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Abstract

An Inverted L-C-shape EBG antenna is presented for C-band application in
communication technology in this thesis. An Epsilon Negative (ENG) Material is
used for an effective antenna design.FR-4 material is used as a substrate of 11x11
mm? dimensions in this design having a dielectric constant is 4.3 and a thickness
is 1.6 mm in unit cell design. But the dimension of the antenna is double to unit
cell dimensions such as 22x22 mm? where the main patch antenna, EBG structure,
or unit cell design consists of copper metal with 0.035 mm thickness and 10x10
mm? dimension. At the resonant frequency of 8.01 GHz, the return loss
magnitude is -42.29 dB for the proposed EBG antenna and covers the C-band and
lower ling of X-band quality to communicate. A 90.0 MHz bandwidth was
obtained from the inverted L-C-shape EBG antenna. Instead, the conventional
microstrip patch antenna provides 60 MHz bandwidth at the resonant frequency
of 7.11 GHz. The gain and directivity of the proposed EBG antenna are 6.42 dBi
and 7.27 dBi. Similarly, the required SNG material provides the only negative
value of electric polarizability is -1.69 enclosing the C-Band at the resonant
frequency of 7.11 GHz. The efficiency rate is 68.52% which refers to good EBG
antenna performance. The resulting performance with EBG technology provides
better performance such as return loss, far-field directivity, and bandwidth than
a basic microstrip patch antenna (without EBG). Specifically, the utilizing
properties of electromagnetic waves of ENG materials provides strengthening
gain and overall performance in EBG Antenna technology and that’s the goal of

our thesis study.
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Chapter 1: INTRODUCTION

1.1 BACKGROUND

The electromagnetic band gap characteristics of metamaterials are a kind of
novel gift to the world of material science such as the application of EBG antenna.
The mode of electromagnetic waves serves to improve the overall performance
of the antenna technology at a certain frequency. However, Metamaterials
(MTMs) possess remarkable periodic structures and electromagnetic wave
properties. It is also represented as a three-dimensional pattern in the entire
design. When more than one cell is stated together in a symmetrical system or
periodic structure, it refers to the cell array. The array structure also provides the
properties of epsilon negative and mu negative behavior to allocate the
transmitting signal in this study. So, to develop a material with finer performance
the unit cell is important for its smallest periodic structures. Metallic or silvery
elements usually refer to the construct of the ground plane where the
electromagnetic band gap cell is stored periodically [1]. In the world of
electromagnetic, antenna, or microwave systems, the concept of electromagnetic
band gap is stated for periodic structures, and the analytical method of Finite
Difference Time Domain is discussed [2]. Also, to improve the capability of
antenna technology or microwave applications, the metamaterials provide
outstanding performance using the properties of Single Negative (SNG) or

Double Negative (DNG) metamaterials.

Due to the electromagnetic wave characteristics of the metamaterial, we
proposed an EBG antenna that originated for our research purpose, which was
demonstrated step by step in the following section. Particularly, the negative of

permittivity refers to Epsilon Negative Materials (ENG). The material types also
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refer to Single Negative (SNG) Materials. It has many applications such as
antenna technology, absorbers, sensor-related applications, clocking
applications, and radio transmission systems. Other benefits of low profile or size

reduction stability are found in this EBG Antenna technology without
disturbance. The ability of proper electric line flow through the materials was

observed by these Epsilon negative materials. So, in communication systems,
multiband materials or an array of materials are used to optimize gain or the
outcomes of systems [3]. Also, EBG antenna are used in microwave frequency
range or broader distance types communication systems or cell phones very
smartly. Nowadays, the EBG structures or meta surface structures used to
improve the performance of circularly polarized microstrip patch antenna. So, by
using these electromagnetic properties, size reduction may occur in the antenna
and is applicable to the microwave frequency range. These band gap behaviors
are used in artificial intelligence technology based on sensors or clocking and
signals in the communication section. The efficiency of the trunks of receiving
transmitter power may increase by the electromagnetic properties of EBG
structures. For X-band satellite transceiver applications, a woodpile EBG
structure was designed and optimized for the development of gain in antenna
technology. However, the EBG concept may increase the communication
systems.

In this thesis, a novel unit cell is designed and optimized for the properties
of the metamaterials. Particularly, the negative of permittivity refers to Epsilon
Negative Materials (ENG). So the resulting properties refer to the Epsilon Negative
(ENG) Materials and cover the C-band and X-band frequency range. The
material types also refer to Single Negative (SNG) Materials. It has a wide range
of applications such as antenna technology, absorber, sensor-related
applications, and radio transmission system, However, At the resonant
frequency of 8.01 GHz, the return loss magnitude is -42.29 dB (FR-4) for the

proposed EBG antenna and covers the C-band quality to communicate. Due to
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the electromagnetic wave characteristics of this metamaterial, the proposed EBG
antenna originated in our research purpose and was demonstrated step by step
in the following section. Due to the size reduction of the patch dimension and
proper impedance matching this EBG antenna is resonant at 8.01 GHz. So it
reminds the better-reflected electromagnetic waves found without any
disturbance in our proposed Inverted L-C-shape EBG design for its higher
magnitude of return loss performance.

In telecommunication systems, frequency bands offer to allow or transmit
the signal without disturbance. C-band and X-band hold the frequency range
from 4 GHz to 12 GHz. C-band offers cheaper bandwidth significantly broader
range of transmitting systems. For satellite communication technology, the C-
band is used to increase and cover 5G networks. The C-band is also able to assist
the 5G tele-networks with wide distances. So the lower and higher range of these
bands also provides small-size data transmission at Very Small Aperture
Terminal (VAST). Also, the installation system of these is easy and effective for
users in any area. Also, satellite application or radars from the ground link
(3GHz- 4GHz) to the upper link(5GHz to 6GHz) provides a wider range of
transmitting and receiving systems. And X-band offers a cost-effective device,
especially for making small antenna. So that it may use various applications
frequently on higher power systems. Similarly, the C-band offers a small-size
antenna design depending on the wavelength in antenna technology. The
disadvantages of having C-band and X-band focused on maintenance, cost, and
size of the antenna. However, the limitations of these bands may be overcome by
their significant features and applications. By inspiring the previous research
work and overcoming the limitation of metamaterials science and antenna
technology, this thesis work proposed better outcomes. Our proposed unit cell
and arrays both are enable to cover C-band and X-band. Additionally, the
proposed EBG antenna holds these bands by its electromagnetic band gap

properties.
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1.2 PROBLEM STATEMENT

To achieve peak success in material science or communication systems
proper behavior of metamaterials is important. In this thesis, a unique unit cell
may be designed and optimized with good performance for constructing a
strengthening electromagnetic band gap type antenna. Sometimes, it's difficult to
make desirable antenna designs for large-size conditions. Fortunately, this
electromagnetic band gap-type antenna provides simplicity of design and size.
Designers or researchers may develop their skills in this section.

The SNG materials are found in nature and that’s a great advantage of
transmitting or communication-based applications. Stepwise evaluation of the
design will be designed by good observation for processing of transmitting
signal. Similarly, the ability to approach the transmitting system at low or high
frequencies provides a good response for designing the desired system. So, the
study of this thesis focuses on the development and enhanced performance of

EBG Antenna.

1.3 AIMS AND OBJECTIVES

The utilizing properties of electromagnetic waves of a Single Negative
Materials provide strengthening performance in electromagnetic band gap
antenna technology and that’s the goal of our thesis. To enhance the overall
performance of antenna technology the concept of an EBG unit cell differs from
other techniques and offers various types of applications in a certain frequency
for any wireless communication system.

The main objectives of this thesis are as follows:
e To design and analyze the properties of a unit cell for recognition as an

SNG metamaterial.

e To evaluate the performance of the array unit cell of the metamaterial for

dual bad application and the performance parameter of the EBG antenna.
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1.4 SIGNIFICANCE, SCOPE, AND DEFINITIONS

An Inverted L-C-shape EBG antenna is presented for C-band application in
this thesis. Microstrip line feeding method used to transmitting power in this
design. Also, the characteristics of this proposed unit cell are optimized to clarify
the specific metamaterial types of SNG materials based on the Finite Integration
Technique (FIT). To develop the enhanced quality of the proposed EBG antenna,
the conventional microstrip patch antenna is also designed and compared with

the EBG antenna.

Generally, an Antenna refers to an electrical device that converts electric
power into electromagnetic waves or converts electrons to photons. the antenna

radiates the energy from the current as electromagnetic waves (radio waves).

Electromagnetic band gap structures consist of periodic metal patches on a
dielectric substrate. That creates a stopband to block electromagnetic waves of
certain frequency bands. So, the proposed antenna provides outstanding
performance parameters in this thesis which also balances the frequency band in
EBG antenna technology. In a communication system, the proposed unit cell will
also be used in an absorber, sensor, or integrated circuit system. Hence,
systematic materials always supply goods application in the communication
system without any trouble. So, EBG Antenna ensures the enhanced quality of

gain, directivity, and return loss performance at the required frequency of 8 GHz.
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1.5 THESIS OUTLINE

Chapter 2 reviews the literature background of metamaterials and their

types. Also, discuss previous work of EBG Antenna and the proposed antenna.

Chapter 3 focuses on the proposed design of the metamaterial and its
characteristics. Stepwise design evaluation explained with essential parameters.
Unit Cell Array structure is developed and explained in this section. Analysis of

the array properties.

Chapter 4 contains the design of the microstrip patch antenna. The

proposed EBG antenna with specifications is also described in this section.

Chapter 5 describes the overall performance of the EBG antenna compared

with the microstrip patch antenna.

Chapter 6 is the conclusion section of the overall performance of the
proposed EBG Antenna in communication technology and future outcomes in

antenna technology.
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Chapter 2: LITERATURE REVIEW

2.1 BACKGROUND AND METAMATERIALS

From the Greek word ‘meta’, the word Metamaterials is established.
Metamaterials are arranged based on the magnitude (negative or positive) of
these material's properties. However, Metamaterials are artificial substances that
behave in ways not found in substances in the natural world.Using this property
of negative permittivity or permeability, both are in negative magnitude, the
metamaterials provide excellent advantages for communication systems. The
properties of epsilon negative and mu negative materials will be obtained by
having higher bandwidth and gain of the cell systems. The capability of
absorption will be observed in this study which is a significant advantage of
wireless communication systems or sensing applications. Negative Refractive
Index (NRI) behavior was first observed in Smith’s studies where loop wiring
and Split Ring Resonators (SRRs) were used to acknowledge the behavior [4].
This behavior also provides left-handed characteristics [5]. Single negative
characteristics are also used to identify the left-handed materials [6]. Various
types of applications may develop by this concept of electromagnetic waves.
Similarly, different shapes of materials were developed using the concept of SNG
or DNG characteristics. In communication systems, multiband materials or an
array of materials are used to optimize gain or the outcomes of systems [7]. Using
the substrate Rogers RT5880, the triple resonant frequency was observed in
the sensing application [8]. Triple-band absorbers are also made with
electromagnetic compatibility [9]. To improve the capability of antenna
technology or microwave applications, the metamaterials provide outstanding

performance using the properties of SNG or DNG. For single-band applications,
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square SRR-shape unit cells are used with NRI properties [10]. The S-band, C-
band, and X-band frequencies were obtained for satellite and radar
communication [11]. A Z-shape unit cell designed to cover dual band
applications with LHM properties [12]. An Epsilon Negative (ENG) material
is also used for satellite communication [13]. Various types of unit cells use
microwave frequency range in communication systems day by day [14].
Therefore, the characteristics of the unit cell may balance the band frequency very
smartly in wideband communication systems. The uses of the electric effect and
the force of the magnetic effect are becoming wider day by day in this advanced
technology.Also, in multiband applications strong shifting or filtering is
important to demonstrate any metamaterials design. For satellite applications
such as TV networks or radio communication networks, the meta-atom provides
faster networking systems in the microwave range [43]. Similarly, various types
of sensor applications or super-lens are made based on the metamaterial property
[44]. The uses of material increased widely so a researcher or designer may
improve the parameters of material to make any desirable system. As a result,
unique or novel metamaterial may be included in material science or

communication systems.

2.2 TYPES OF METAMATERIALS

However, types of metamaterials vary by their material properties such as
permeability, permittivity, and refractive index. Generally, the ratio of the
permittivity of the materials to the permittivity of free space(vacuum) refers to
the relative permittivity of the materials. This property also affects the
propagation of electric fields so it's an important parameter for electromagnetics
applications. At the same time, permeability offers the ability to allow the density

of magnetic flux.

If the value of permittivity (¢) or permeability (u) is negative then it

is referred to as Single Negative Materials (SNG). When both are in negative
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magnitude then it relates to Double Negative Materials (DNG) with negative
refractive index [15]. Similarly, the Mu Negative (MNG) materials refer to when
the material's properties such as permeability are less than zero (u < 0) and
permittivity is greater than zero (¢ > 0). But when the material's oppositive
properties of Mu Negative materials then it refers to Epsilon Negative materials
such as the permittivity less than zero (e < 0) and permeability greater than zero
(u>0). The refractive index changes with the desired frequency in the system for
MNG materials and is mostly found in natural materials [16]. However, these

four types of metamaterials are represented in Figure 2.1-1.

y2i
(Permeability)
A
Epsilon Negative Material Double Positive Material
(ENG) (DPS)
e<0,u>0 e>0,u>0
Suppressed wave Propagation wave
no transmission
» &
(Permittivity)
Double Negative Material Mu Negative Material
(DNG) (MNG)
e<0,u<0 e>0,u<0
Propagation wave Suppressed wave
no transmission

Fig 2.2-1: Types of metamaterials based on permeability and permittivity [16]
2.3 EBG ANTENNA

The mode of electromagnetic waves serves to improve the overall
performance of the antenna technology at a certain frequency. The periodic
structure of the EBG unit cell differs from all other materials. So, it may induce
passband, stopband, or bandgaps and decrease mutual coupling by computing
the radiation of electromagnetic waves at a certain frequency. These EBG base

periodic materials may not be found in nature so the designer may develop the
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cell structure depending on interest in any certain frequency range. The EBG
crystal or material holds over the ground plane of the desired antenna layout [17].
Metallic or silvery elements usually refer to the construct of the ground plane
where the electromagnetic band gap cell is stored periodically. The band diagram
also shows the periodic structure and the response of electromagnetic waves [18].
In the world of electromagnetic, antenna, or microwave systems, the concept of
EBG is stated for periodic structures, and the analytical method of Finite
Difference Time Domain is discussed [19]. The frequency reconfiguring
technique works for multiband applications such as wireless communication
systems or cell phones [20]. Also, the desired gain and higher bandwidth are
other factors for the use of EBG unit cells in antenna technology [21]. To reduce
the antenna size provide a dual-band application in wireless telecommunication
systems also [22]. However, metamaterial types express both negative
permittivity and negative permeability properties that act as double negative
material (DNG) [23]. Epsilon-negative materials (ENG) have less than zero
permittivity and larger than zero permeability (e<0, p>0). A Mu negative (MNG)
material (permittivity > 0, permeability <0) [24]. Using the behavior of DNG
materials enhanced the gain of the antenna [25]. Obtained the broader range of
multiband or wideband using mushroom EBG [26]. The behavior of controlling
electromagnetic waves resulted in higher directivity and bandwidth in EBG
antenna technology [27]. Small sizes or size reduction may be caused by EBG
slots and obtaining a low-profile EBG antenna [28]. The amplifying quality of
electromagnetic waves also provides enhanced gain and is used in small-cell
technology [29]. However, the restriction of the antenna design such as lower
gain or, insufficient bandwidth may be overcome by using electromagnetic band
gap characteristics so it reaches any desired goal at a specific resonant frequency
[30]. In a high-speed switching circuit, the electromagnetic band gap offers
flexible and smoother signal integrity without noise [31]. Also, ultra-wideband

antenna technology, a mushroom-like EBG structure provides accurate band
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rejection properties [32]. So, the properties of electromagnetic band gap systems
are important for creating data connections in a communication network system.
In 2018, a modified mushroom-type EBG antenna was designed with a 3.85dB
gain performance and covered 72 MHz bandwidth [33]. Using electromagnetic
band gap property circular patch antenna designed for 2.45 GHz base application
[34].To enhance the gain a four-stacked -T shape EBG structure loaded in antenna
technology and provides the return loss is -22 dB [35].In the recent era, To
enhance the antenna parameter function the electromagnetic band gap (EBG)
technology may be the most recent concept for researchers. So, the improvement
of EBG structure increased day by day for antenna technology as well as material
sciences and electromagnetics. Slotted-type EBG structure used in antenna
design applicable in C-band communication systems [36]. 2.09 dBi gain enhanced
by using a rectangular EBG structure in antenna performance for Wi-Fi
applications [37]. Also, based on this band gap characteristics C-slot type
microstrip patch is designed for WiMAX applications covering 50 Km radius [38].
Size miniaturization is an important factor in choosing good antenna
performance. In WiLAN applications, enhancement types EBG slots are used for
antenna technology. Hence, the electromagnetic band gap behavior provides this
size miniaturization ability to make a low-profile EBG antenna [39]. A low-profile
and cost-effective antenna provides desirable outcomes to the communication
systems. To achieve better radiation and reduce the side lobe and back side lobe
levels the antenna structure is important. The EBG structure loaded on the
magnetic ground plane also provides a better radiation pattern and is applicable
for wideband communication systems [40]. In planner antenna, the
electromagnetic band gap structure is used for various application purposes [41].
However, the dimensions of EBG structures may differ by the periodic crystal
structure .So based on the application or systems a researcher may develop the

EBG structure for its unique electromagnetic band gap properties.
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Chapter 3: UNIT CELL DESIGN
METHODOLOGY

3.1 DESIGN APPROACH OF PROPOSED UNIT CELL

To optimize the electromagnetic properties of the proposed unit cell and
array design, we need to observe the response of the reflection and transmission
coefficient by following equations (1). The properties analysis is applied by Finite

Integration Technique (FIT) to measure the scattering parameters.

_ (z0—-1)
= (1)
(zo+1)
Here, T refers to the reflection coefficient. The relative impedance (Zo) is
determined (2) by
Ur
N 2)

Also, when the reflection coefficient is obtained definitely at each port it refers to
scattering parameters (S-parameters) of the unit cell such as Sz and Su: [12]. So,
the transmittance (S21) and reflectivity (Si1) of the unit cell are obtained by the

equations of (3) and (4):

_ (1-r?®)z

ST e 3)
_ (1-zH)r

S0 =T @

The simulated results of the transmittance (S21) and reflectivity (Si) of this
proposed unit cell also follow the Nicolson-Ross-Weir (NRW) method and are
used to optimize the effective medium characteristics of effective permittivity (e,)
and permeability (u,). Using this method, two composite variables of Viand V2
represent the addition and subtraction of scattering parameters of Sz and Su
shown in the following equation of (5) and (6),

Vi =581 +811 (5)
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Vo =521 =511 (6)
This equation is also used to separate the effective parameters from S,;and S;;.50,
the effective permittivity (€,) and permeability (i,) determined by the following
equation of (7) and (8),

Cc (1—V1)

& = Tara " (1o @
_ C (1—V2)
Hr = Tra * @em) ®)

For the effective refractive index, the Direct Refractive method was used to
determine this response from the S-parameters of the transmittance (S21) and

reflectivity (Su) of the unit cell as follows [45]:

c / (S —1)°-5%;
= X
r ]T[fd {(521'1'1)2—5%1} (9)

Using this mentioned equation the characteristics of the metamaterials found

from the analysis of S-parameters and effective permittivity (&,-), permeability
(4y-) and refractive index (n,) of the proposed unit cell design. So, the simulated
results of real and imaginary values of effective permittivity (&,.), permeability
(Uy) and refractive index (1) may extract from the S-parameters' performance

and verify the types of materials explained in the following section.
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3.2 METAMATERIAL DESIGN AND RESEARCH WORKFLOW

Theoretical Analysis
(Literature Review)

]
Analysis of Design Specifications
i
Unit Cell Design
y

Simulation

¥
Check the properties of the

metamaterial.
v

Check the types of metamaterials

!

Check the frequency response

Check the ability to
cover single or
double-band

Get desirable outcomes.

Fig 3.1-1: Flowchart of metamaterials thesis work
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3.3 PROPOSED UNIT CELL DESIGN AND SIMULATION SETUP

Substrate selection is important to support any materials design or unit cell
type. The metallic elements of the copper split resonator are used to form the
metallic structure of the proposed inverted L-C-shape unit cell design in Figure
3.1-2. The copper element is stated on top of the substrate with different sizes of
length but the same in width is 0.035 mm. Here, the length and width of square
copper metals are c=10 mm and d=10 mm. Rogers RT5880(lossy) substrate
materials with a dielectric constant of 2.2 used for overall dimensions of
11x11x1.6 mm3*Hence, For better performance, we set the thickness of this
substrate is 1.60 mm and thermal conductivity is 0.2 WK'm™. Two L-shape
resonators are shaped by copper metal and the width is 1 mm. Also, the width
and length of the substrate are the same in dimensions refers the parameter a =11
mm and b= 11mm. Here, the height of copper metal is 0.035 mm declared as Dc,
and the height of Rogers substrate is declared as Dr in the design. Different types
of square slot gaps were used to obtain better performance of this design as ‘g=
0.50 mm” and ‘h= 0.75 mm’ which are also explained in the following section.
Also, we focused on the middle of the structure the cylindrical shape
demonstrated by the outer radius of R=1.5 mm and the inner radius is r=1 mm in

the proposed design.

Y
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RT-5880 i D, Fr4 i D,

Figure 3.1-2: Geometrical View of Proposed inverted L-C-shape Unit Cell

The properties analysis is applied by Finite Integration Technique (FIT). The
proposed unit cell is placed between two waveguide ports such as port-1 and
port-2. So transmitting the signal from port-2 to port-1 such as EM wave
propagation stated along the positive and negative of the z-axis. The simulation
setup is offered by CST Studio Suite software in Figure 3.1-3 which is based on
FIT. The CST software provided the way of simulator choice of mesh type as
tetrahedral [37]. The magnetic field and electric field are accomplished along with
the x-axis and y-axis where the z-axis is executed as an open space in the
boundary to control the system. The frequency domain solver is used to minimize

the solver runs so it provides fast results in a specific frequency problem.

Figure 3.1-3: Simulation setup for proposed unit cell design

Chapter 3: UNIT CELL DESIGN METHODOLOGY 16



3.3.1 Design Specification of Proposed Design
Table 3.1-1 indicates the parametric dimensions unit in millimeters (mm)
scale of the proposed design.

Table 3.1-1 Dimension of an inverted L-C-shape unit cell:

Description Parameters Value(mm)
Substrate Width a 11
Substrate Length b 11

Copper Length c 10

Copper Width d 10
Design Parameter e 4.25
Design Parameter f 6

Square Gap g 0.5
Cylindrical Gap h 0.75

3.3.2 Stepwise Design Workflow Analysis

To reach the required design goal, the stepwise approach of the proposed
design is indicated in Figure 3.1-4. The Final step in the diagram focuses on our
desired structure. Gradually the outcomes of the transmission coefficient
developed in this design and obtained two resonant frequencies indicated by the
graphical presentation in Figure 3.1-5. No resonant frequency was found in Step
1. The performance of the transmission coefficient (Sz1) by changing the step of
the offered final design structure. These results indicate the SNG metamaterial
properties. The transmission co-efficient reminds the properties of metamaterials
such as -70.44 dB of the magnitude of Sz indicates the behavior of the unit cell at
711 GHz frequency and -37.99 dB of Sz1 mode of transmission at 8.86 GHz
frequency whereas the Su is near zero or zero for the system. In Step 1, the
magnitude of Sa1is -5.98 dB at the same frequency of 7.11 GHz. Similarly, the
magnitude of Sz is -58.54 dB at 7.11 GHz frequency, and the improvement of
magnitude from step 2 to the Final proposed step. Hence, the outcomes from the

stepwise approach of the Final proposed inverted L-C-shape unit cell cover two
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frequency bands C-band and X-band, and found the material properties which

are also discussed in the result section.

Step-1 Step-2 Step-3

A
A

Y

L}X Proposed Design Step-5 Step-4

Fig 3.1-4: Stepwise Design Procedure of Proposed Inverted L-C-shape Unit Cell

T T T T T i
6.5 7.0 75 80 85 9.0 95
Freauencv (GHz)

Fig 3.1-5: Stepwise design analysis due to Transmission Co-efficient(S21)
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Fig 3.1-6: Statistics analysis (a) by changing the cylinder gap ‘g’(b) by changing the
square shape gap ‘h’
Figure 3.1-6 indicates the improvement of the magnitude of the transmission

coefficient (S21) by changing the cylindrical gap of ‘g” and the gap ‘h’ of the square
shape design parameter to reach the desired shape of ‘L’. Figure 3.1-6 (a), the
cylindrical gap (g) of 0.50 mm offered the desired results at 7.11 GHz and 8.86
GHz frequencies such as -70.44 dB. The change of g = 0.25 mm and g=0.75 mm
offered -71.88 dB at the frequency of 7.10 GHz and -72.2 dB at the frequency of
7.12 GHz. Similarly, in Figure 3.1-6 (b) changing the design parameter of h=0.75
mm provided a better magnitude of transmission coefficient in our design such
as -72.54 dB at the frequency of 7.11 GHz. Utilizing this two-design parameter we
fixed the value of g=0.5 mm and h=0.75 mm offering better magnitude for further

analysis and the material properties.
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3.3.3 Response of the Proposed Unit Cell

The simulated result of the transmission coefficient and reflection
coefficient is shown in Figure 3.1-7. Here, Two resonant frequencies are observed
in the proposed unit cell. Two resonant frequencies are induced by electric
resonance at 7.11 GHz and 8.86 GHz. The magnitude of the reflection coefficient
(S11) is minimum (zero) when the transmission coefficient is maximum in the
desired result indicated in this graphical presentation. However, the ratio of the
magnitude of transmitted data to incident data refers to the transmission
coefficient. So, the probability of transmitting the signal depends on this
transmission coefficient. Here, these two resonant points of 7.11 GHz and 8.86
GHz provide material properties of epsilon negative materials (ENG). Similarly,
Figure 3.1-8 indicates the response of a) permittivity, b) permeability, and c)

refraction index of the proposed materials.

Magnitude of S5y and S;; in dB

! 1 I I ! 1
6.5 7.0 75 8.0 85 9.0 95

Frequency (GHz)

Fig 3.1-7: Response of Transmission Co-efficient (S21) and Reflection co-efficient (Si1)
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Figure 3.1-8: Response of (a) Permittivity, (b) permeability, and (c) Refractive index of
the proposed design

At the resonant frequencies of 7.11 GHz and 8.86 GHz, the magnitude of
permittivity is -1.69 and -0.588 referring to the epsilon negative material in Figure
3.1-7 (a). The refraction index of the proposed design provides a positive
magnitude such as 0.83 and 3.02. Balancing the configuration of the design also
provides a better response to the properties of epsilon materials. The magnitude
of epsilon is less than zero (¢ < 0) where the permeability is greater than zero.
Hence, the response of the effective medium parameters of this proposed
inverted L-C-shape unit cell such as permittivity, permeability, and refraction
index refers to the epsilon negative materials property in this study. Figure 3.1-9
(a) indicates the maximum magnitude of the surface current is 180 Am- to 193
Am at the resonant frequencies 7.11 GHz and 8.86 GHz respectively. However,

Surface Current Distribution determines the electromagnetic properties of the
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surface structure.Figure 3.1-9 (b) and Figure 3.1-8 (c) refer to the electric field and

magnetic field direction in three-dimensional mode.

A/m

150
120

Fig 3.1-9: Results of (a) Surface Current distribution (b) Electric Field, and (c) Magnetic
Field at 7.11 GHz frequency.
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3.4 UNIT CELL ARRAY

3.4.1 Two Array Design

To estimate the effect of mutual coupling between unit cells the array
structure provides better advantages. Here, Figure 3.2-1 indicates the unit cell
array structure (a) 1x2 array and (b) 2x2 array. The dimension of the 1x2 array is
11x22 mm? stated on the same substrate of RT5880.In 1x2 array structure p=22
mm and q=11mm denote the width and length of the array structure respectively.
Similarly, The width and length of the 2x2 array are s=22 mm and r=22 mm in the
design. The thickness of the substrate and copper metal of these two array
structures same as the proposed inverted L-C-shape unit cell. The power signal
sets the port connection system from port 2 to port 1. The boundary setting of 1x2
array and 2x2 array unit cell is the same as the basic inverted L-C-shape unit cell
structure such as the x-axis and z-axis referring to the magnetic and electric fields.
Using the array structure, multiple resonant frequencies were obtained to
determine the properties of metamaterials which also covered multiple
frequency bands in our study. Using a design and analyzed base computer
software similar to a proposed unit cell, this two-array structure also provides
better performance such as good material properties. The same boundary
condition and selection of magnetic field and electric field were applied. Also,
the bandwidth of the unit cell array provides a better range for transmitting data

in the communication system.

<
<
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A

q

C C
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Fig 3.4-1: Geometrical Unit cell Array Structure (a) 1x2 array (b) 2x2 array

3.4.2 Properties of Array

Here, in a 1x2 array, the cell provides two resonant frequencies. For the
effects of electric resonance such as ¢ are -3.43 and -0.81 indicated in Figure 3.2-2.
The 1x2 array cell delivered epsilon negative materials properties in the resonant
frequency of 7.15 GHz and 7.82 GHz and covered the C-band frequency band.
Hence, the 1x2 array cell balanced the C-band and X-band frequency and is also
used for any telecom networking system. However, the 2x2 array cell provides
three resonance frequencies indicated in Fig.3.2-2 by the response of materials
properties such as permittivity, permeability, and refractive index. Due to electric
resonance, there are two operating frequencies 7.15GHz 8.62 GHz, indicating the
permittivity is -1.59 and -0.026. According to two this array response for
permittivity referred to the epsilon negative materials. This ENG material covers

the C and X band frequencies.
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Fig 3.4-2 Response of the magnitude of 1x2 array cell and 2x2 array cell (a) Permittivity,
(b) Permeability, and (c) Refractive Index

In the 2x2 array cell, the resonant frequency of 8.88 GHz, the permeability value is
156.85 and the permittivity value is 0.06. Similarly, the refractive index for 8.82
GHz and 8.87 GHz frequencies is 2.52 and 4.57. Figure 3.2-3 represents the surface
current distribution of the (a) 1x2 array unit cell and (b) 2x2 array unit cell

structure in the resonance frequency of 7.11 GHz to 8.86 GHz for the overall
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performance of the systems. The maximum magnitude of the proposed inverted
L-C-shape unit cell is 193 Am™. From the concept of Maxwell’s equation, the
electric field and magnetic field are caused by the flow of charges or currents or
by changing the field. Hence, in our research, an effective field performance and
surface current distribution were observed in the proposed design carefully and
obtained the required result. That provides a better data distribution policy.
More than 4 times higher current distribution focused in 2x2 array unit cell
structure is 716 Am.. In a 1x2 array unit cell, the surface current distribution is
151 Am™. Here, the surface current distribution pattern is represented in a 2D
plane with a y-axis and an x-axis. Figure 3.2-5 indicates the direction of
the electric field and magnetic field where the magnitude of the electric force is
2.33x10° Vm™and 653 Am is the magnitude of the magnetic field. The maximum
magnitude of the electric field and the magnetic field is 45549 Vm'and 183 Am!
respectively, at the given frequency range from 6.5GHz to 9.5GHz. At 90° phase

shift occurred in the array structure and the field direction.

Fig 3.4-3: Surface Current Distribution at the operating frequency 7.11 GHz to 8.86 GHz
(a) 1x2 array unit cell (b) 2x2 array unit cell
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Figure 3.4-5: 2x2 Array Response of (a) Electric Field and (b) Magnetic Field
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3.5 COMPARISON BETWEEN PREVIOUS WORK AND PROPOSED
UNIT CELL

Table 3.3-1 verifies previous studies and the proposed unit cell and
metamaterials arrays from 6.5 GHz to 13.5 GHz frequency range. The proposed
unit cell provides a better response when transmitting co-efficiently. Also, the
characteristics of the epsilon negative and mu negative materials were observed
in this design.

Table 3.3-1 The verification of some previous studies and the proposed unit cell and
arrays of metamaterials

Ref. No. | Shape of Unit | Size (mm?) | Operating | Materials | Frequency
cell frequency Type Band
(GHz)

[8] Square SRR 12.3x12.3 1.2-2.4 NRI L
[10] V4 10x10 2.0-14.0 LHM C X
[11] Phi-shaped SRR 35x35 1.25-3.0 NRI S
[12] MDD-SRR 9x9 2.0-18.0 ENG S, X, Ku

shape
[13] G-shape 22.5x22.5 2.0-4.0 NM S
[14] Coupled square 23x23 0.5-2.0 NRI L
and circle

[15] RA 2.75x2.75 30-50 NM Ka

[16] RIS 10x10 28-30 NM Ka
Proposed | Inverted L-C- 11x11 6.5-9.5 SNG C X

design shape (ENG)

NM=Not mentioned
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Chapter 4: EBG ANTENNA DESIGN AND
OPTIMIZATION

4.1 I-SHAPE MICROSTRIP PATCH ANTENNA DESIGN
4.1.1 Design Procedure

To originate the proposed Inverted L-C-shape electromagnetic band gap
antenna, a 22x22 mm?dimension base conventional microstrip patch antenna was
designed by a 50-ohm microstrip line feeding method in our proposed thesis
work in Figure 4.1-1. So, to ensure the maximum power supply into the
transmission line the impedance matching provides better radiation. Generally,

the impedance (Z) of the patch is calculated by the following equation [46],

> L
Z = 90;__1(W)2 (10)

Where, €r indicates the dielectric constant of the substrate. Obtaining a proper
antenna performance substrate choice is another important factor such as the FR-
4 substrate used in this design. The dielectric constant of this substrate is &r = 4.3

and 1.6 mm in height(h) used in this design. The substrate and ground plane are
both the same in dimension. However, the width (W) and length (L) of this patch

are given by the following equations,

w== |2

2fy | &r+1 (1)
The speed of light indicated 'c' and f: indicates the resonant frequency. In our
design structure, the resonant frequency varies depending on the size or
dimensions of the design. To obtain the actual length (L) of the patch refer to the

difference in effective length (Lett) and increasing length (AL) mentioned in

equation (12) to (14). It occurs due to the unwanted magnetic and electronic field
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in the design so the effective dielectric constant (€.ff) may be obtained from the

following equation of (15)

L= Loy — AL (12)

Lerr = Zfrj;ff (13)

AL = 0.412h E:]’: i :Zf(;fjg (14)
Sor = T+ T [1 412712 (15)

Hence, the height(h) of this substrate is 1.6 mm used in this design. According to
the mentioned above equations [47] the overall structure of this proposed
conventional designed. The metallic elements of copper(lossy) are used to cover
the patch structure and ground plane. The width of 12.53 mm and the length of

9.9 mm copper are used for patch design with 0.035 mm thickness.

Ws
< >
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Pw
< >
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Fw L
<> |y
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v n \4
Fig 4.1-1: Geometrical Front Diagram of the proposed Rectangular Patch
antenna

Here, the substrate is also replaced with Rogers RT5880 of 2.2 dielectric constants
for multiple observations of the system. The overall system with port connection
is solved by the time domain solver in CST Studio Suite 2021.Hexahedral mesh
type solver setting used for simulation purpose. The C-band and X-band
frequencies covered by this antenna performance at the resonant frequency of

7.11 GHz and 9.06 GHz respectively. The magnitude of Su1is -27.66 dB and -19.17
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dB covered this required frequency band performance and other parameter

performance (without EBG) presented in the result section.

4.1.2 Design Specification

Table 4.1-1 represents the measurement parameter list of the square patch

antenna in mm scale.

Table 4.1-1: Parameter of the square patch antenna

Parameter List Dimensions(mm)
Substrate Width, Ws 22
Patch Width, Pw 12.53
Width of Feed Line, Fw 0.125
Height of Feed Line, Fn 6.5
Patch Length, P. 9.9
Substrate Length, Ls 22

Chapter 4: EBG ANTENNA DESIGN AND OPTIMIZATION 31



4.2 PROPOSED EBG ANTENNA DESIGN

Figure 4.1-2 indicates the back view of the proposed inverted L-C-shape
EBG antenna. The EBG unit cell applies the bottom of the ground plane. Different
shapes are applied in this design. However, to load the proposed EBG structure
tirst stage find out the transmission point of the selected plane corresponding to
the wavelength (Ao) in the antenna. To support the feeding line add the same
transaction point as 50 ohm impedance matching. Perfect impedance matching
provides perfect antenna radiation in Antenna technology. Here, the Plus shape
of the design is applied also for modification purposes such as to detect the
complicit of mutual coupling. P= 6.5 mm refers to the Half of the length in the y-
axis and also g= 6.5 mm refers to the half of the length in the x-axis direction. The
width of this entire Plus-shape is 0.50 mm. The ground plan also consists of 4.3
dielectric base copper metal with this unique EBG unit cell. The thickness is set
as 0.035 mm. Four submissions of inverted L-C-shape EBG unit cell construct by
the same dimension of Figure 4.2-1. To obtain good performance, substrate
selection is a key factor for cost-effectiveness, low profile, and small size. FR-4
substrate and Rogers RT5880 substrate were used to observe the change in the
desired outcomes. The dielectric constant of Rogers RT5880 is 2.2 and 4.3 is the
dielectric constant of the FR-4 substrate. The thickness for these two substrates is
the same, 1.6 mm. The return loss magnitude is -42.29 dB for the FR-4 substrate
at the resonant frequency of 8.01 GHz which creates bandgap characteristics. At
the resonant frequency of 7.49 GHz, the return loss is -13.26dB for the RT5880
substrate. Due to the size reduction of the patch dimension and proper

impedance matching this EBG antenna is resonant at 8.01 GHz.
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Fig 4.1-2: Back View of an Inverted L-C-shape EBG antenna

However, The C-band application was obtained by using the electromagnetic
waves technique of our proposed EBG antenna design. It aslo offers lower band
link of X-band frequency range so that the accuracy rate of propagation may
obtain. Hence, To enhance the overall performance of antenna technology the
concept of an EBG unit cell differs from other techniques and offers various types

of applications in a certain frequency for any wireless communication system.
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Chapter 5: RESULT ANALYSIS

5.1 ANALYSIS OF UNIT CELL AND ARRAY

To optimize the properties of the array unit cell the proposed inverted L-C-
shape unit shape was developed in this work. So, the response of a unit cell is
important to declare as a material. Hence, in our proposed unit cell design the
maximum magnitude of transmission co-efficient (521 = -70.44 dB) was obtained
at the resonant frequency of 7.11 GHz in Figure 5.1-1. At the same operating
frequency of 7.11 GHz, the 1x2 array cell responded to the magnitude of
the transmission coefficient is -65.01 dB, and the2x2 array cell provided
amaximum magnitude of -68.39 dB.Fig.10 indicates the performance of
the transmission coefficient for the proposed inverted L-C-shape unit cell, 1x2
array cell, and 2x2 array cell. Four resonance frequencies were obtained in
an inverted L-C-shape unit cell design such as two resonant shifts created by
electric resonance and the other two responses also created by the magnetic effect
of the system. The C-band and X-band responses were observed in this
performance of the proposed unit cell and also provided good observation in
the communication system. Also, the higher bandwidth allows us to
communicate ahigher range of transmitting systems such as wideband
communication systems. Similarly, Three-resonant frequencies were obtained in
a 1x2 array cell structure. Due to the electric effect of this material, it provides
two resonances at the frequency of 7.11 GHz and 7.82 GHz and covers the
frequency band of C. From the 2x2 array cell, multiple resonance frequencies
provide multiple responses of permittivity, permeability, and refractive index at
the operating frequency from 6.5 GHz to 9.5 GHz. This array structure covered
C-band, X-band, and Ku-band frequently and served a broader bandwidth in

the communication sector. Fig.11 indicates the absorption rate of the proposed C-
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shape unit cell, 1x2 array cell, and 2x2 array cell. In Figure 5.1-2, At the resonance
frequency of 7.11 GHz, a 64% absorption rate was obtained in the designed 2x2
array cell which also reminds the capability of an absorber for broadband
application. However, this proposed inverted L-C-shape unit cell and 1x2 array
cell provide a maximum 45% and 53% absorption rate in this system. Hence, the
performance of this proposed unit cell provides a wider range of bandwidth

communication systems.
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5.2 ANALYSIS OF EBG ANTENNA

Figure 5.2-1 represents the material analysis of the proposed Inverted L-C-
shape EBG unit cell. In this graphical presentation, the resulting value of electric
polarizability is ¢ = -1.69 at the resonant frequency of 7.11 GHz. The
permeability(u) is 483 at the resonant frequency of 7.11 GHz. At the same
resonant frequency, the reflection index value is also positive such as n=0.83. So,
the resulting properties refer to the Epsilon Negative (ENG) Materials and cover
the C-band frequency range. As the epsilon value is less than zero for ENG
materials. Generally, The refractive index defines the ratio between the speed of
light and the speed of material. In unit cell design, the refractive index depends
on the permittivity and permeability of the materials. So this refractive index
factor may assist the magnetic and electric field to create the electromagnetic
waves also. However, permittivity (¢), permeability (u), and refractive index (n)
values are -0.06,8.82 and 3.03 at the resonant frequency of 8.86 GHz. When
permittivity and permeability are both negative properties then it refers to
double negative materials. But either permittivity or permeability in negative
properties then it refers to single negative materials or SNG materials. In our
study, the resulting resonant frequency envelops the C-band and X-band
frequency categories. Also, the material types refer to Single Negative (SNG)
Materials. Particularly, the negative of permittivity refers to Epsilon Negative
Materials (ENG). The application of this study in various sections such as
wireless communication systems. Specifically, the utilizing properties of
electromagnetic waves of ENG materials also provides strengthening gain in
EBG Antenna technology and that’s the goal of our study. So for any type of
communication or controlling system developed by these unique characteristics.
The exploration of the return loss performance of our proposed study is
represented in Figure 5.2-2. At the resonant frequency of 8.01 GHz, the return
loss magnitude is -42.29 dB for the proposed EBG antenna and covers the C-band
quality to communicate. It also holds the lower link of the X-band (8GHz-12GHz)
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range.Here, the band gap occurs from 7.95 GHz to 8.04 GHz frequency range.
Using the RT-5880 substrate the return loss is -13.26 dB at the resonant frequency

of 7.49 GHz which also encloses the C-band frequency.
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Fig 5.2-1: Analysis of ENG materials of the proposed Unit Cell
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Fig 5.2-2: Return Loss Analysis of an Inverted L-C-shape EBG Antenna

On the other hand, the measurement of the reflected signal (Si1) of the patch
antenna (without EBG) is -27.66 dB and -19.17 dB for the resonant frequencies
711 GHz and 9.06 GHz respectively. So the common band of C-band in
conventional antenna and the proposed Inverted L-C-shape EBG antenna both
are balanced and improve the systems. So, it reminds the better-reflated
electromagnetic waves found without any disturbance in our proposed EBG
design for its higher magnitude of return loss performance. Here, the desired
bandwidth is covered by the frequency range 7.95 GHz to 8.04 GHz. A 90.0 MHz

bandwidth was obtained from the inverted L-C-shape EBG antenna. Instead, the
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Fig 5.2-5: Directivity of the proposed EBG antenna
conventional microstrip patch antenna provides 60 MHz bandwidth and covers
the frequency range from 7.09 GHz to 7.15 GHz. The efficiency rate is 68.52%
which refers to good EBG antenna performance. Figure 5.2-3 focuses on the
maximum magnitude of the current distribution is 454 Am (without EBG) and
666 Am (with EBG) at 90° angles. So, the flow of charges on the EBG antenna
surface is higher than without the EBG structure. Figure 5.2-4 represents the gain
of the antenna refer as a narrow high gain. The directivity of an antenna is equal
to the ratio of the maximum power density to its average value over a sphere
(Isotropic) as observed in the far field of an antenna. And gain is a realizable
quantity that is less than directivity because of ohmic losses in the antenna. Here,

the main lobe level magnitude is 6.42 dBi in our proposed EBG. Whereas, the far-
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field directivity is 7.27 dBi in the proposed EBG antenna design shown in Figure
5.2-5 at the angle of 90°. Conversely, the proposed conventional patch antenna
offers 4.48 dBi directivel So, an effective radiation pattern was obtained from this
required design. So the resulting bandwidth from our study understood the
higher bandwidth quality and return loss performance of the proposed EBG

antenna than without the EBG antenna.
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Chapter 6: CONCLUSIONS AND FUTURE
WORK

6.1 CONCLUSIONS

The aim was to ensure that our proposed inverted L-C-shape ENG unit
cell is in good condition to provide the performance of EBG antenna technology.
So systematic materials or an effective EBG antenna design always supply goods
application in the communication system without any trouble. In this study, a C-
shape unit cell was also designed and optimized with good performance. Then
1x2 array unit cell and 2x2 array structure were observed. The unit cell and array
provide the characteristics of ENG and MNG materials such as the material types
also referred to as Single Negative (SNG) Materials. So the resulting properties
refer to the Epsilon Negative (ENG) Materials and cover the C-band and X-band
frequency range. Stepwise determination of transmission coefficient obtained in
this proposed design. Also, the ability of an absorber observed very carefully
depends on the magnitude of the wavelength of electromagnetic waves. At the
resonant frequency of 8.01 GHz, the return loss magnitude is -42.29 dB with 6. 42
dBi gain and 7.27 dBi directivity for the proposed EBG antenna and covers the C-
band quality to communicate. A 90.0 MHz bandwidth is obtained from the
inverted L-C-shape EBG antenna. Instead, the conventional patch antenna
provides 60 MHz bandwidth. Our proposed EBG Antenna ensures the enhanced
quality of gain, directivity, and return loss performance at the required frequency
of 8 GHz. Here, the proposed materials and EBG antenna both enclose the C-

band frequency by the characteristics of electromagnetic waves.
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6.2 FUTURE WORKS

However, The metamaterial may serve as an absorber or sensing application,
clocking, filtering, and broadcasting all over the world. The EBG antenna may be
used in high-power or high-speed circuits for data connection. Various types of
applications are covered by the quality of a broader range of single or double
frequencies in communication technology. Also, the limitation of the C-band or
X-band frequency range may be overcome by the improvement of the properties
of materials or antenna parameters. By using cost-effective instruments
fabrication is possible. The analysis and applications of EBG structures may
improve EBG antenna technology. Due to the effective installation process and
propagation of the C-band and X-band range, the design may fabricated and also

provides good performance in communication systems.
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