielectric constant of 4.4, a loss tangent of 0.02,
and the height of the substrate is 1.6 mm. The graph of reflection coefficient v /s
frequency of CMPA is depicted in (Fig.8.2) . The bandwidth of the antenna is
250 MHz
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quency of CMPA

The shape of hibiscus and Kaju leaves is very close to the circle hence designed
initiator is the circular microstrip patch antenna (CMPA). Hibiscus is a flowering
plant and Kaju is an important dry fruit crop found in Goa. The real images of

the proposed hibiscus and Kaju leaves are shown in (Fig.8.3)

Hibiscus leaf Kaju leaf

Figure 8.3: Hibiscus and Kaju leaves
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8.3 Metamaterial Design

8.3.1 Double negative metamaterials

\_’ L RN ” '
i)

\ -
N H‘

Figure 8.4: split-ring resonators (SSRR)

The SSRR Structure is designed using MATLAB code.The metal surface obtained
is shown in the (Fig.8.4). The SSRR and conductor strip on the ground plane

create negative pu and negative e respectively near resonance frequency.[43].

8.3.2 Design of the SSRR Cell

The SSRR and strip are designed respectively on the top and bottom of the FR-4
substrate as shown in Fig.8.4. Its permittivity is 4.4, and thickness is equal to
1.6 mm. The dimensions of 4.8 mm x 4.8 mm SSRR are, a— 3.9 mm, b—3.2 mm,
¢=0.22 mm, d=0.35 mm, and e=0.45 mm. Strip width f = 0.6 mm and strip

length= 4.8 mm.

8.3.3 Parameters of the SSRR Metamaterial Cell

S11 and S9; of the SSRR cell depicted in(Fig.8.5) The lowest magnitude of Si;
indicates that the cell resonates at a 5.8 GHz frequency. The magnitude of Si;
and Sy1 at the 5.8 GHz frequency is 0.2 and 0.79, respectively. This shows that the
return loss is low at the resonance frequency. Both S parameters are important

for calculating the epsilon and mu of the cell. Frequency v/s epsilon and mu are

plotted using MATLAB software.
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(Fig.8.6) shows the real part of the permittivity (epsilon) and permeability
(mu) of SSRR, which are negative. The negative epsilon and mu appear in
the frequencies between 5.5 GHz to 6.2 GHz. Therefore, the antenna on the
metamaterial must be designed to operate within a range of frequencies. At 5.8
GHz, the permeability is -4.5, and the permittivity is -3.6. (Fig.8.7) shows the
real and imaginary refractive index and impedance of SSRR. It is observed that
the real refractive index is negative near the resonance frequency. Imaginary
impedance equal to almost zero and real impedance equal to 50 ohms at the

resonance frequency.
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Figure 8.7: Refractive index and Figure 8.8: Mu of SSRR at frequency 5.8
impedance of double negative SSRR CHy.

The proposed cell is 4.8 mm x 4.8 mm, Smaller dimensions cell will show
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the negative value of permittivity and permeability at a higher frequency. Some
authors have designed such a cell. 2.2mm x 2.2 mm cell shows negative values of

a parameter at around 10 GHz.

8.3.4 Single negative metamaterial cell

Cells that show either permeability negative or permittivity negative are referred
to as single negative metamaterial cells. If permeability is negative then it is called
a mu negative metamaterial cell. The SSRR was designed on FR-4 substrate with
a permittivity of 4.4 and thickness equal to 1.6 mm. The dimensions of 4.8mm x
4.8 mm SSRR are, a —4 mm, b—3 mm, ¢—0.22 mm, d—0.5 mm, and e—0.4 mm.
Real and imaginary values of mu of SSRR are shown in Fig.8.8. The negative mu
appears in the frequencies between 5.65 GHz to 6.2 GHz. Therefore, the antenna
on the metamaterial must be designed to operate within the range of frequencies.
Hence, in this project, we considered a resonance frequency of 5.8 GHz. Which

is one of the frequency bands used for WiMAX applications in India.

8.4  Hibiscus leaf shape Microstrip Patch Antenna

8.4.1 Design of Hibiscus leaf shape Microstrip patch Antenna (HLMPA)
for WIMAX and other Wireless Applications

The hibiscus leaf shape is somewhat similar to the circle hence, to begin with,
a circular microstrip patch antenna (CMPA) with a resonating frequency of 5.8
GHz has been designed and its radius was found to be 6.47 mm. The proposed
bioinspired structure of the hibiscus leaf is presented in (Fig.8.9) The circular
patch was designed to determine the approximate length of the major axis of the
hibiscus leaf microstrip patch antenna (HLMPA). Then the resultant CMPA is
perturbed to acquire the proposed HLMPA structure[26|. The dimensions of an
antenna are optimized using FEKO. This antenna resonates at frequencies 5.8

GHz, 10 GHz, and 13.4 GHz. The dimensions of HLMPA are shown in Table 8.1
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Table 8.1: Design of HLMPA

Patch dimensions Optimized dimensions of Patch

antenna (mm)

Major axis of patch 14.1
Minor axis of patch 10
Sub. width (Ws) 18
Sub. length (Ls) 20
Feed length 3.3
Feed width 0.8

Figure 8.9: Hibiscus leaf microstrip patch antenna

8.4.2 Different parameters of HLMPA

The gain is an important parameter of an antenna that describes an it’s perfor-
mance. Although the antenna gain is closely related to directivity, it is a metric
that considers the antenna’s efficiency as well as its directional capabilities. The
pattern controls the directional qualities of the antenna, which are a function
of the antenna’s directivity. The gain of an antenna in a particular direction is
defined as the ratio of the intensity in that direction to the isotropically radiated
antenna’s radiation intensity. The second significant antenna parameter is band-

width, which is defined as the frequency range in which the antenna’s properties
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support set standard values. It is the frequency range on both sides of the center
frequency. when the antenna input impedance, pattern, beamwidth, polarization,
gain, and radiation efficiency are all satisfactory at the center frequency [9]. The
graph of reflection coefficient v/s frequency of HLMPA is depicted in (Fig.8.10a).
It resonates at 5.8 GHz, 10 GHz and 13.4 GHz. These parameters determine the
ratios of the amplitudes of the transmitted and reflected wave when a plane wave
is an incident on the dielectric medium. The BW, gain, return loss, and VSWR
are shown in Table 8.2. The return loss of an antenna depends on its impedance
matching. Fig.8.10b presents a far-field radiating pattern in the UN and VN
plane at 5.8 GHz resonance frequency. The gain of an antenna is 3.74 dBi at
0° degrees. And directivity is equal to 5.9 dBi at 5.8 GHz shown in (Fig.8.11a).
Far-field radiating patterns in the UN and VN planes at resonance frequencies of
10 GHz has been presented in (Fig.8.11b). At 10 GHz, the gain of an antenna is
3.51dBi at —48°. At 13.4 GHz resonance frequency, the gain of an antenna is 1.9
dBi at —64°.

‘ — \oltageSource1

Phi=0deg  ====== Phi=290deg
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(a) Reflection coefficient v/s frequency of (b) Far-field radiating pattern at 5.8 GHz of
HLMPA. HLMPA.

Figure 8.10: Hibiscus leaf antenna parameters-1
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Figure 8.11: Hibiscus leaf antenna parameters-2

The smith chart showing impedance matching at 5.8 GHz of HLMPA is pre-
sented in (Fig.8.12b) At 5.8 GHz the impedance is almost 50 ohms. VSWR is
depicted in fig.8.12a Its value at 5.8 GHz is 1.01. (Fig.8.13) presents a 3D view of
the far-field of an edge-fed HLMPA without metamaterial at 5.8 GHz.The total

gain of an antenna also has been depicted in the (Fig.8.13) .
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(a) VSWR of HLMPA (b) Impedance matching of HLMPA at

5.8GHz.

Figure 8.12: Hibiscus leaf antenna parameters-3
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Figure 8.13: 3D view of the far-field of HLMPA.

Table 8.2: Different parameters of HLMPA.

Resonance Frequency 5.8 GHz 10 GHz 13.4 GHz
Reflection coeflicient -39.1dB -24.1 dB -14 dB
Bandwidth (10dB) 267.7MHz 280.5 MHz 450.8 MHz
Gain 3.74 dBi 3.51dBi 1.9 dBi
VSWR 1.01 1.04 1.12

8.4.3 Design of metamaterial-loaded HLMPA (MHLMPA) for WIMAX

and other wireless applications

Figure 8.14: Metamaterial loaded HLMPA(MHLMP)

(Fig.8.14) shows the design of an edge-fed HLMPA with mu negative metamate-
rial cells on the ground plane of an antenna. Optimized dimensions of the patch

antenna are presented in Table 8.3 Reflection coefficient v/s frequency graph of
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Table 8.3: Design of MHLMPA

Patch dimensions Optimized dimensions of Patch

antenna (mm)

Major axis of patch 11
Minor axis of patch 9.4
Sub. width (Ws) 18
Sub. length (Ls) 19
Feed length 3.8
Feed width 1.6

HLMPA with metamaterial (MHLMPA) is shown in (Fig.8.15a). At the reso-
nance frequency, the return loss is very low (-50dB), Radiation of power mainly
depends on the return loss. The lower the return loss, the higher the radiated

power.

8.4.4 Different parameters of MHLMPA

Improvement in parameters of patch antenna has been observed after loading
metamaterial cells on edge feed HLMPA. The graph of reflection coefficient v/s
frequency of MHLMPA is depicted in (Fig.8.15a) It resonates at 5.8 GHz, and
11 GHz. At the resonance frequency, the return loss is very low, The BW, gain,
return loss, and VSWR are presented inTable 8.4. (Fig.8.15b) presents a far-field
radiating pattern in the UN and VN plane at 5.8 GHz resonance frequency. The
gain of an antenna is 3.1 dBi at 0°. (Fig.8.16a) presents a far-field radiating
pattern in the UN and VN plane at 11 GHz resonance frequency. At 11 GHz,

the gain of an antenna is 1.8 dBi at —44°.
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Figure 8.15: MHLMPA antenna parameters

The smith chart showing impedance matching at 5.8 GHz of MHLMPA is
presented in (Fig.8.16b) At 5.8 GHz, the impedance is almost 50 ohms. VSWR
is depicted in (Fig.8.15b) Its value at 5.8 GHz is 1.02. The gain of an antenna is

a very important parameter.
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11.3 GHz. 5.8GHz

Figure 8.16: MHLMPA antenna parameters

(Fig.8.15b) presents a 3D view of the far-field of an edge fed MHLMPA at 5.8

GHz. The total gain of an antenna has been shown in the figure.
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Table 8.4: Different parameters of MHLMPA.

Resonance Frequency 5.8 GHz 11 GHz
Reflection coeflicient -50 dB -38.6 dB
Bandwidth (10dB) 750MHz 2.25 GHz
Gain 3.1 dBi 1.19dBi

VSWR 1.02 1.04

8.5 Kaju leaf shape Microstrip Patch Antenna

8.5.1 Design of geometrical structure of Kaju leaf shape Microstrip

Patch Antenna

The shape of the Kaju leaf also matches with the geometry of the circle to a
great extent. Hence, the design has been initiated from a circular microstrip
patch antenna (CMPA) with a radius of 6.47 mm. The proposed bioinspired
structure of the Kaju leaf is presented in(Fig.8.17) It resonates at frequencies
of 5.8 GHz and 9.67 GHz. Then the resultant CMPA is perturbed to achieve
the proposed KLMPA structure . The proposed structure is built on an FR4
substrate. Its dielectric constant is 4.4, loss tangent 0.02, and the height of the
substrate is 1.6 mm .The dimensions of KLMPA are presented Table 8.5.

Table 8.5: Design of KLMPA

Patch dimensions Optimized dimensions of Patch

antenna (mim)

Major axis of patch 14.2
Minor axis of patch 10.6
Sub. width (Ws) 20
Sub. length (Ls) 21
Feed length 2.5
Feed width 0.6
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Figure 8.17: KLMPA

8.5.2 Different parameters of KLMPA

The graph of reflection coefficient (dB) v/s frequency (GHz) of HLMPA is pre-
sented in (Fig.8.18a). It resonates at 5.8 GHz and 9.67 GHz. The BW, Gain,
return loss, and VSWR are shown in Table 8.6.(Fig.8.18b) presents a far-field radi-
ating pattern in the UN and VN plane at 5.8 GHz resonance frequency. The gain
of an antenna is 3.1 dBi.(Fig.8.19a) presents a far-field radiating pattern in the

UN and VN plane at 9.7 GHz resonance frequency.(Fig.8.19b) is for impedance

matching.
0
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Figure 8.18: KLMPA antenna parameters-1
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Table 8.6: Different parameters of KLMPA.

Resonance Frequency 5.8 GHz 9.67 GHz
Reflection coefficient -28.6 dB -21.7 dB
Bandwidth (10dB) 313.9 MHz 390.5 MHz
Gain 3.1 dBi 2.11dBi
VSWR 1.02 1.04
Phi=0deg ===== Phi=90deg

330 30

300

270

240

210 150

180

Total Gain (Frequency = 9.7 GHz) - kaju | Impedance - kaju |

(a) Far-field radiating pattern at 9.7 GHz. (b) Impedance matching of KLMPA at
5.8GHz.

Figure 8.19: KLMPA antenna parameters-2

8.5.3 Design of metamaterial-loaded KLMPA (MKLMPA) for wire-

less application

The proposed bioinspired structure of the metamaterial-loaded Kaju leaf (MKLMPA)
is presented in(Fig.8.20) The various dimensions of an antenna are shown in Table

8.6. It resonates at frequencies 5.8 GHz and 9.18 GHz.
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Table 8.7: Design of MKLMPA

Patch dimensions Optimized dimensions of Patch

antenna (mm)

Major axis of patch 12.7
Minor axis of patch 9.8
Sub. width (Ws) 19
Sub. length (Ls) 22
Feed length 3.1
Feed width 0.6

Figure 8.20: Metamaterial loaded Kaju leaf microstrip patch antenna

8.5.4 Different parameters of MKLMPA

The reflection coefficient v/s frequency graph of HLMPA is presented in(Fig.8.21)
The frequencies at which it resonates are 5.8 GHz and 9.18 GHz. The BW, gain,
return loss, and VSWR are depicted in Table 8.8 . The return loss is very low for
a perfectly matched antenna. (Fig.8.22a) presents a far-field radiating pattern in
the UN and VN plane at 5.8 GHz resonance frequency. The gain of an antenna
is 3.79 dBi. (Fig. 8.22b) presents a far-field radiating pattern in the UN and

VN plane at 9.18 GHz resonance frequency. The gain of an antenna and other
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parameters are shown in Table 8.8. Fig. 8.23a presents impedance matching
of antenna.Fig.8.23b presents 3D view of a far-field of MKLMPA and the total

surface current distribution at 5.8 GHz frequency is shown in(Fig.8.24)

404231 GHz
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Figure 8.21: Reflection coefficient v /s frequency of KHLMPA
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Figure 8.22: MKHLMPA antenna parameters -1
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Table 8.8: Different parameters of MKLMPA.

Resonance Frequency 5.8 GHz 9.18 GHz
Reflection coefficient -19.68dB -14 dB
Bandwidth (10dB) 404.4MHz 480.5 MHz
Gain 5 dBi 4.7 dBi
VSWR 1.04 1.14

Total Gain [dBi]
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(a) Impedance matching of MKLMPA at (b) 3D view Far-field radiating MKLMPA
5.8GHz

Figure 8.23: MKHLMPA antenna parameters -2
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Figure 8.24: Total surface current distribution at 5.8 GHz.

8.6 Results and Discussion

The metamaterial cell comprising of SSRR and a copper strip on the ground

plane of the substrate is designed and simulated using MATLAB software.
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Table 8.9: The comparison of the parameters of HLMPA(HL), MHLMPAM(MH),
KLMPA(KL), and MKLMPA (MK)

HL HL HL MH MH KL KL MK MK

Resonance Frequency  GHz 5.8 10 13.4 5.8 11 5.8 9.67 5.8 9.18
Reflection coefficient dB -39.1  -24.1 -14 -50 -38 -28.6  -21.7 -19.7 -14
Bandwidth (10dB) MHz 267.7 280.5 450.8 750 2250 314 391 404 480

Gain dBi 3.74 3.51 1.9 3.1 1.2 3.2 2.1 5 4.7

VSWR 1.01 1.04 1.12 1.02 1.03  1.02 1.04 1.04 1.12  1.02

Metamaterial cell with SSRR is simulated using the software. It has been found
that the cell with SSRR and strip depicts negative permittivity and permeabil-
ity. A metamaterial cell with only SSRR shows negative permeability to state
it as a single or mu negative metamaterial cell. The initiator circular microstrip
patch antenna (CMPA) structure with a radius equal to 6.48 mm has been de-
signed to resonate at 5.8 GHz. These bands are useful for applications such as
WiMAX, WLAN, and other wireless communication. Hence, the perturbation of
the initiator (CMPA) is used to realize the bio-inspired microstrip patch antenna.
Conventional and metamaterial loaded edge-fed Hibiscus leaf shape and Kaju leaf
shape patch antennas has been designed. All the proposed antennas resonate at
5.8 GHz and also some other frequencies as presented in Table 8.9. Improvement
in parameters of metamaterial loaded antenna has been observed. The compar-
ison of the parameters of HLMPA, KLMPA metamaterial loaded (HLMPA) and
metamaterial loaded (KLMPA) has been listed in Table 8.9.
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Chapter 9

Design simulation and fabrication of
metamaterial based rectangular

microstrip patch antenna

9.1 Introduction

The metamaterial cells show exceptionally great applications in the design of
microstrip patch antennas by improving its characteristics such as bandwidth,
return loss, and gain.The proposed double negative and mu negative metama-
terial cells are designed and tested using MATLAB software.[96] [97] [98]. A
conventional antenna and a proposed novel coaxial feed rectangular microstrip
patch antenna (RMPA) with resonance frequency 3.5GHz and a ground plane of
substrate is loaded with square split ring resonators is simulated using FEKO
software, analysed and comparison of parameters such as bandwidth, return loss,
gain and VSWR is presented. This patch antenna is designed on FR-4 substrate
with permittivity value equal to 4.4 and thickness equal to 1.6 mm.FR-4 material
is cheaper and easily available.This patch antenna with improved parameters can
be used for WiMAX application. The Bandwidth required for band with centre
frequency 3.5GHz is 200 MHz. And the bandwidth of proposed patch antenna is
274 GHz . The proposed antenna is fabricated to obtain experimental parame-

ters. Conventional antenna and proposed patch antenna are simulated, fabricated
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tested analysed and reported for performance comparison of its parameters|99]

[100).

9.2 Lefthanded and Mu negative Metamaterial Design

9.2.1 Double Negative Metamaterials

Figure 9.1: Square split ring resonators with strip (SSRR)

The SSRR Structure is designed using MATLAB code. In this way metal surface
is obtained, as shown in (Fig.9.1) The SSRRs and conductor strip on ground plane

create negativepand negative e respectively near resonance frequency file.[40].

9.2.2 Design of SSRR Cell

The SSRR with strip are designed on FR-4 substrate with permittivity value
equal to 4.4 and thickness equal to 1.6 mm The dimensions of 6.8 mm x 6.8 mm
SSRR are, a= 5.8 mm, b=4 mm, ¢=0.34 mm, d=0.4 mm, and e=0.5 mm. Strip
width f = 0.44 mm and strip length— 6.8 mm.

9.2.3 Parameters of SSRR Metamaterial Cell

S11 and S9; of SSRR cell depicted in (Fig.9.2a). The lowest magnitude of Sy
indicates that the cell resonates at 3.5 GHz frequency. The Magnitude of Si;
and So; at 3.5 GHz frequency is 0.2 and 0.79 respectively. which shows that

return loss is low at the resonance frequency. Both S parameters are important
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to calculate epsilon and mu of the cell. Frequency v/s epsilon and mu is plotted

using MATLAB software.

S-Parameters [Magnitude] :s\1D Results\Extract Material Properties [Re
. . . ‘ ‘ 30 . . . ‘ .

0.9 1= 20 - """" """ """" = =-Epsilon_r
081 TIPS S B
0.7 1 : : :
0.6 { 01
0.5 1 -10
0.4 {- 20 -
0.3 1 -30 1
0.2 1 40
0.1 N ? |
0 NS S S N 2 S
2 25 3 35 4 45 5§ -60 i i . : i
Frequency / GHz 2 25 3 35 4 45 S5
(a) S11 and Sa; of SSRR cell (b) Permittivity and permeability of SSRR

Figure 9.2: Parameters of antenna

(Fig.9.2b)shows the real part of the epsilon and mu of SSRR, which are neg-
ative. The negative epsilon and mu appears in the frequencies between 3.3 GHz
to 3.7 GHz. There for the antenna on metamaterial must be designed to operate
within the range of frequencies. At 3.5 GHz permeability is -7.1, permittivity
is -8.6. (Fig.9.3)shows the real and imaginary refractive index and impedance
of SSRR. It is observed that real refractive index is negative near resonance fre-
quency. Imaginary impedance equal to almost zero and real impedance equal to

50 ohms at the resonance frequency.

Results\Extract Material Properties [Real/Im
Wr—r—————— ;

= n (Re) |.
==-n(m)|

200 —— 4+
25 28332 36 4 42 45

Figure 9.3: Refractive index and impedance of SSRR

Our proposed cell is 6.8 mm x 6.8 mm, If the cell is designed with smaller
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dimensions then it will show the negative value of permittivity and permeability

at a higher frequency.

9.2.4 Single Negative Metamaterial cell

Cells which shows negative permeability are called a mu negative metamaterial
cell. The SSRR designed on FR-4 substrate with a permittivity value equal to 4.4
and thickness equal to 1.6 mm. The dimensions of 6.8 mm x 6.8 mm SSRR are, a
=5.8 mm, b=4 mm, c=0.4 mm, d=0.4 mm, and e=0.5 mm. Real and imaginary
values of Mu of SSRR are shown in (Fig.9.4). The negative mu appears in the
frequencies between 3.35 GHz to 3.8 GHz. Therefor the antenna on metamaterial
must be designed to operate within the range of frequencies. Hence, in this project
we considered a resonance frequency of 3.5 GHz. which is one of the frequency

band used for WiMAX applications in India.
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25 28 332 36 442 45

Figure 9.4: mu of SSRR at frequency 3.5 GHz

9.3 Metamaterial based Rectangular Microstrip Patch An-
tenna

Rectangular microstrip patch antenna is fabricated using SNG Metamaterial cells.

Which are used to increase the performance of the system. This cells could

substantially increase the gain and radiated power efficiency bandwidth of an

antenna|101].
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9.3.1 RMPA Design on Substrate without Metamaterial

RMPA has been designed at resonance frequency 3.5 GHz.For design equation re-
fer section 6.1.5. The design of RMPA without metamaterial is depicted in(Fig.9.5).

Figure 9.5: RMPA without metamaterial substrate

Table 9.1 presents dimensions of a RMPA without metamaterial cells. Reso-
nance freq. 3.5 GHz.Substrate : F'R4, €, = 4.4, height of substrate(h) =1.6 mm
Graph of reflection coefficient v/s frequency of RMPA is depicted in (Fig.9.6). It
resonates at 3.5 GHz. The BW of RMPA is 123.6 MHz and Return loss — -39.6
dB.

Table 9.1: Design of RMPA

Patch dimensions Calculated dimensions Optimized dimensions of Patch
of patch antenna (mm) antenna without metamaterial(mm)
Width of patch(W) 26.08 24
Length of patch (L) 19.98 18.8
Sub. width (Ws) 35.68 35
Sub. length (Ls) 29.66 29
Feed length 9.3
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Figure 9.6: Reflection coefficient v/s frequency of RMPA without metamaterial
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Figure 9.8: Smith chart showing

Figure 9.7: Gain of patch antenna without impedance matching of RMPA at 3.5

metamaterial GHyz

The smith chart showing impedance matching at 3.5 GHz of RMPA without
metamaterial is presented in(Fig.9.8). At 3.5 GHz the impedance is almost 50

ohms. without metamaterial.

9.3.2 Rectangular Microstrip Patch Antenna (RMPA) Design on Meta-

material Substrate

RMPA with metamaterial substrate has been designed at resonance frequency of
3.5 GHz .Used for WiMAX application.The dimensions of antenna are shown in
Table 9.2. The FR-4 substrate with €, = 4.4 and Loss tangent =0.01 is used for
designing antenna . (Fig.9.9) Shows cells of SSRR on ground plane of RMPA.
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Table 9.2: Design of RMPA with metamaterial

Patch dimensions Optimized dimensions of Patch

antenna with metamaterial(mm)

Width of patch(W) 23.5
Length of patch (L) 17.6
Sub. width (Ws) 35
Sub. length (Ls) 30

Feed length 10.4

Figure 9.9: SSRR cells on ground plane of RMPA.

(Fig.9.10) presents graph of reflection coefficient v/s frequency of RMPA with

a metamaterial. The RMPA resonates at 3.5 GHz . The BW of RMPA is 274
GHz. The reflection coefficient is -30 dB.
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Figure 9.10: Reflection coefficient v /s frequency of RMPA with metamaterial

Impedance matching of RMPA with SSRR at 3.5 GHz is shown in smith
chart(Fig.9.11) Impedance at 3.5GHz is 50 ohms.

Figure 9.11: Smith chart showing impedance matching of RMPA with metamaterial at 3.5
GHz.
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(a) 2D cut view of E-Field at phi=0 and (b) 3D far field total E-Field distribution at
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Figure 9.12: Parameters of antenna
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(a) 3D view of far field at 3.9 GHz. (b) Total Directivity at 3.5GHz.

Figure 9.13: Far field E-plane radiation patterns for a metamaterial loaded RMPA.

(Fig.9.12a) depicts 2D cut view of E-Field at ¢ = 0° and ¢ = 180° (Dotted
curve), show a maximum antenna gain of 4 dBi with a main lobe in the direction
of § = 0° and¢ = 0° .(Fig.9.12b) shows 3D far field total E-Field distribution at
3.5 GHz. (Fig.9.13a) shows 3D view of far field at 3.9 GHz. Total Directivity
at 3.5GHz is depicted in (Fig.9.13b) From this results we infer that a microstrip
patch antenna mainly radiates in the vertical direction. This is in agreement
with the theoretical radiation pattern for these structures. Gain remains almost

constant over total bandwidth. The directivity of antenna is 6 dBi.

9.4 Fabrication and experimental parameters of metamaterial-

based rectangular microstrip patch antenna

9.4.1 Experimental Parameters of Metamaterial loaded Rectangu-
lar Microstrip Patch Antenna.(RMPA) from Vector Network
Analyser(VNA)

Practical graph of Reflection coefficient v /s frequency of RMPA with metamate-
rial obtained from VNA is depicted in(Fig.9.14) The fabricated antenna resonates
at 3.5 GHz which is exactly same as simulated frequency. The bandwidth is 210
MHz and return loss is -40 dB.

150



Trc1 Bl 98 Mag 10dB/ Refo dB 1
511 +M1 (3505178 GHz -4 026 B

10

-

Ch1 Start 25 GHz Pwr 0 dBm Stop 4 GHz
7/20/2021, 130 PM

Figure 9.14: Reflection coefficient v/s frequency of RMPA with metamaterial obtained from
VNA
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Figure 9.15: Reflection coefficient v /s frequency of metamaterial loaded RMPA generated using
.csv file obtained from VNA

This graph presented in Fig.9.15 is plotted by converting real and imaginary
values of S7; into magnitude in dB. The resonance frequency obtained using this
procedure is 3.5 GHZ. Smith chart is shown in (Fig.9.16), The impedance at 3.5

GHz is 49.21 ohms. Which is almost equal to design impedance of 50 ohms.

151



»r
Trel Smith  Ref1U 1 0f 1 {Man)

sM1 3554352 GHz 49213 Q
£l 156391 Q

_‘,\ \ 3525 h

)

AN

| ;!
0 0p 05 1 2 “‘m’ szl

NS/

Ch1 Start 2.5 GHz Pwir 0 dBm Stop 4 GHz
772072021, 1:40 PM
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(a) Fabricated top view of RMPA. (b) Fabricated bottom view of RMPA.

Figure 9.17: Fabricated top and bottom view of RMPA

Top view and bottom view (metamaterial loaded) of RMPA is presented in
(Fig.9.17a) and (Fig.9.17b respectively. Double sided copper clad with 1.6 mm
thick FR4 substrate is used for fabrication. Fabrication is done using .gbr file.

Figures 9.18a and 9.18b are used for fabrication of microstrip patch antenna.
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Figure 9.18: Figures used for fabrication .gbr file

9.5 Results and Discussion

The metamaterial cell comprising of SSRR and copper strip on a ground plane of
substrate. And metamaterial cell comprising of SSRR, are designed and simulated
using MATLAB software, it has been found that the cell with combination of
SSRR and copper strip on ground plane is double negative cell with negative
permittivity, permeability and refractive index, while the other cell with only
SSRR is a single or mu negative cell that shows negative permeability. The
comparison of the parameters of RMPA with and without metamaterial is listed
in Table 9.3. Metamaterial based RMPA is fabricated using double sided copper
clad with 1.6 mm thick FR4 dielectric substrate. It is observed that practical
value of resonance frequency is equal to design frequency.

RMPA loaded with metamaterial and without metamaterial are simulated , It
has been found that the bandwidth of antenna loaded with metamaterial cells
increases considerably in comparison to RMPA without cell. RMPA without cells
return loss and bandwidth are -35.84 dB and 122.9 MHz respectively. Whereas
RMPA with metamaterial the return loss and bandwidth are -30 dB and 274.2
MHz respectively. Gain of RMPA without cells is found to be equal to 2.74 dBi
and with cells it is 5 dBi . So the bandwidth is increased by 151.3 MHz. And gain
is increased by 2.23 dBi based on simulated results it has been found that the
bandwidth and gain of RMPA has improved. VSWR of the conventional antenna
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Table 9.3: Different parameters of RMPA.

Parameters RMPA without RMPA with Experimental parameters
metamaterial metamaterial of RMPA
Reflection coefficient -35.84 dB -30 dB -40dB
Bandwidth (10dB) 122.9 MHz GHz 274.2 MHz 210.2 MHz
Gain 2.74 dBi 5 dBi
VSWR 1.1 1.04

is 1.1 and that of the antenna with metamaterial is 1.04.Smaller the value better

is impedance matching.
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Chapter 10

Conclusions And Future Scope

10.1 Conclusions

In this research work various metamaterial cells like square split ring resonator
(SSRR) comprising SSRR and copper strip on a ground plane of the substrate.
And metamaterial cell comprising of only SSRR, Circular split ring resonator and
complementary circular split ring resonators are designed and simulated. Also
various types of patch antennas like rectangular microstrip patch antenna, Cir-
cular patch antenna, covered various design concepts for unique bioinspired mi-
crostrip antennas in this thesis. The Hibiscus leaf-shaped and Kaju leat-shaped
bio-inspired conventional and metamaterial- based antennas are designed and
simulated.The following are some of key observations and conclusion extracted
from the simulation, testing and measurement of proposed metamaterial and
patch antenna design.

e By observing simulated results, it has been found that the permeability, per-
mittivity, and refractive index are negative in case of metamaterial cell with strip
on ground plane and permeability is negative in the latter case that is only split
ring resonator cell, which implies that the former one is a double negative cell
and the latter one is mu negative cell or also called as single negative cell.

e From the simulated results of RMPA, it has been found that the RMPA res-

onates at 3.5 GHz and the parameters of antenna have improved considerably by
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loading the proposed mu negative metamaterial structure at the ground plane of
the antenna. That reduces surface wave propagation. The simulated results show
a considerable increase in BW, low return loss, increase in gain, and decrease in
VSWR. and the antenna has miniaturized in size compared to antenna without
metamaterials.

e This proposed metamaterial based microstrip patch antenna designs are sim-
ulated fabricated and practically tested for validation of the design and proper
functioning for WiMAX application. The fabricated antenna resonates at 3.5
GHz, which is the same as its design frequency. The center frequency of one of
the WiMAX bands in India is 3.5 GHz and with improved antenna parameters,
The proposed antenna can be used for WiMAX application

e We have covered various design concepts for unique bioinspired microstrip
antennas in this chapter. The Hibiscus leaf-shaped and Kaju leaf-shaped bio-
inspired conventional and metamaterial- based antennas are designed and simu-
lated using FEKO software. Both antennas are multi-band. The HLMPA res-
onate at 5.8 GHz, 10 GHz,13.4 GHz, and Kaju leaf shape MPA resonates at
5.8 GHz and 9.67 GHz, both antennas have considerable bandwidth and gain so
that can be used for WiMAX and other wireless applications. The Metamaterial-
loaded antenna has shown considerable improvement in parameters. And also, it
has shown a reduction in dimensions. Based on the output, it can be stated that
the hibiscus leaf shape antenna has shown better performance than the Kaju leaf
shape antenna. In comparison to other conventional designs, bio-inspired anten-
nas depict a higher concentration of surface current in a smaller area.

e Along with the fundamental modeT M,,, of microstrip patch antenna, second
order mode can be excited by loading either a slot or split ring resonator on the
surface of patch antenna.

e This thesis presents an edge port fed rectangular microstrip patch antenna
without and with metamaterial with resonating frequency 26GHz. Design and

simulated results indicate that the RMPA gain and bandwidth have improved
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considerably by loading metamaterial on it. Also, the dimensions of the patch
antenna have been decreased.

e Also square split ring resonator has been mathematically modeled and simu-
lated at 26 GHz resonance frequency . The calculated frequency was found to be

almost equal to simulated frequency.

10.2 Future Scope

In this Thesis metamaterial-based patch antenna design for various frequencies
have been presented. Metamaterial inspired structures like antenna designs are
very interesting and useful on-going open research topics in the present scenario.
Thus, the future research directions various planer antenna design based on dif-
ferent metamaterials structures are as follows.

e Design and develop novel metamaterial cell structure with negative epsilon and
mu values and apply them to design higher frequency 5G antennas.

e Design phased array with metamaterial structure for electronically controlled
beam steering function.

e Implementation of metamaterial inspired microstrip patch antenna or MIMO

antenna on flexible substrate for specific applications like 5G communication.
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