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Abstract

The solution to the growing demand of higher speed wireless communication is the terahertz
(THZz) band, which will reduce the shortage of spectrum and capacity limitations of current
wireless systems and will open new fields of applications in communication and networking
domains. However, the existing wireless systems, comprising of classical copper antennas, are
ill-equipped to handle this band of frequencies. Graphene, an allotrope of carbon, is a wonder
material that proves to be a fine choice for an antenna material operating at the terahertz region.
For our research, we have chosen the microstrip patch antenna to carry out our analyses because
of its wide range of applications and ease of fabrication and modifications. Our research
focuses on the comparison of antenna performances of three different shapes of the single layer
graphene patch, and four substrates with different dielectric constants. The range of the
operating frequencies were between 6 to 8THz. We have conducted our simulations on the
software Computer Simulation Technology (CST), which is a specialized tool for accurate
electro-magnetic simulations. Our goal was to find out the best combination of substrate and
patch shape on the microstrip patch antenna that will give excellent performances at the
terahertz frequency region. The comparisons have shown that combination of rectangular
single-layer graphene patch shape with Teflon as the dielectric substrate provides the best
antenna performances among all of them. Our findings will facilitate the researches and works
towards finding the best practical solution for the difficulties faced in making terahertz
communication possible and will contribute to a better and faster wireless communication

system for all.

Keywords:  Microstrip patch antenna; Single layer graphene patch; Terahertz frequencies;

Patch shapes; Dielectric substrates; Graphene antenna performance comparison.
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Chapter 1

Antenna Overview and Basics

1.1 Antenna Overview

Antenna the most widely used electrical equipment in the field of digital communication.
Antennas began to be used extensively after the second world war when. The IEEE Standard
Definitions of Terms for Antennas (IEEE Std 145-1983) defines the antenna or aerial as “a
means for radiating or receiving radio waves.” An antenna is basically an element associated
with the transmission and receiving of guided waves. Antennas of different sizes and shapes
are used today for transmitting and receiving of waves for various purposes. The entire digital
communication and radio industry are relying heavily on extensive usage of different types of
antennas. Other than that, antennas are finding its usage in various other industries and gaining

more popularity day by day.

Evfied

)

. IO—

Figure 1: Antenna as transition device [17]



1.2 Types of Antenna

1.2.1 Wire Antenna

The type of antennas that we see in our everyday life are wire antennas. These types of antenna
may be of varied shapes and sizes depending on their usage.

1.2.1(a) Dipole Antenna

The simplest form of wired antennas are the dipole antennas. A dipole antenna is constructed
with two metallic rods on the either side of the antenna. In these types of antennas, the voltage
and current ratios generally vary along the length of the dipole. There are different types of
dipole antennas depending on different factors. The length of the antenna in this case is a very
important as it determines many parameters that affect the impedance, frequency and the other
factors. The contrasting type of antennas are the monopole antennas which contains only one
pole mounted over a ground plane. This type of antennas is fed by connecting one end to the
lower end of the antenna and the other to the ground plane. [2]

1.2.1(b) Half Wave Dipole Antenna

A special kind of dipole antenna would be the half wave dipole antenna. The term half wave
length is used because in this type of antennas the size of the antenna is equal to half the
wavelength or in mane case two quarter wavelengths. In this type of antennas, the feeding is
done from the middle as a result the impedance falls maximum at the centre. Due to this at the

centre the current remains maximum and voltage minimum. [2]

Figure 2: Half-Wave Dipole Antenna [18]



1.2.1(c) Folded Dipole Antenna

In case of a folded dipole antenna the difference here is the along with the general dipole
antenna the there is a conductor connecting the two ends of the conductor together. The
additional dipole is usually made of wire or rod usually the size of the original dipole antenna.
This type of antennas is mainly used in case of array antennas to increase feed resistance. It
also has a flatter frequency response as a result it can be used for a wider range of bandwidth.

[1]

Figure 3: Folded Dipole Antenna [19]

1.2.2 Travelling Wave Antennas

A travelling wave generally uses a travelling wave as the main transmitting component. This
type of antennas usually is non-resonant therefore they can also manage to provide a wider

bandwidth than resonant antennas.

1.2.2(a) Helical Antennas

Helix antennas are the most common type of travelling wave antennas. They generally bear a
corkscrew type shape and radiates along the axis of the antenna that is in the positive z
direction. This type of antennas is fed by connecting the feedline with the bottom of the helix

and the ground plane. The helix antennas radiate in two modes namely normal and axial. [ 2]



Figure 4: Helical Antenna [20]

1.2.2(b) Yagi-Uda Antennas

Yagi-Uda Antennas or commonly known as Yagi antennas are a unique and widely used type
of antenna. This type of antennas is mostly used in case of television or commercial purpose.
The feeding technique in case of this type of antennas is that there exists a dipole as main
radiating element where the feeding is done. This type of antenna consists of a directional main
lobe due to the reflector and a few side lobes. This type of antenna works very well for small

gain but in case of high gain the size of the antenna becomes very long. [2]

Figure 5: Yagi-Uda Antenna [21]



1.2.3 Microwave Antennas

Microwave antennas are those antennas which are operational in microwave frequencies. This
type of antennas is widely used in the industry for different types of communication. This type

of antennas is very robust and versatile when it comes to use.

1.2.3(a) Microstrip Antennas

Microstrip antennas are generally constructed by fabricating a patch or strip over a ground
plane. The strip here is mounted over a dielectric layer or substrate. For different sort of
antennas different substrates are used. Each of them has different properties. On the other hand,
patches can be of different shapes namely rectangular, dipole, circular, square etc. Rectangular
and Circular shapes that are dominating in widespread use. The rectangular patch antennas are
very simple to analyse, and the circular ones have a symmetric radiation pattern. Microstrip
antennas are widely used for spacecraft or aircraft applications because of their simplicity and
ease of use. Microstrip antennas are also used in case of military purposes and commercial
purposes. A very common use of microstrip antennas are in case of GPS or Global Positioning

System.

Figure 6: Rectangular Microstrip Patch Antenna [22]

1.2.3(b) Planar Inverted-F Antennas

This type of antenna is constructed using shorting pins on various locations. This type of
antennas is very popular in the telecom industry. The shape of the antenna is like an inverted F
from which the name Planar Inverted-F antenna has come into existence. There is another type

of antenna that can be constructed like this that is inverted L antenna. As a result of the size



being very compact and the manufacturing cost being low, this type of antennas make the
perfect fit for different wireless communications. In addition to that this type of antennas the

rate of spurious emission is low.

Figure 7: Planar Inverted-F Antenna [23]

1.2.4 Reflector Antennas

Reflector antennas are simple feed antennas that have a reflecting dish integrated in to its
design. This type of antennas has operating frequency range of Ultra High Frequency (UHF)
and microwave and are usually used for long distance applications such as radio astronomy,
high resolution radars and satellite communication. Since these applications take place over
very long distances, the waves travelling from and to the antennas are almost parallel to each
other and is spread over a big area. Regular dipole or array antennas are far too small or
inefficient to intercept these waves. So, large reflectors are used to capture them without

sufficient loss in gain.

Several types of reflector designs are implemented now a days, notably: front feed, offset feed,
cassegrain and gregorian. All these types have the same principle: they reflect the incoming
waves and focus them on a single point or spread them parallel. For a receiving antenna, the
incoming waves coming from long distances are parallel to each other. The reflecting dish is
designed in such a way that the intercepted waves are reflected and focused on a single point,

where the antenna is usually placed. For a transmitting one, the antenna placed at the focal



point of the dish radiates high powered radiations towards it. The dish then spreads out the

waves parallel so that they can be transmitted over long distances. [10]

For both transmitting and receiving cases, the antenna reflector is designed in such a way that
the reflected waves are all in phase with each other. If the wave fronts on the same plane meet
at different phases, they would cancel each other and result in loss of information. To make
sure of it, the shape of the reflector is usually a paraboloid of revolution, with a rotationally
symmetric surface about its axis. These ensures maximum reflection and focusing of waves

and keeps all waves of the same plane in phase. [9]

Figure 9 : A VSAT (Very Small Aperture Terminal) antenna used for
home or business satellite communications [25]



1.2.5 Log Periodic Antenna

Log periodic antennas have impedance that is a logarithmically periodic function of the
operating frequency. There are several types of such antenna that operates over a wide range
of frequencies, around 30 MHz to 3 GHz. The most widely used is the LPDA - Log Periodic
Dipole Antenna. This type of antenna can provide a good amount of gain and directivity along

with a wide bandwidth, making it perfect to be used as rooftop television antennas. [4]

There are few different types of log periodic antennas, of which the Log Periodic Dipole
Antenna (LPDA) is the most popular. The construction is similar to the Yagi-Uda antenna, but
their working principles are different. They both have dipole rods, which decrease in size from
the base to the tip, mounted on a main supporting beam. Increasing the number of dipole rods
increases its frequency response, consequently increasing its bandwidth. [11] All the dipole
rods will not be active at the same time for a single frequency and the active region shifts
among them. The radiation pattern changes depending on the structure and can be used as uni-

directional or bi-directional according to the need. [12]

LPDA has a wide range of uses for its high bandwidth. Since its gain and radiation pattern can

be varied, it is extensively used for high-frequency communications and television receptions.

[4]

(c) BAZ Spezialantennen

Figure 10: Log Periodic Dipole Antenna [26]

1.2.6 Aperture Antenna

These are the type of antennas used in microwave frequencies. Their structure consists of a

small antenna, specially a small dipole or loop antenna, with an aperture or opening at the end



of the transmission line. This open end radiates energy and hence works as an antenna. The
working of the aperture antenna depends on how it is used and analysed, rather than depending
on the actual form of it.

Three of the main types of aperture antenna are: waveguide antenna, horn antenna, and slot

antenna.

1.2.6(a) Waveguide

The waveguide has an Omni-directional radiation pattern and has more radiation than a two-
wire transmission line. The shape of the waveguide can be changed depending on the uses. Its

operational frequency range is around 300 MHz to 300 GHz. [14]

Figure 11: Waveguide Antenna [27]

1.2.6(b) Horn Antenna

By attaching a horn type structure at the open end of the waveguide, a horn antenna can be
made. It improves the radiation efficiency and directivity by gradually spreading out the wave,
rather than a sudden discontinuity. It operates around a frequency range of 300 MHz to 30
GHz.[15]
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Figure 12: Horn Antenna [28]

1.2.6(c) Slot Antenna

A slot antenna can be made by cutting a slit or opening at sides of the waveguide. It operates
in the same frequency range as the horn antenna and is used in secret and concealed

communications over short distances. [16]

Figure 13: Slot Antenna [29]
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1.3 Antenna Parameters

1.3.1 Bandwidth

Bandwidth is a very important concept when it comes to the usage of different types of antennas
that are available in the market. Basing on the Bandwidth different antennas are used in
different sectors. The range of frequencies where an antenna can radiate and operate efficiently
is known as bandwidth. This is generally obtained from the difference between the lower cut
off frequencies and the upper cut-off frequencies.[5] This is calculated in hertz. There are also
two common terms that are used which are related to Bandwidth. These are narrowband and
wideband. A narrowband is the range of frequencies which has smaller bandwidth than the
coherence bandwidth and wideband conversely has a wide band in comparison with the

coherence bandwidth.

1.3.2 Radiation Pattern

The radiation pattern is a relative pattern which is used to represent the power distribution that
is flowing out from the antenna. [7] The radiation pattern determines the field intensity spatially
distributed across the far field. The radiation pattern can be expressed by help of two different
planes, one is E field and the other is H field in a two-dimensional diagram. Compared to 3D
structure 2D structures are easier to analyse. That is why many times a 2D structure is used for

understanding the radiation patterns.

. a0°
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Figure 14: Radiation Pattern in 2D [30]
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In the above picture two different views are shown one is the side view and the other is the top
view. The above radiation pattern is for an omnidirectional antenna. Antennas with
omnidirectional radiation patterns form a more donut like 3D structure. A 3D spatial
representation of the radiation pattern of an omnidirectional with high gain might look

something similar to the one shown below.

ELEVATION PATTERN AZINVITH PATTINN

3D PATTERN

Figure 15: Omnidirectional Antenna Radiation Pattern [31]

Radiation pattern is very closely related to the gain of the antenna and the field strength of the
antenna which influences the diagrams heavily. The other common type of radiation pattern is
known as ‘isotropic’ portrays similar radiations in all directions and forms a spherical shape.
The 2D structure of an isotropic type of radiation pattern may look something like the one

shown below

240" R
270 270

Vertica Horizontal

Figure 16: Isotropic Antenna Radiation Pattern [32]



13

If we closely notice both the figure, we see it forms a circular shape at both horizontal and
vertical views. The radiation is equal in all directions in this case. So evidently it forms a

spherical structure when visualized in 3D view.

Figure 17: 3D Radiation Pattern of Isotropic Antenna [33]

On the other hand, another common type of patterns are directional radiation patterns. It may
contain several lobes. There is a major lobe at the centre and couple of minor lobes and back

lobes. A 2D directional antenna might be pictured something like the one given below.

Yagi antenna RF pattern
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Figure 18: Yagi Antenna Directional Pattern [34]

Whereas a 3D representation maybe portrayed something like the below mentioned one.
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FPower Density at 2.7 GHz
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Figure 19: 3D Representation of Gain [35]

1.3.3 Directivity

Directivity is defined as the ratio between radiation intensity in a definite direction by the
intensity of isotropic radiation. Directivity is one of the most important parameters when it
comes to antenna parameters. In simpler words directivity is used to define how concentrated
the radiation pattern of the antenna is. The antennas having higher degrees of directivity tend
to be more concentrated towards a definite direction than antennas with a lower degree of
directivity. The value of concentration depends on the implementation and type of antenna

therefore a higher value might not always correspond to a better version. [1]

Radiation Intensity in definite direction

Directivity =
y Isotropic radiation intensity

In mathematical form directivity can be expressed as:

Umax

D = = (dimensionless
Max Uav ( )

where, Dmax = Maximum Directivity, Umax = Maximum Radiation Intensity, Ua, = Average
Radiation Intensity.
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4mUmax , . .
D= Yy (dimensionless)

where, D = Directivity, Umax = Maximum Radiation Intensity,

P,= Total Radiated Power

The general expression for directivity can expressed as

F(#.
DO, $) = 4m ——— ©.9)
f f F(0,¢)sin0 do do
] 0
D{] P{”‘ q&HITL‘!K

= 4m 2 4
f f F(6,$)sin6 do do
0 0

1.3.4 S-Parameters

The S-Parameters or scattering parameters is one of the most commonly used parameters. The
S-Parameters or the scattering parameters is the mathematical representation of the input-
output relation of the multi-port network. A port is any area through which we can exchange
voltage and current. The S-Parameters are complex numbers which are a function of frequency
[1]. The impedance and admittance matrices are for the total voltage while the scattering
parameters denote the voltages incident and reflected from the port. Conversion to the other
parameters is also very easy once the scattering parameters are known [8]. Suppose there is a
system with 2 ports namely 1 and 2. The power when transmitted from the port 1 to the port 2,
it is represented as S12. Conversely, the power when transmitted from port 2 to port 1 this is
represented as S21. The parameter S12 is known as the reverse voltage gain and the parameter

S21 is commonly known as the forward voltage gain.

In case of construction of antennas, the most noteworthy is S11 that is the power reflected to
the antenna. This is also known as the return loss of an antenna or reflection coefficient. It is
denoted by I':
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If the power radiated from the antenna is completely reflected, then the value of reflection
coefficient is equal to zero. If S11=-8dB and 2dB power is radiated, then the amount of power

reflected from the antenna is -6dB.

S-Parameters [Magnitude in dB]

—S11

-10 +
-15 +

dB

-20 -
=25
-30
-35

-40 f f ‘ ‘ . : :
7 7.2 7.4 7.6 7.8 8 8.2 84 85
Frequency / THz

Figure 20: S-Parameter of Antenna

1.3.5 Antenna Efficiency

Antenna efficiency is another fundamental characteristic of antenna. This is defined as the ratio
of the power delivered to the antenna to the power radiated from the antenna. An antenna
having a high efficiency radiates most of the power that is supplied to it while an antenna
having a low efficiency reflects most of the power that is delivered to it. The mathematical

expression of antenna efficiency can be expressed as

P rad

- Pinp
The higher the efficiency the better it is for use. In real life it is impossible to make an antenna
which is fully efficient, but a few types of antennas can reach a stage which is very near to it.
Such a scenario occurs due to the antennas having minimal or no lossy materials around it. An
antenna having an efficiency of 0.06 means the antenna is 60% efficient. It is expressed in dB.
This is different from the total efficiency of an antenna which is the product of the radiation

efficiency and the impedance mismatch loss of antenna. [1]
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1.3.6 Antenna Gain

The gain of an antenna is the expression that expresses how much power is radiated by the
antenna in the direction like that of an isotropic antenna (Antenna having unit gain in all
directions). Mathematically antenna gain can be expressed as the ratio of the power radiated
by antenna in a definite direction by the power radiated by an isotropic lossless antenna in that

direction with the input power.
G - ER+JXA

An antenna having a gain of 5 dB means that the power which is radiated will be 5 dB higher

than the power radiated by an isotropic lossless antenna with same input power.[1]

1.3.7 VSWR

VSWR is the short form for voltage standing wave ratio which is a mathematical expression
that expresses how well impedance is matched to the radio or transmission line it is connected
to. [1]

The VSWR of an antenna can be measured from the equation of the reflection coefficient. If

the reflection coefficient is expressed in I"

VSWR—1+F
T 1-=T

1.3.8 Input Impedance

The voltage current relationship at the input of the antenna is known as the input impedance.

The input impedance is denoted by Zin. Its mathematical form it can be written as follows
Zin = Ry +jXy

In the above equation the real part denotes the power that is radiated from or absorbed by the
antenna, whereas the imaginary part of the equation expresses the power stored or absorbed in
the near field by the antenna. For example, if we take an antenna with an input impedance of
50 ohm and supply it with a sine wave of 1 V. The current in this case will be 1/50=0.02 amps

which is in phase with the voltage. This is because the impedance is a real number. On the
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other hand if the input impedance is a complex number like 50 + j50, then the impedance would
have a magnitude of V502 + 502 = 70.71and a phase angle of tani—g:45°. Therefore, we can

see that in case of the complex value of the impedance the current is lagging the voltage by 45

degrees.



Chapter 2

Introduction to Microstrip Patch Antenna

2.1 Microstrip Antenna

Microstrip antenna was founded in 1950s, but its importance started to rise around 1970 as the
printed circuit board (PCB) technology gradually became more developed. The antenna
consists of a very thin patch of metal placed over a ground plane. The thickness (t) of the patch
and the distance (h) between the patch and the ground plane is very small, much less than the
free-space wavelength (ho) (t <<2Xo , 0.003% < h < 0.05A ) [17].The position of the patch is
designed in such a way so that the radiation pattern is normal to it. This can be achieved by the

appropriate choice of excitation under the patch. End-fire radiation can also be attained in the

Same way.

/

Radiating Radiating
slot #1 slot #2
| £, Substrate

Ground plane

Figure 21: A microstrip patch antenna [17]
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Figure 22: Side-view of a microstrip patch antenna [17]
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The space between the patch and the ground plane contains a substrate, usually with a dielectric
constant (er) between 2.2 to 12 [17]. For microstrip antennas, thicker substrates with lower
dielectric constants are more preferred because they give a better efficiency, wider bandwidth
and less limited field of radiation. However, the antenna size becomes larger, which is not
desired for this type of antenna. In order to make the microwave circuits small, thinner
substrates with higher dielectric constants are used. They need limited field boundaries, causing
less loss in radiation and coupling. Still, they are not that much efficient because of the
increased amount of losses and smaller bandwidths. Therefore, for designing an overall good
microstrip antenna, a balance between the circuit design and antenna performance must be

achieved.

2.1.1 Applications

Microstrip antennas have various applications, specially where the size, cost, performance and
ease of installation matters a lot [17]. Their characteristics make them suitable for uses in high
performance aircrafts, spacecrafts, satellites and missile applications [17]. They can be used in
government security systems, that require narrow bandwidth. Moreover, they are being

considered for uses in wearable technologies.

2.1.2 Advantages

Microstrip antennas have several advantages over other types of antenna, which makes them a
suitable choice for a diverse range of applications. They are low profile antennas, and simple
and inexpensive to print using modern printed-circuit technologies. They can be easily formed
over planar and nonplanar surfaces and are mechanically robust when attached to hard, rigid
surfaces. They are compatible with current Monolithic Microwave Integrated Circuit (MMIC)
designs and can be used in a wide range of applications. When a particular patch shape and
mode are selected, they are very versatile in terms of resonant frequency, polarization, pattern,
and impedance. Along with that, when loads such as pins and varactor diodes are added
between the patch and the ground plane, elements with variable resonant frequency,
impedance, polarization, and pattern can be designed. These elements are adaptive and can be

used in applications that requires constant changes [17].
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2.1.3 Disadvantages

Despite their invaluable advantages and benefits, microstrip antennas have few major
drawbacks. They have low efficiency, low power, high Q, poor polarization purity, poor scan
performance, false feed radiation and very narrow frequency bandwidth, which is usually a
fraction of a percent, and a few percent at best. There are some methods that can be used to
increase the efficiency, such as increasing the substrate height. Nonetheless, as the height of
the substrate is increased, surface waves are introduced which are not desirable at all. These
waves withdraw power from the total power available for direct radiations. The surface waves
remain within the substrate and travels around, getting scattered at bends and surface
discontinuities, degrading the antenna pattern and polarization characteristics. Using cavities
and other methods of stacking, surface waves can be removed, while maintaining high
bandwidths. But in large arrays, the antenna size becomes very large, and a trade-off has to be
made between bandwidth and scan volume [17].

2.1.4 Types

Microstrip antennas are of many different types, and are classified on different parameters such
as shapes, feeding mechanisms, operating frequencies, band of operations, and so on.
Depending on the use and other factors, microstrip antennas can be various shapes. Usually
referred to as patch antennas, since the radiating surface and feed lines are engraved on the
surface of the dielectric substrate, the radiating patch is made into different shapes. The most
common shapes are square, rectangular, circular, and dipole strip, because they are the easiest
to fabricate and analyse and has very good radiation characteristics [17]. These shapes have
low cross-polarization radiation, which makes them very attractive for a lot of applications.
Other shapes include elliptical, triangular, disc sector, circular ring, ring sector, and many more,
depending on the use [17]. These antennas can be used as a single element or in arrays to
achieve linear and circular polarization. Microstrip antennas can also be differentiated in terms
of feeding mechanisms, operating frequency, bands of operations (wideband, narrowband,
single band, multiband, etc.), and so on. Different types of feeding mechanisms are discussed

below.



2.1.5 Feeding Techniques

There are many configurations that can be used to feed microstrip antennas. Four of the most
popular techniques are the microstrip line, coaxial probe, aperture coupling, and proximity
coupling [17]. In a patch antenna, the microstrip-line feed also acts as a conducting strip along
with the patch, though it is much smaller in width compared to the patch. It is easy to fabricate
and model and can be matched easily by controlling the inset positions. However, surface
waves and false feed radiations increase as the substrate thickness increases, limiting the

bandwidth for practical designs (typically 2-5%) [17].
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Figure 23: Typical feeds for microstrip antennas [17]
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Figure 24: Equivalent circuits for typical feeds [17]

Coaxial-line feeds are constructed like a coaxial cable. The outer conductor is connected to
the ground plane while the inner conductor is attached to the radiating patch. It has low false
radiation and is easy to fabricate and match. Still, it also has a narrow bandwidth, and is more
difficult to model, especially for thicker substrates (h > 0.020) [17].

To overcome the cross polarized radiation problems caused due to inherent asymmetries of the
microstrip feed line and coaxial probe, noncontacting aperture-coupled feeds are used. The
aperture coupled feed line is the most difficult to fabricate and has a narrow bandwidth. But it
is easier to model than the others and has moderate spurious radiation. It consists of two
substrates separated by a ground plane. The bottom side of the lower substrate has a microstrip
feed line whose energy is coupled to the patch through a slot on the ground plane that separates
the two substrates. This allows an independent optimization of the feed mechanism and the
radiating element. The substrate’s electrical parameters, feed line width, and slot size and

position can be used to optimize the feed line’s design [17].

The proximity coupling feed has the largest bandwidth between these four. Though it is easy
to model and has low false radiation, its fabrication is difficult. The length of the feeding stub

and the width-to-line ratio of the patch can be used to control the match [17].

In all our designs, we have used the microstrip feed line as the feeding technique.
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2.1.6 Method of Analysis

Operation principals of microstrip patch antennas can be easily analysed using the transmission
line theory and the cavity model [17]. The transmission line model is the easiest of the two as
it gives a good physical insight but is less accurate. The cavity model is more accurate but is
more complex at the same time. Since we are working on the rectangular, circular and

triangular patch shape, we have provided a few analyses of the parameters of them.

2.2 Rectangular Patch

It is the most common patch antenna that is being used all over the world. It is very easy to
configure, model and analyse.

2.2.1 Transmission Line Model

The transmission line model will allow a good physical insight into the rectangular patch
antenna. It basically represents the microstrip antenna by two slots, separated by a low-

impedance (Zc) transmission line of length L.

fe— = —|

(a) Microstrip line (b) Electric field lines

Ereff
[ — ——

¥
Fe—w—

le— = —»|

(c¢) Effective dielectric constant

Figure 25: Microstrip line and its electric field lines, and effective dielectric constant

geometry [17]
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While analyzing a rectangular microstrip patch antenna using transmission line model, fringing
effect plays a vital role. The fields at the edges of the patch undergo fringing effects because
of the finite length and width dimensions [17]. The amount of fringing is a function of the
height of the substrate and the dimensions of the patch. For the principle E-plane (xy-plane),
fringing is a function of the length of the patch L to the height h of the substrate (L/h) and the
dielectric constant er of the substrate. For a microstrip line as shown in 25(a), the typical electric
field lines around it are shown in 25(b). Most of the field lines remain in the substrate, while
some of them exist in air. In this case, the microstrip line look wider in terms of electrical
dimensions compared to the physical dimensions. Since the wave travels both in air and the
substrate, an effective dielectric constant ereft is introduced to account for the fringing and the
wave propagation in the line, shown in 25 (c). For low frequencies, the effective dielectric
constant is more or less a constant value. But in higher frequencies, the value increases, and
eventually approaches the value of the dielectric constant of the substrate [17]. For all cases,
the value is in the range of 1 < erert < &r. The formula for the effective dielectric constant is:
_&+1 —1/2

erett = +sr2‘1[1+12%] |

where h is the height of the substrate and W is the width of the patch, and W/h > 1.
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Figure 26: Effective dielectric constant vs frequency for typical substrates
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Figure 26 shows the change in the effective dielectric constant with the change in frequencies
for typical substrates.

Because of the fringing effects, the patch looks bigger in electrical dimensions than its physical
dimensions. For the principle E-plane (xy-plane), the physical dimensions of the patch along
its length is extended on each end by AL, which is a function of the effective dielectric constant
ereff and width-to-height ratio(W/h):

(erers +0.3) ( + 0.264)

(éresy — 0.258) (7 +0.8)

Ak _ 0.412
h h— .

The effective length of the patch is now:
Lt =L+ 2 AL

e AL < L < AL~

I~ Y
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- — 1y

(a) Top view
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(b) Side view

Figure 27: Physical and effective lengths of the rectangular microstrip patch

Figure 27 shows how the effective length affects the physical length of the patch.

Taking the fringing effects into accounts, the modified resonant frequency equation for the

dominant TMoio mode is:
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Vo

(fredoto = ¢ 21z,

where v, is the speed of light in free space, and q is the fringe factor (length reduction factor).

For design parameters, i.e. the physical dimensions of the patch are calculated using the

following formulas:

width, W = 22 |2
2fr | &+1
Length, L = ! — 24L
zfr\/ Ereff \Ho€0
The resonant input resistance Rin for a normal rectangular patch, as shown in fig 14.9a is:
R 1
" 2(GL £ Gyp)

where G is the conductance of the patch, and G2 is the mutual conductance.

For rectangular patches that have a recessed distance yo as shown in the figure 14.11a, the input

resistance Rin(Yo) is modified to be:

1 s
Rin(y0) = mcosz (ZYO)
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Figure 28: Recessed microstrip-line feed

Figure 28 shows the length yo in the rectangular patch.
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2.2.2 Cavity Model

Due to some drawbacks of the transmission line model, we can use the cavity model. The cavity
model is a very useful model for calculating input impedance and radiation pattern for antennas,
specially patch antennas. Cavity means an empty space within a solid object. The electric fields
and magnetic fields within the substrate of a patch antenna can be calculated accurately if it is
considered as a cavity that is bounded by electric conductors and magnetic walls. This is an
accepted and effective approach. A study of the formation of fields within the cavity and
radiation through its side walls are done to understand the model better.

When energy is supplied to the microstrip patch, the charge distribution on the upper and lower
surface of the patch, and on the ground plane’s surface is shown in figure 29. The opposite
charges located on the bottom of the patch and above the ground plane acts according to the
attractive mechanism, thus maintain the charge concentration on the bottom of the patch.
Another mechanism called the repulsive mechanism pushes some charges from the bottom of
the patch around its edges and forces them to move to the upper side surface. Current densities
Jp and J; at the top and bottom surfaces of the patch is created because of the movement of
these charges, as shown in the figure 29. As the height-to-width ratio of patch antennas is very
small, the current J, dominates, and most of the current flows below the patch. As the current
flow J: on the top of the patch remains almost zero, negligible magnetic field will be created
along the edges of the patch. This results in an easy modelling of the rectangular patch antenna
that represents a four sided perfectly conducting magnetic wall. This will not create any

disturbance to the electric field and magnetic field beneath the patch [17].

=== ++++\Jf
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Figure 29: Charge distribution and current density creation on microstrip patch

The antenna efficiency decreases a lot since the waves generated within the dielectric substrate
undergoes considerable reflections when they arrive at the edge of the patch. Standing waves

are formed in the fields beneath the patch. Since the height of the substrate is very small, the
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field variations along the height is considered to be constant, and fringing effects are also
neglected. Therefore, only the TM* field configurations are considered within the cavity [17].

The volume under the patch is considered as a rectangular cavity filled with a dielectric material
with dielectric constant & and is assumed that the dielectric material does not extend beyond

the edges of the patch.

The vector potential Ax within the cavity is:
Ay = Ay cos(kyx") cos(kyy') cos(k,z")

where kx, ky and k; are the wavenumbers m, n, p represents the number of half-cycle field

variations respectively along the x, y, and z directions.

The resonant frequency for the cavity is:

1 2 “ (F
Gmm =5 () +(7) +(5)

Figure 30 shows the geometry of the rectangular patch along the x, y and z directions.
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v

Figure 30: Rectangular microstrip patch geometry
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The electric and magnetic fields within the cavity can be written as:

. (kz - k)%) ’ ’ /
E,=—j a)—#gAmnp cos(kyx") cos(kyy') cos(k,z")

. kxky / / /
E, =—j a)_#gAm"p cos(kyx') cos(kyy') cos(k,z")

k
E, = —j—ngmnp cos(kyx") cos(kyy') cos(k,z")
H,=0

kZ / ! !
H, = _IAmnp cos(k,x )cos(kyy ) cos(k,z")

ky
H, = FAmnp cos(k,x") cos(kyy’) cos(k,z")

Based on these equations, the distribution of tangential electric field along the side walls of the

cavity for the TM*o10, TM%001, TM*020 and TM*g02 is as shown, respectively, in figure 31.

7F +
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Figure 31: Field configurations (modes) for rectangular microstrip patch
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2.2.3 Directivity

Directivity is one of the most important and fundamental parameters that shows how much
better an antenna is. It the ratio of radiation intensity in a definite direction to the intensity of
isotropic radiation [36]. It is a measure of how directional the radiation pattern of the antenna
IS in a certain direction. The equation to find out the directivity is:

Dy =—————

Prad

where, Umax is the maximum radiation intensity, and Praq is the total radiated power.

2.3 Circular Patch

After the rectangular patch, the next most popular shape of the patch antenna is the circular, or
the disc shaped one. The design takes the patch, ground plane, and the substrate material
between the two as a circular cavity. As in the rectangular patch, the modes could be controlled
by changing the dimensions, i.e. the length and the width of the patch. However, for the circular
patch, the only dimension that can be changed is the radius of the patch. Changing the radius
does not bring any change to the order of the modes but can change the absolute value of the

resonant frequency of each mode [17].

Figure 32: Geometry for circular microstrip patch antenna
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2.3.1 Cavity Model

Analysis of the circular patch using the transmission line model does not produce any results
and can be only analysed conveniently using the cavity model. Since radius is the only
changeable dimension, we must use cylindrical coordinates in the cavity model analysis [17].

Using the vector potential approach, and applying necessary boundary conditions to the electric
and magnetic fields, the magnetic vector potential, A; is found to be:

Ay = mnp]m(kpp,) [A; cos(m¢’) + B;sin(m¢")]cos(k,z’)

with the constraint equation of:
2 2 2 2
(kp) + (k,)* = ki = wfue

The primed coordinated p’, ¢’, z' are used to represent the fields within the cavity while Jm(x)

is the Bessel function of the first kind of order m. The variables k,, k, and k, are wave-

numbers along the cylindrical coordinates.

Based on the cavity model formulation, a design procedure is formulated which leads to
practical designs of the circular microstrip antenna for the dominant TM?#110 mode. Assuming
that the dielectric constant of the substrate &, the resonant frequency fr (in Hz) and the height

of the substrate h (in cm) is given, the equation for the radius of the patch is:

a=

u nng[l( )+ 17726))

where

8791 x 10°
fiver

Taking the effects of fringing along the circumference of the circular patch into account, the

effective radius of the patch is:
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1

a, = a{l s [ln( ) + 1.7726]}2

Since the height of the substrate is very small (typically < 0.05 Xo), the fields along z axis are

essentially constant. Therefore, the resonant frequencies for the TM*mno modes can be written

as:

1 (Kb
(ﬂ)mnO_ZEVﬁ( a >

The input impedance of the circular patch is real, just like the rectangular one. The input power
is independent of the feed-point position along the circumference [17]. The input resistance
(Rin) at any radial distance p” = po from the centre of the patch, for the dominant TM11 mode,

can be written as:

1 ]12 (kpo)

Rin(p' = p0) = =35
i Gt ]12 (kae)
where Gt is the total conductance due to radiation, conduction (ohmic) and dielectric losses.

With a circular patch with an inset feed, the resonant input resistance is:

]1 (kpo)

Rin(p" = po) = Rin(p’ = 6)]1 (ka,)

Rin(p' =a,) = —

Directivity of the circular patch is given by:

(koae)z

Dy = ———
07 120G, 44

where Grag is the conductance due to radiation.
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Figure 33: Directivity vs effective radius for circular microstrip patch antenna operating in
dominant TM*110 mode

The figure 33 shows the variation of directivity with the effective radius of the circular patch.

2.4 Triangular Patch

Studies of the triangular patch shows that it has similar radiation characteristics to rectangular
patches, but smaller in size. The simplest of the triangular shapes comprises of an equilateral

triangle patch has circular polarization like that in a nearly square patch antenna [37].

Figure 34: Triangular microstrip patch antenna design
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The field distribution in a triangular patch can be found using the cavity model, in which the
triangle is surrounded by a magnetic wall along the periphery, as was done for the rectangular
and circular configurations. Since the thickness of the dielectric substrate, h is much less than
Ao, there is no variation of the field along the z direction. So, the structure supports TM to z
modes [37].

The resonant frequency corresponding to the various modes described by Kmn is:

B 2C
fr‘Bavs_r

where ¢ is the speed of light in free space, and a is the length of one side of the equilateral

Jm?2 + mn + n?

triangular patch, and kmn is the wave number.

The value of kmn is given by:

43 m? + mn + n?
kmn = 3a

The length of the side, a, of the equilateral triangular patch can be calculated by the following

formula;

B 2C
3fVer

a

2.5 Quality Factor, Bandwidth, And Efficiency

The quality factor, bandwidth, and efficiency are antenna figures-of-merit, which are
interrelated, and there is no complete freedom to independently optimize each one. Therefore,

there is always a trade-off between them in arriving at an optimum antenna performance [17].

The quality factor is a figure-of-merit that represents the antenna losses. The total quality factor

Q: has effects of the radiation, conduction (ohmic), dielectric and surface wave losses:

1_ 1 N 1+ 1+ 1
Qt Qrad Qc Qd st
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The fractional bandwidth of the antenna is inversely proportional to the Qt, and is also related
to the VSWR of the antenna:

Af  VSWR -1

fo Q~VSWR

The radiation efficiency is defined as the power radiated over the input power. It can also be

expressed in terms of quality factors, which for a microstrip antenna can be written as:

Q¢

€cdsw = Orad
ra
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Chapter 3

Introduction to Graphene

3.1 What Is Graphene

As an allotrope of carbon, graphene is a new addition in the world of material science and
condensed matter physics [45]. At present, Graphene is considered as the thinnest elastic
material. In addition, it has created a lot of buzz due to its exceptional electrical, mechanical,
optical, and thermal properties [38-44]. At room temperature carrier mobility of graphene is

high up to 200,000 cm?/V -s [39] as well as low resistivity which is up to 30 Q/m). Moreover,

graphene possesses intrinsic strength of 130 GPa, Young’s modulus of 1 TPa, immense thermal
conductivity of about 3,000WmK and optical absorption of exactly pa<2.3% along with
complete impermeability to any gases. It also has the ability to sustain extremely high densities
of electric current almost a million times higher than copper [42]. Such characteristics and
properties prove that graphene can perform better than existing established inorganic materials
for certain applications that require high-speed transistors and transparent conductive films,
respectively. Moreover, large availability of carbon in nature, graphene can substitute elements
such as Si, Cu etc.

A flat single layer of carbon atoms is rigidly arranged into a two-dimensional (2D) honeycomb
lattice is called graphene. Graphitic materials of all other dimensionalities are built from
stacked layers of graphene. In addition, 3D graphite can be represented by wrapping 0D
fullerenes or 1D rolled carbon nano tubes (CNT) [45]. In Figure 35, it is shown that in graphene
the 2s orbital combines with the 2px and 2py orbitals to form three sp2 hybrid orbitals. Such
hybrization of carbon atoms forms three bonds which are also known as o-bonds. These o-
bonds show the strongest covalent bonds. The source of strength, robustness, elasticity and
other electrical properties of graphene and carbon nano tubes (CNTs) come from the electrons
of o-bonds located along the plane connecting carbon atoms. The 2pz electrons forms covalent
bonds called z-bonds, where the electron cloud is distributed normal to the plane connecting
carbon atoms. On the other hand, the 2pz electrons are weakly bound to the nuclei and thus
become delocalized. These delocalized electrons are responsible for the electronic properties
of graphene and CNTSs [46].
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Figure 35: Illustration of Orbitals [96]

3.2 A Brief History of Graphene

In 1947 Wallace first initiated the theory 2D graphene in order to investigate the electronic
properties of 3D graphite. Semenoff et al first deduced the emergent massless Dirac equation.
Moreover, at Dirac point electronic Landau level occurs in a magnetic field. Therefore,
anomalous integer quantum Hall Effect is observed due to this level. It is seen that electronic
structure of graphite evolves rapidly by increasing the number of layers until the 3D limit i.e.
10 layers. Graphene even with two layers shows simple electronic spectra as well as being
zero-gap semiconductor. The spectra get complicated for layers greater than three in addition
to it, more charge carriers appear, and the conduction and valence bands starts to overlap. In
case of graphite the screening length is only =5A. Until 2004 graphene planes were separated
through intercalating bulk graphite Thus graphene became layers of intervening atoms or
molecules. Graphene can also be cultivated epitaxially by chemical vapor deposition of
hydrocarbons on metal substrate, thermal decomposition of SiC etc [47].

In 2004, when Professor Sir Andre Geim and Professor Sir Kostya Novoselov of the University
of Manchester successfully isolated a single atomic layer of carbon for the first time. The
‘Scotch tape method” also known as micromechanical cleavage technique used at Manchester
was so simple and effective that this area of science grew extremely quickly, and now hundreds

of laboratories around the world deal with different aspects of graphene research [48].
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3.3 The Graphene Lattice

Graphene, an infinitely large 2-dimensional layer of carbon can be considered as infinitesimal
thickness. The carbon atoms inside graphene exist as sp? hybrid form where each orbital is
120°apart. Every carbon atom constitutes a symmetrical lattice along with their three other
neighbouring atoms. This formation can also be defined as honeycomb lattice. Although this
honeycomb lattice structure cannot be considered as a 2-dimensional Bravais lattice. On the
contrary the honeycomb structure shows 2-dimensional hexagonal lattice with a 2-atom-basis
which can also be described the Bravais lattice due to the 2-dimension crystal [49].

We assume a, anda, be two Bravais Lattice which can be defined as a; = a G?) and a,

=a (—%,?) where a; anda,are lattice vectors and is the constant. Figure 3 shows the

graphene’s honeycomb structure in addition to its other two sub lattices. Let E, b_z)andb_; are

the three closest neighbor vectors. These neighbor vectors are defined as follows. b_{ =

-1

1 7 1 -1 7 -1
(0.5).5: = (2 22)ands = (3.22) 15051,
From the Fig. (36) given below it is evident that the Brillion zone of graphene is nothing but a
hexagon in the form of honeycombs. Hence, reciprocal lattice’s basis vectors are defined in
terms of G_f = 2ma~t (1%) andG_; = 2ma™?! (1_—;) Therefore, every second corner of the

hexagon is equivalent. The only difference is found either in addition or subtraction of the basis
vectors [52]. The first Brillouin zone of graphene is shown in Fig. (37). Each equivalent corner

can be defined as KandK ‘where charge carrier density as well as state density is same.

0 o~ Y& o o]
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o —®_— x/a
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Figure 36: The honeycomb lattice of graphene.
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Two Bravais sub lattices can be identified. All points of the sub lattice A (black circles) are
given by n,a; + n,a,with n being integers and a being the lattice vectors. All points of the
sub lattice B (open circles) are given by n,a; + n,a, + b with b being the one vector to a
closest neighbour atom of which every atom in a honeycomb lattice has three in total. Dashed

lines show the boundaries of the elementary cell. a is the lattice constant [53].

kya

Figure 37: The Brillouin zone of graphene.

G_{andG_g are the basis vectors of the reciprocal lattice. The corners of the Brillouin zone are

represented by vectorsK;,j = 1, ....,6,. These corners points are defined as the Dirac points

[53].

3.4 Electronic Configuration of Graphene
The electronic band structure of graphene can now be explained in terms of tight binding
model. Wallace et al in their paper described the relation for the energy Eigen values in

dependence of the wave vector [50,51].

E(k) + elkbi 4 gikby 4 oikbs| (1)

il

Let E bj and E are the three closest neighbor vectors from previously discussed section. Fig.
38 represents both the conduction and valence band which is specified for the whole 1st
Brillouin zone. It is evident that the two energy bands around energy 0 show symmetry. In this

way the six corners of the 1st Brillouin zone is formed [51].
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Figure 38: Energy band structure of graphene for whole 1%Brillouin zone.

k is given in units of 1/a. Valence band and conduction band are symmetrical around zero-
energy and the band gap are zero. Touching points are the six corners K and K'of the 1st
Brillouin zone. For T = 0 and T = 0 all negative energy states are filled, all positive energy

states are empty [49].

The 1% approximation cones are actually the Dirac cones having feeble values of g. It is shown

as an example for wave vectors similar to K’ = K,. The wave vector ¢ can be written as k =

K +kand k = K’ + k for the corners K and K'respectively. Here k<<Kandk<<K’. Now the

energy band can be calculated as
ol (KT+K)D) | i(K7+k) By | i(K7+E) Bs)
= (1+ ik.by) e + (1 + ik.b;) €K% + (1 + ik.b; ) eK's

= a?(k}+i7€§,) e (2)

Energy Eigenvalue and relative wave vector produce linear relationship from the complex

from|z| = \/J(3)? + R(z)2. Close vectors like K = Kssimilar results can be obtained [54].
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ei((K'+i).bT) + ei((ﬁﬁ).b}’) + ei((K'+i).b_3’) -

Il
Q

Finally, near Brillouin corner points the total energy relation can be simplified as:

—

Ey (k) =+avk -0 (((%)2> e (B

Hence around zero Fermi energy level the energy levels both happens to be linear rather than
parabolic and simultaneously touch at six distinct points i.e. K and K located in the corner [55].
Geim et al. in their paper showed that the Fermi velocity V found in graphene to be 108 cm/s
or in other words, 1/300 of the speed of light [56]. The energy structure of the graphene lattice
and band structure of relativistic particles exhibits similarity. So, the graphene electrons and
the resulting corners of the Brillouin zone can be identified as quasi-relativistic electrons and

Dirac points respectively [55]. In Fig. 39 the energy bands cone structure is portrayed.

kx = &

Figure 39: Energy band structure of graphene around Dirac point K'= K 2. K is given in units

of 1/a. Cone structure for low energies is clearly visible [49].
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Chapter 4

Graphene Modelling

Conventional Micro-strip Patch antenna is generally comprised of patch primarily made of
copper. Graphene has provided such promising properties and virtues which have enabled us
to consider it as a replacement of copper. We believe Graphene can be a prime candidate in
order to achieve next generation wireless communication. This wireless communication is

specifically intended for nano communication systems operating in terahertz regime.

Graphene possesses extraordinary attributes for propagation of surface polaritons. Transverse
EM wave coupled to a plasmon (wave of charges on a metal/dielectric interface) is called SPP
(surface plasmon polariton). The wave must have the component of E transverse to the surface
(be TM-polarized). Polariton can be defined any coupled oscillation of photons and dipoles in

a medium.

4.1 Graphene Conductivity

We know that for the trivial metallic conductors, the electromagnetic fields are governed by
Maxwell’s equations. But in case of graphene a different approach is considered. In this case
it is represented by means of surface conductivity derived from a semi classical intraband mode
as well as quantum-dynamical interband mode [57]. Falkovsky et al. and Hanson et al. from
their work deduced the surface conductivity of a graphene film of infinitesimal size with the
help of the Kubo formalism [58,59]. By means of random-phase approximation, it is possible
to represent the surface conductivity in a local form correspondingly to the Drude-like

contribution [57]. The intraband contribution is defined as follows [68].

( )_ZeZkBTl [2 h[ Ue ” i )
o(w = n |2 cos 2k, T w+ir‘1""""""'()

Here T is the temperature at 300K; # is defined as reduced Plank’s constant; kg is Boltzmann

constant; T = 10~ 13sec is the relaxation time, u.is the chemical potential.

The interband form of the surface conductivity is also given by
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w? — 4e?

W
0;(w) = e_(H (2) + i%‘))fo de e —H (7) RN 7))

H(€)is defined as [57]

sin(h €/kgT)

#(O) = Cosh(ue/kaT) + cosh(h €/kaT)

In Eq. (1) and (2), the electron photon scattering process has been characterized along with
interband electron transition respectively. The inter-band and intra-band transitions contribute
for different conditions. Shorter wavelengths such as infrared and visible light, the optical
conductivity is determined with the help of inter-band transitions. On the other hand, high
frequency operations i.e. for long wavelengths intra-band transitions is considered. This model
assumes the simplified model for graphene conductivity where the magnetic hall conductivity

is ignored. Graphene is assumed only to be electrically biased [68].

Besides, the surface plasmon polariton of graphene can be tuned through material doping.
Furthermore, it can be manipulated by means of external bias Vpc. This means, the external

voltage Vpc also controls the conductivity o of the graphene and therefore the surface
impedance Zzi can also be controlled dynamically. We propose to use this property of

graphene to design nano micro-strip patch antenna which can be tuned easily externally. The
key advantage is that we will be able to increase its chemical potential therefore, decreasing
losses by making the graphene sheet more inductive in order to design a graphennas radiating
at THz regime [68].

From Kubo formula it is not yet possible to achieve the solution accurate enough to represent
graphene conductivity by changing the chemical potential via Vpc. Eq (3) simplifies the Kubo
formula for intraband transition and a MATLAB code is generated in its correspondence. Here
U-#0 is assumed, other parameters includes kzT = 0.0256eVwhere kgis Boltzmann constant,
h = 6.582x1071%eVs ,qe =1.6x1071°C with Coulomb charge (C) = 6.25x10'° electrons, I’
=0.11eV, o=2nf where f stands for frequency [68].
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Figure 40: Real part of intraband conductivity at room temperature (T = 300k) for different

values of chemical potential

-12
x10
0 = B
0.1}
-0.2
A
| 0.3 i
|
=04
v
E
@
2 0.5 ]
=
Z 0.6
v
-
5.0.7
&
08 == nc=1.0eV
pe=0.5eV
a5t pe= 0.25eV
= pc=0.0eV
1 L
0 1 1.5 2 2.5 3
Frequency in THz———> x 10"

Figure 41: Imaginary part of intraband conductivity at room temperature (T = 300k) for

different values of chemical potential

The intraband term of the graphene conductivity can be more minimized and simplified by
taking u. = 0. From Eq (4) we can clearly observe that the intraband term of the graphene

conductivity resembles Drude-like form.
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Qe
O(intraband simplified) = J 172 ((1) n jT_l) e (4‘)

Thus, from Eq (4) we can conclude that the conductivity of graphene is a form of the Drude
model for high frequency. Moreover, it also can be related that the electron conductivity of
graphene at high frequency is directly proportional to the absorption of its free carrier. Hence
with the increase of frequency the absorption of free carriers at lower frequency increases in
case of intraband absorption transitions. Wang et al also proved in their spectroscopy
measurements that the intraband transitions regulate the behaviour of graphene conductivity
for high frequencies. [60,61].

4.2 Drude-Lorentz Model And Effective Permittivity

The antenna simulation tool used for designing the graphene patch antenna is CST (Computer
Simulation Technology). Graphene here is simulated assuming an infinitesimal thickness and

its in-plane effective permittivity is dependent on the volumetric conductivity (ay) [62].

oMt 2e? kBT1 [2 h[ U ” i :
A Amh kL 2kgT w+ir‘1"""'()

In order to determine the parameters of an antenna, it is essential to study its dielectric

O.I}ntra é

materials. Dielectric materials in its closed form can be represented by the Drude-Lorentz
model. In case of metal the Drude -Lorentz classical model is reduced to Drude metal model

with no resonance [62].

. 0o
A Op E Oy _ ? 6
JDTUde(w) = 1 —j(lJT =>Xj = WT +] = O-DTude(w) - w +jT_1 ( )
O.Gr
oHre = —g (7) oi" & 2 kBTTln (2 cosh (E)) (8)
4 W+ Tl O = Anh kgT))

The equivalent effective permittivity for infinitesimal thickness of graphene is written as

follows:

intra i +GT
G _ oy (W) Jog
se]ff(a)) = & +]T = & m e e (9)
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Furthermore, it can also be shown in Eq (10) that the classical Drude-Lorentz representation
based on dielectric where resonance carrier frequency is zero i.e. (wo=0) and Plasma frequency

(wp) is related [62] Real and imaginary part of effective permittivity is shown in Fig 42.

wp
ot = |1 ———— |, =t 1. ...(10

Relation between wo and wp with Fermi level dependent can be written as follows.
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Figure 42: Real(a) and imaginary (b) part of effective permittivity at room temperature
(300K) at u. =0eV
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4.3 Graphene Extinction

The absorption cross section can be defined as the measure of the fraction of power which is
absorbed by the graphene antenna by the incident wave. Hence the graphene antenna’s resonant
frequency fits with the frequency where maximum value of the absorption cross section is
obtained. In Fig.43 we have attempted to recreate the same plot of absorption cross section as
discussed in paper [63].
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Figure 43: Dependence of the absorption cross section of a graphenna as a function of its
width. The length of the graphenna is L = 5 um. The plots correspond to 500 nm, 200 nm and
5 nm wide patches (right to left) [63].

From the above figure it is evident that if the dimensions of the graphene patch antenna (with
a fixed length) are varied then we can easily tune the resonant frequency for wider spectrum
[63].

4.4 Chemical Potential

Unlike conventional materials such as copper chemical potential plays an important role in
graphene scattering leading to performance of the antenna, Chemical potential can be defined
as the likelihood of quantum state whose probability is equal for both empty or occupied. The

likelihood of quantum state depends on the electron energy distribution level [63].
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Up to this we have assumed that the chemical potential to be zero for simplification purposes.
On the contrary Eqg. (5) unveils that the chemical potential impacts graphene conductivity.
Therefore, radiation performance of graphene patch antennas is indirectly related to chemical
potential. Several ways can be considered in order to control graphene’s chemical potential.
One of the ways is by doping of the material or application of external electrostatic bias voltage.
Such arrangements can dynamically and effectively tune the antenna radiation. A comparative
study is needed to observe how the chemical potential variations influence the resonant
frequency of graphene patch [63].
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Figure 44: Log-log plots of the real (above) and imaginary (below) parts of the electrical
conductivity of graphene as a function of the frequency, for different values of the chemical

potential: 0 eV (blue line), 0.5 eV (purple line), 1 eV (yellow line) and 2 eV (green line) [63].

Fig 44. represents how chemical potential makes a significant difference in graphene
conductivity. Here, it is observed that as the chemical potential increases the conductivity shifts
upwards and increases almost 10 times. The power absorbed by the microstrip graphene patch

is also affected by the chemical potential. As a result, resonant frequency of the antenna
changes dynamically [63].
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Table 1: Effect of chemical potential on Resonant Frequencies taking length and width of
5umand 0.5 5um respectively [63]

Chemical Potential (eV) Resonant Frequency (fr)
0.0eVv 0.918 THz
0.5eV 3.356 THz
1.0eV 4.704 THz
2.0eV 6.541 THz

From Table 1, it is evident that the resonant frequency changes drastically with the change of

the chemical potential. [63].
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Fig 45: Absorption cross-section of graphene slab with respect to frequency for

different values of chemical potential.

In a nutshell, the chemical potential view points to the power absorbed by graphene antenna
and its transmission range cannot go hand in hand. Shown in Fig 45. In order to achieve one,
other must be compromised. With zero chemical potential the graphenna radiates at low

frequency having small absorption cross section. Hence, the radiation efficiency gets limited.
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High chemical potential represents antenna resonating at higher frequencies due to greater
absorption ability but shaving its transmission range. Antenna designer should keep in mind
about these two contradictions for future application of graphene-based antenna for nano
wireless systems [63].

4.5 Relaxation Time

The relaxation time of a material can be defined as the time required for distortion of a charge
due to fluctuations and becomes stable to a uniform charge density after being introduced to a
material. Depending on quality of graphene relaxation time in graphene is considered as a key
parameter also related to the conductivity of graphene shown in Eq (5). George et al, Trushin
et al, Hu et al, Ryzhii et al in their respective papers have opted for different values form 104
s to 10 s in order to consider the relaxation time [64-68]. Since no conclusive arguments
where found regarding the actual relaxation time, we seemed it will be logical to study the

relaxation time in terms of resonant frequency i.e. how it affects radiation of the graphenna

[63].
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Figure 46: Log-log plots of the real (above) and imaginary (below) parts of the electrical

conductivity of graphene as a function of the frequency [63].

Figure 46 represents graphene conductivity with respect to its frequency changing its relaxation

time. In the above figure, for different values of the relaxation time: 104 s (blue line), 103 s
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(purple line), 1012 s (yellow line) and 107! s (green line), the plots are shown. We have
analysed how relaxation time affects the conductivity taking values described in the literature
[45-48]. From the figure it is evident that the relaxation time possesses strong dominance up to

3 orders for controlling the conductivity [63].
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Figure 47: Absorption cross section (in logarithmic scale) of a graphenna as a function of
frequency, for different values of the relaxation time: 104 s (yellow dotted line), 10 s
(green dashed line), 1022 s (red dot-dashed line) and 10-11 s (blue solid line) [63].

Figure 47 represents graphene absorption cross section with respect to its frequency varying
its relaxation time. In this case also the relaxation time imposes a significant impact on the
results such as bandwidth. It is evident from the results that the graphenna does not resonate
for T = 10*s. Increasing the relaxation time to = = 10™3s a wide resonance is recorded
around 1THz whose 3dB bandwidth is around 1.9THz. Further increasing 7 leads to higher
order resonance with strong resonance characteristics. When t = 102 s the 3dB bandwidth is
shifted to 0.16 THz and T = 10! s the 3dB bandwidth is 0.019 THz [63]. Higher bandwidth
is indispensable in order to maximize the channel capacity. Therefore, we have decided to
keep the relaxation time to T = 10?s which ensures strong radiation behaviour as well as

achieve maximum bandwidth as possible [63].
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Chapter 5

Literature Review and Methodology

5.1 Literature Review

In today’s communication system, an antenna plays a crucial role in our day to day life. An
antenna is a metallic object that converts high frequency current into electromagnetic waves
and vice versa. [69]. the behaviour and electronic properties of graphene proves that it is more
attractive for EM applications such as antenna, waveguide etc. Graphene is the building block
of carbon nano tubes (CNT). The proposed paper shows the radiation characteristics of
nanoribbon based nano scale strip for both rectangular and circular patch antenna radiating
between 2.45 to 2.98 THz band. The S-parameters and well as radiation pattern shows laudable
results in gain and directivity from conventional antennas [70].

Yanfei Dong proposed antenna creates a patch resonance based on backing cavity. The backing
cavity composed of graphene/Al203 stacks can perform dynamically dual-resonance
frequency-tuned on large range at 1 THz through electrostatic gating on the graphene stack.
The paper outlines reflection coefficient over 0.16-0.26 eV range of chemical potential which
creates two resonant frequency bands over whole frequency range, namely 4-5 and 6.5-7.5
THz. Due to the variation of effective dielectric constant of cavity substrate is irregular and
change occurs in upper frequency band. The maximum of first resonant frequency BW with
0.8 THz is obtained when uc= 0.2 eV, When uc= 0.16 eV, the maximum of the second resonant
frequency BW with 1.2 THz. Moreover, the least return loss (RL) is found to be 42dB.
Considering directivity at first resonance frequency with different chemical potential (uc) the
magnitude of main lobe gradually rises as chemical potential xc rises. For uc= 0.26 eV, the peak
magnitude of main lobe of the antenna is 7.2 dBi. In addition, direction of main lobe can be
varied from —15° to 25° due to the transformation of surface current distribution on the patch
by changing chemical potential of graphene. Therefore, beam reconfiguration is achieved with
a deflection range of 40° [71].

Jornet M.J et al proposed to create Nano-Antennas for Electromagnetic Nano communications
in the Terahertz Band. It is found that for a maximum antenna size in the order of several
hundred nanometres both a nano-dipole and a nano-patch antenna will be able to radiate
electromagnetic waves in the terahertz band [72]. Carrassco.E proposed to use graphene for

fixed beam reflects array antennas at terahertz frequency. The array was designed at 1.3



54

Terahertz and was analysed by using a full vertical approach. A very substantial reduction was
seen in interelement spacing due to the plasmonic propagation supported by the elements. In
the study positive performance in terms of bandwidth, cross-polar and grating lobes
suppression, proving the feasibility of graphene-based reflect arrays and other similar spatially
fed structures at Terahertz frequencies [73]. Llatser. | et al proposed for the scattering of
terahertz radiation on a v-based nano-patch antenna. In the study dependence of the real and
imaginary part of the intraband conductivity s and the total conductivity total = os + osi were
compared at room temperature (T = 300 K) and zero electrostatic bias (mc =0 eV). In the study
a vivid dependency on chemical potential was found which opened the possibility of tuning the
resonant frequency. These antennas opened doors for wireless communications in the
nanoscale [74].

Zhou. T et al proposed a miniatured antenna using graphene. The antenna was constructed
having dimensions of dipole L=20 pm W=5um and thickness 50pum. The value of pc was
considered 0-0.5eV and operation frequencies 0.8 to 1.6THz. The radiation pattern is similar
to metal antennas having an omnidirectional structure. The directivity is 1.8dBi in this case.
The study concluded attractive properties of the graphene antenna to be used in nanoscale
wireless communications and sensing system [75]. Walter Fuscaldo states in the proposed that
a novel reconfigurable radiating device operating in the THz range for graphene based super
substrate (SS) and leaky wave antenna (LWA). Dispersion and radiation properties of
fundamental leaky modes are supported by electronic structure of graphene. Thus, by changing
chemical potential of graphene beam scanning at a fixed frequency can be achieved. Due to
reduced attenuation variations of fundamental TE/TM leaky mode pair, peak directivity can be
achieved from proper positioning of graphene in the substrate. Beam scanning is obtained at
fixed frequency by changing chemical potential of graphene through electronic bias.
Furthermore, it is also evident that at different frequencies and biased scanned pointing angles
shows improved half power beam width (HPBW) for graphene based planar waveguide than
graphene-based substrate superstrate [76].

Tamagnone. M et al proposed on designing of terahertz antennas from plasmonic graphene
sheets. The study showed higher the values of . larger the radiation efficiencies which is a
result of higher resonating size. Again, for maximization of (gr) small values for W was taken.
The antenna performed better than typical Terahertz Antenna. The gm is less than 1%for the
photo mixer despite the miniatured size of proposed antennas. Two frequency working points
was noticed for the antennas where input impedance for the first one is real with a low

resistance value and the input impedance of the second one with a low resistance value. This
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study showed further opportunities for design of terahertz antennas using graphene-based
materials [77]. Wang, X.-C. et al suggested the implementation of a High-Impedance Surface
(HIS) containing graphene and metal patches into designing a two-dimensional THz leaky-
wave antenna, whose resonant frequency and beam angle can be reconfigured independently.
By drawing transmission-line models of the 2-D LWA and making necessary calculations, the
research shows that by changing the chemical potential of the graphene based HIS, the
bandwidth of the antenna can be increased. Though the direction of can be changed as
frequency increases, the width of it becomes narrower and sharp. Moreover, by decreasing L,
beam-steering is possible in both E and H-plane [78]. Li, J. et al proved with both theoretical
and calculated results that beam sweeping is possible in a grating based dielectric antenna with
a graphene sheet on top. By varying the chemical potential, and the working frequency, the
results show that the beam scans over a broad angle due to the changes [79].

Dragoman, M. et al shows that a metallic antenna on a graphene layer can have different
radiation pattern and efficiency when different gate voltages are applied. He used the low
resistive property of graphene at high voltages to switch the antenna on and off. At terahertz
region, the dipole antenna has higher gain and radiation efficiency. The paper also shows that
an array of such antennas can have a more concentrated, less lobed radiation pattern when some
of them are switched off, compared to keeping all of them on [80]. Tamagnone, M. et al
demonstrates the idea of an antenna with more efficient radiation properties along with reform
able resonant frequencies. By designing an antenna with graphene layered stacks and metal
surfaces, the input impedance varies as the chemical potential is varied, which in turn allows
the resonant frequency to be changed. Also, zero crossing of the imaginary part of the varying
input impedance lets the antenna to have a good match with the THz source and detector. This
leads to a better efficiency, as much as up to 9% with a 10 kQ photo mixer, as simulated results
show [81].

Huang, Y. et al shows that impurities on a single layer doped graphene can contribute to the
switching of the HIS. At a density of charged impurity of around 2.0 x 103 ¢cm?, the SLG
conducts 180 times more when gate voltage (V) is zero than when Vg is high (= 35V), acting
like a dielectric material in the later state. By designing a dual-looped antenna over a 6x6 array
of HIS cells, and switching columns of cells on and off, they demonstrated the beam sweeping
capability of it over an angle of £30° at 860 GHz. Keeping HIS cell columns(m) ON from m=0
to m=3, the efficiency was pretty much stable over the different cases [82]. Esquius-Morote,
M. et al demonstrates how a graphene LWA is sinusoidally modulated to perform beam

scanning at a fixed THz frequency. By effectively controlling the numerous gate voltages
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applied, the graphene conductivity can be controlled. To have a constructive interference
between the main and reflected beams over the calculated beam scanning range, specific value
of the substrate thickness is chosen. The paper shows that the simulation results match the
theoretical findings. It also exploits the practical limitations of such antenna, and how those
can be minimized [83].

Due to the complexity and high expense of fabricating a graphene LWA, Cheng, Y. et al
proposes a new design that will help to overcome such difficulties. Graphene ribbons are placed
on top of a dielectric-polysilicon layer, where gaps between the ribbons are varied as if they
represent a sinusoid. Connecting all the ribbons to a metal plate, a single source is needed to
apply voltage to all the ribbons. The surface reactance varies sinusoidally with the change in
gap width for different chemical potentials. Also, a higher gain and radiation efficiency is
achieved with higher pc. Beam sweeping is also attained [84]. Tamagnone, M. et al shows how
the propagation constant can be controlled to make the graphene-stacked antenna to resonate
at different frequencies, making it an easy and effectively frequency reconfigurable. Changing
the chemical potential by applying different bias voltage, the conductivity, and hence the
plasmonic propagation constant of the graphene layer is varied. They verified with equations
that the high input impedance at resonant frequency is independent of the working frequency
and does not change when it is reconfigured. Analysing graphically, it is shown that the total
efficiency, as well as the resonant frequency, increases as the graphene conductivity
increases[85].Rodriguez, N. R. N. M., de Oliveira, R. M. S., & Dmitriev, V. proposed a
parasitic graphene sheet inclusion to the design discussed in [31], and showed how it can be
operated at three different states. By altering the parasitic sheets’ chemical potentials, the
radiation pattern of the antenna can be changed to point in opposite directions or acts as a dipole
antenna. Though it is less efficient than the originally proposed antenna, it is more directive in
the direction. The dipole state is more efficient and has more gain than the original design [86].
Zhang, H., et al implies the design of a graphene antenna which has certain advantages to
conventional metal antennas at the UWB region. By increasing the chemical potential of the
graphene patch on the antenna, the imaginary part of the surface impedance becomes much
bigger than the real part, making it a high reactance surface. This results in less side lobes and
higher front-to-back ratio, stable radiation pattern and more efficient radiation [87].

Exploring other areas of work in the field of antenna despite usage of graphene quite a few
interesting research works was found. Sagor M. H, et al proposed a design of antenna
fabricating on Liquid Crystal Polymer. This was done to make antennas applicable to wearable

applications for broad spread use. The design did not rely on compromising of any of the factors
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and its effectivity in different conditions was tested. The design showed quite interesting
prospects of new research into the arena of wideband antenna applications. [88] Rahman S. et
al dived into an investigation to design a transparent and flexible antenna which can be used
for 5G communications at 28GHz frequency. The substrate here used was Polyethylene
Terephthalate (PET) and was designed which had a transparency of near 70-80%. The designs
however were not fabricated and AgHT-8 was used a conductive material here. The scope of
further work could include designing a more transparent design. [89] Nahiyan S. A et al
explored the use of metamaterial for modifying higher order resonances. The research showed
amazing results with maximum radiation and radiation across different radiating bands. The
metamaterial used in this case was DPS-ENG and the main lobe is more shifted than usual, but
the side lobe shrank at loss. This opened prospects for further research and design of patch
antennas arrays for making the bean steering process easier. [90] Callaghan, P. et al proposed
a Double Layered- Grid filter design to allow transmission at specific wireless bands. The
research showed insightful reading on the effect of incidence angle which was reduced
considerably and transmitting properties were also improved. There are a few challenges in

designing it in real life which could open arenas for further research into this topic. [91]

5.2 Methodology

Our research began with a view to incorporate graphene material with the terahertz spectrum
as it opens the door for many exceptional applications such as wireless communication with
higher data rate, miniaturized devices etc. At first, we investigated [92] work which consisted
of a microstrip patch antenna using graphene as the conducting material operating at 0.7 THz
frequency. In our research, we worked with an operating frequency range of 6-8 THz which is
approximately ten times larger and analysed the antenna parameters for different antenna
shapes and substrate materials. However, the research done in [1] introduced us with the
tunable properties of graphene material which were crucial for our research work. The paper
[57] proposed two different concepts to model a graphene patch: equivalent slab model and
surface impedance model, of which we chose to model our graphene patch using the equivalent
slab model. Additionally, this paper [63] analysed the tunability of graphene surface
conductance as well as resonant properties in terms of chemical potential and relaxation time.
In our research, we used chemical potential of 2eV and relaxation time of 0.1ps to obtain the
desired operating frequency range of 6-8 THz. Moving on to the antenna design part, we

designed microstrip patch antenna of rectangular, circular and triangular shapes as these are
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the most popular antenna shapes using single layer graphene of thickness 0.345nm. The
dielectric material used as a substrate in antenna design is an important element to consider as
its dielectric properties determines the size of the patch, radiation pattern and the bandwidth
[93]. In our research, we used Teflon, Polyimide, FR-4 and Alumina (96%) as dielectric
substrate material and analysed the antenna parameters for different antenna shapes. Finally,
we started our antenna simulation in CST Microwave Studio Software after contemplating all

the books, papers and articles.
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Chapter 6

Simulation and Results

6.1 Single Layer Graphene Rectangular Microstrip Antenna

The figure of single layer graphene rectangular microstrip antenna is given below:

Figure 48: Single Layer Graphene Rectangular Patch Antenna

The parameters of single layer graphene rectangular microstrip antenna are given below:

Table 2: Parameters of Single Layer Graphene Rectangular Patch Antenna

Parameter Values (in um)
Substrate Length 56.24
Substrate Width 52.24
Substrate Height 1.5

Patch Length 28.12

Patch Width 26.12

Patch Thickness 0.000345
Inset Feed 9.25
Feed Line Width 4.79
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6.1.1 Teflon As Dielectric Substrate

Teflon is one of the most used dielectric materials to design a microstrip patch antenna. It has
a lower dielectric constant of 2.1. The unique properties such as lower dielectric constant, high
dielectric strength, low dissipation factor makes it suitable to design microstrip antennas. This
material maintains a stable electrical and chemical properties which makes it befit to operate

in higher frequencies.
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Figure 49: S Parameter for single layer graphene rectangular patch antenna using Teflon as
Substrate

Here, the S parameter which represents the return loss of the antenna is -46.95dB at 7.22 THz
which is in the desired resonant frequency range of 6-8 THz. The return loss is the measure of
how much power is reflected from the antenna. Generally, a return loss with a value less than
-10dB is considered optimum for antenna design as it means more than 90% of the power is

delivered to the antenna.
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Figure 50: VSWR for single layer graphene rectangular patch antenna using Teflon as

Substrate
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For this design, we got a voltage standing wave ratio of around 1.015. VSWR demonstrates
how well an antenna is matched impedance-wise with the feedline. The lower the VSWR, the
better the antenna is matched with the feed line. For optimum result, the VSWR value should

be close to 1. For Teflon substrate, we have almost an ideal voltage standing wave ratio.

Radiation Pattern:

farfield (f=7.22) [1]

Type Farfield
Approximation enabled (kR >> 1)
Compenent
Output
Frequency
Rad. effic.
Tot. effic.

Gain

Figure 51: Radiation Pattern of single layer graphene rectangular patch antenna using Teflon

as Substrate

The gain of the antenna is 3.67 dB at 7.22 THz which is quite good considering the thickness
of the graphene material. The radiation efficiency of the antenna is -3.355 dB and the total
efficiency is -6.540 dB.

Directivity:

Farfield Directivity Abs (Phi=90)

Phi=270

Phi=90 30 30

farfield (f=7.22) [1]

Frequency = 7.22 THz
Main lobe magnitude =  7.03 dBi

180 Main lobe direction = 31.0 deg.
Angular width (3 dB) = 108.1 deg.
Theta / Degree vs. dBi Side lobe level = -18.7 dB

Figure 52: Polar Plot of Directivity of single layer graphene rectangular patch antenna using

Teflon as Substrate
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The directivity of the designed antenna is 7.03dBi. Directivity is a measure of how much power
is radiated towards a particular direction. The direction of the main lobe of the antenna deviates
by 31.0 degree and has a larger angular width of 108.1 degree which indicates the
omnidirectional property of the antenna. Moreover, this design has a side lobe level of -18.7dB.
The lower the side lobe level, the better performance is provided by the antenna as less power

is radiated in unwanted direction.

6.1.2 Polyimide As Dielectric Substrate

Polyimide is a dielectric material with a dielectric constant of 3.5 which is commonly used in
graphene antenna designs. This material shows good optical and electrical properties along
with some remarkable attributes such as thermal stability, chemical resistance and high

mechanical strength which makes it suited for graphene antenna design.

S-Parameter:
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Figure 53: S Parameter for single layer graphene rectangular patch antenna using Polyimide

as Substrate

For this design, we get a return loss of -33.41 dB at 7.03 THz which is in the desired frequency

range. This design yields a very good return loss as it is way below the -10dB range.
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VSWR:
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Figure 54: VSWR for single layer graphene rectangular patch antenna using Polyimide as
Substrate

By using Polyimide as a substrate, we get a very good voltage standing wave ratio of around
1.044. The VSWR value is close to the optimum value of 1 which means the antenna is well
matched with its feed line.

Radiation Pattern:

farfield (f=7.03) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Gain
Frequency 7.03 THz
Rad. effic. -1.773 dB
Tot. effic. -4.275dB
Gain 5.813dB

Figure 55: Radiation Pattern of single layer graphene rectangular patch antenna using

Polyimide as Substrate

For Polyimide Substrate, we get a gain of 5.81 dB which is good compared to other antenna
designs. The radiation efficiency of this design is -1.773 dB and the total efficiency is -4.275
dB.
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Directivity:

Farfield Directivity Abs (Phi=90)

farfield (f=7.03) [1]
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Frequency = 7.03 THz
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Theta / Degree vs. dBi Side lobe level = -14.4 dB

Figure 56: Polar Plot of Directivity of single layer graphene rectangular patch antenna using
Polyimide as Substrate

Here, we have a directivity of 5.1 dBi which is decent compared to other antenna designs.
There is a deviation main lobe direction by 10 degrees and has a smaller angular width of 84.9

degree. The side lobe level of this antenna is -14.4 dB.

6.1.3 Fr-4 As Dielectric Substrate

FR-4 is a dielectric material which is commonly used in microstrip patch antenna design in all
over the world. The ‘FR’ in the FR-4 represents ‘Flame Retardant’. It is a composite material
reinforced by woven fiberglass with an epoxy resin. The incapability of absorption of water
makes it a very good insulator. Moreover, this material possesses high electrical strength and

flame resistance. The dielectric constant of FR-4 is 4.3. [94]
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Figure 57: S Parameter for single layer graphene rectangular patch antenna using FR-4 as
Substrate
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From the simulation, we have a return loss of -32.71 dB at resonant frequency of 7.55 THz

which is a very good value as it is in the ideal range of below -10 dB.

VSWR:
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Figure 58: VSWR for single layer graphene rectangular patch antenna using FR-4 as
Substrate

The Voltage Standing Wave Ratio of this design is 1.048 which is very good compared to other

antenna designs as the value is closer to 1. The lower the VSWR value, the better the antenna

is matched.

Radiation Pattern:

farfield (f=7.55) [1]

Type Farfield >
Approximation enabled (kR >> 1)
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Output Gain
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Tot. effic. 3,657 dB

Gain 6.063 dB

Figure 59: Radiation Pattern of single layer graphene rectangular patch antenna using FR-4 as

Substrate
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For FR-4 substrate, we get a gain of 6.06 dB which represents a good gain. The radiation
efficiency of the antenna is -1.315 dB and the total efficiency is -3.657 dB.

Directivity:

Farfield Directivity Abs (Phi=90)

farfield (f=7.55) [1]

0
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Angular width (3 dB) = 72.7 deg.
Theta / Degree vs. dBi Side lobe level = -15.0dB

Figure 60: Polar Plot of Directivity of single layer graphene rectangular patch antenna using
FR-4 as Substrate

This design provides a directivity of 5.68 dBi. The main lobe of the radiation pattern deviates
by 4 degrees and has a smaller angular width of 72.7 degree. The side lobe level of the antenna
is -15.0 dB.

6.1.4 Alumina (96%o) as Dielectric Substrate

Alumina, commonly known as Aluminium Oxide is a progressive ceramic material which is
drawing the attention of researchers all over the world for its novel characteristics such as high
mechanical strength, thermal conductivity, enhance electrical insulation and exceptional
corrosion resistance. These unique attributes make the material convenient to complement
graphene as a material in several miniaturized wireless applications. The dielectric constant of
Alumina is 9.4. [95]
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S-Parameter:
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Figure 61: S Parameter for single layer graphene rectangular patch antenna using Alumina as
Substrate

Using Alumina as substrate yields a return loss of -38.35 dB at 7.83 THz which is in the

operating frequency range. As the s-parameter of this design is below -10 dB, the optimum

result is achieved.

VSWR:
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Figure 62: VSWR for single layer graphene rectangular patch antenna using Alumina as
Substrate

From the simulation, we can see that the antenna is well matched with a voltage standing wave

ratio of 1.025. VSWR of an antenna is considered to be optimum when its value is closer to 1.
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Radiation Pattern:

farfield (f=7.83) [1]
Type Farfield
Approximation enabled (kR...
Component Abs

Output Gain
Frequency 7.83 THz
Rad. effic, -1.676 dB
Tot. effic, -3.396 dB
Gain 4,683 dB

Figure 63: Radiation Pattern of single layer graphene rectangular patch antenna using
Alumina as Substrate

This design provides a considerable gain of 4.68 dB. The radiation efficiency of the antenna is
-1.676 dB and total efficiency is -3.396 dB.

Directivity:
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Figure 64: Polar Plot of Directivity of single layer graphene rectangular patch antenna using
Alumina as Substrate
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Here, the simulation shows that the antenna has a directivity of 6.35 dBi and the main lobe

direction deviates by 14 degree. The angular width of the antenna is 102.5 degree and the side
lobe level is -11.3 dB which is higher than the rest of the designs.

6.1.5 Comparison Among The Dielectric Substrates
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Figure 65: Comparison of s-parameter of rectangular patch antenna for different substrates
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Figure 66: Polar plot of rectangular patch antenna for different substrates
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Table 3: Comparison of rectangular patch antenna parameters for different substrates

Resonant S- Side Lobe
Substrates | Frequency | Parameter(dB) | VSWR | Gain(dB) | Directivity | Level(dB)
(TH2) (dBi)
Teflon 7.22 -46.95 1.015 | 3.67 7.03 -18.7
Polyimide | 7.03 -33.41 1.044 |5.381 5.1 -14.4
FR-4 7.55 -32.71 1.048 | 6.06 5.68 -15
Alumina 7.83 -38.35 1.025 |4.68 6.35 -11.3

The results obtained from the simulations are presented in the table above. All our designs
show very good s parameter values in the desired frequency range with Teflon showing the
best value of -46.95 dB. If we observe closely, we can see that as the dielectric constant of the
substrate increases, the return loss increases except for the novel material alumina. A similar
trend can be seen in terms of VSWR with Teflon showing the best match with a value of 1.015.
Additionally, the side lobe level of the antenna increases along with the dielectric constant
which is undesired as more power is drawn away from the main lobe. Moreover, the gain of
the antenna increases with the dielectric constant of the substrate with alumina being the
exception. In terms of gain, using FR-4 as a substrate yields the best result of 6.06 dB. Finally,
we can see that all the designs provide good directivity values which is an important parameter
in antenna design. From the analysis, we can notice that Teflon which has the lowest dielectric
constant among all the substrates, shows the optimum antenna parameters and best
performance with only gain being the exception but it can be compromised for a very low side

lobe level.
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6.2 Single Layer Graphene Circular Microstrip Antenna

The figure of single layer graphene circular microstrip antenna is given below:

Figure 67: Single Layer Graphene Circular Patch Antenna

The parameters of single layer graphene circular microstrip antenna are given below:

Table 4: Parameters of Single Layer Graphene Circular Patch Antenna

Parameter Values (in um)
Substrate Length 35
Substrate Width 35
Substrate Height 1.5

Radius of the patch 8.9
Patch Thickness 0.000345
Feed Line Width 4.79
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6.2.1 TEFLON AS DIELECTRIC SUBSTRATE

S-Parameter:
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Figure 68: S Parameter for single layer graphene circular patch antenna using Teflon as
Substrate

Here, the S-Parameter which represents the return loss of the antenna is -38.88 dB at 7.67 THz.

It is a very good return loss as the value is below -10 dB.
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Figure 69: VSWR for single layer graphene circular patch antenna using Teflon as Substrate

The voltage standing wave ratio for this antenna is 1.024. We should always aim to make our

VSWR as close to 1 as possible as it is the optimum result for VSWR.
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Radiation Pattern:
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Figure 70: Radiation Pattern of single layer graphene circular patch antenna using Teflon as
Substrate

From the simulation, we can see that the gain of the antenna is 1.87 dB. The radiation efficiency
of the antenna is -5.984 dB and the total efficiency is -9.149 dB.

Directivity:
Farfield Directivity Abs (Phi=90)
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Theta / Degree vs. dBi Side lobe level = -17.8 dB

Figure 71: Polar Plot of Directivity of single layer graphene circular patch antenna using
Teflon as Substrate
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The antenna has a directivity of 7.85 dBi which signifies how much directive the antenna is.
The main lobe deviates by 12.0 degree and the angular width of the lobe is 84.5 degree. The
antenna has a good side lobe level of -17.8 dB.

6.2.2 Polyimide as Dielectric Substrate
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Figure 72: S Parameter for single layer graphene circular patch antenna using Polyimide as
Substrate

The return loss of this antenna is -39.05 dB at the resonant frequency of 6.45 THz. Any s-

parameter value less than -10 dB is considered to be a very good return loss for the antenna.
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Figure 73: VSWR for single layer graphene circular patch antenna using Polyimide as
Substrate



75

The voltage standing wave ratio for this antenna is 1.023. We should always aim to make our
VSWR as close to 1 as possible as it is the optimum result for VSWR.

Radiation Pattern:

farfield (f=6.45) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Gain
Frequency 6.45 THz
Rad, effic, -5.327 dB
Tot. effic. -7.504 dB
Gain 1.184 dB

Figure 74: Radiation Pattern of single layer graphene circular patch antenna using Polyimide
as Substrate

The gain of the antenna is 1.18 dB. The radiation efficiency of the antenna is -5.327 dB and
the total efficiency is -7.504 dB.

Directivity:
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Figure 75: Polar Plot of Directivity of single layer graphene circular patch antenna using
Polyimide as Substrate
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This design has a directivity of 6.48 dBi which is good compared to other antenna designs. The
angular width is 93.4 degree and the main lobe deviates by 5.0 degree. The antenna has a

considerable side lobe level of -16.1 dB.

6.2.3 Fr-4 As Dielectric Substrate
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Figure 76: S Parameter for single layer graphene circular patch antenna using FR-4 as
Substrate

For this design, we get a return loss value of -17.32 dB at resonant frequency of 7.4 THz. The
s-parameter for FR-4 substrate is comparatively less than other designs though the value is well

below the -10dB optimum range.
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Figure 77: VSWR for single layer graphene circular patch antenna using FR-4 as Substrate
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From the simulation, we can see that using FR-4 as substrate provides a standing wave ratio of
1.315 which is comparatively better than other antenna designs.

Radiation Pattern:

farfield (f=7.4) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Gain

Frequency 7.4 THz

Rad. effic. -6.601 dB

Tot. effic. -8.163 dB

Gain 0.3637 dB

Figure 78: Radiation Pattern of single layer graphene circular patch antenna using FR-4 as
Substrate

Here, we get a gain of 0.364 dB which is low compared to other antenna designs. For better
antenna performance, the gain should be as high as possible. The radiation efficiency is -6.601

dB and total efficiency is -8.163 dB which are lower than other antenna designs.
Directivity:

Farfield Directivity Abs (Phi=90)

farfield (f=7.4) [1]

Frequency = 7.4 THz
Main lobe magnitude = 6,62 dBi

180 Main lobe direction = 27.0 deg.
Angular width (3 dB) = 81.4 deg.
Theta / Degree vs. dBi Side lobe level = -13.1 dB

Figure 79: Polar Plot of Directivity of single layer graphene circular patch antenna using FR-
4 as Substrate
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From the simulation, we can see that the antenna has a directivity of 6.62 dBi with the deviation
of main lobe direction by 27.0 degree. The angular width is 81.4 degree and the side lobe level
is higher with the value of -13.1 dB.

6.2.4 Alumina (96%) As Dielectric Substrate

S-Parameter:

S-Parameters [Magnitude in dB]
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Figure 80: S Parameter for single layer graphene circular patch antenna using Alumina as
Substrate

The return loss of the antenna is -26.2 dB at 7.07 THz. This design provides a good s-parameter

value as it is below -10 dB.

VSWR:

Veltage Standing Wave Ratio (VSWR)

12

WSWR1

Iq ( 7.0701, 1.1032 }I 6.8 6.9 7 7.1 7.2 7.3 7.4 7.5
Frequency / TH=z

Figure 81: VSWR for single layer graphene circular patch antenna using Alumina as

Substrate

From the simulation, we can see that using Alumina as substrate provides a standing wave ratio

of 1.103 which is very good as the value is closer to the ideal value of 1.
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Radiation Pattern:

farfield (f=7.07) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Qutput Gain
Frequency 7.07 THz
Rad. effic. -4.780 dB
Tot. effic. -7.123 dB
Gain 1.944 dB

Figure 82: Radiation Pattern of single layer graphene circular patch antenna using Alumina as
Substrate

This design provides a gain of 1.94 dB at 7.07 THz. The antenna has a radiation efficiency of
-4.780 dB and a total efficiency of -7.123 dB.

Directivity:

Farfield Directivity Abs (Phi=90)

farfield (f=7.07) [1]

Phi=90 30 30 phi=270

Frequency = 7.07 THz

120 120
Main lobe magnitude =  6.73 dBi
150 150 . e
180 Main lobe direction = 37.0 deg.
Angular width (3dB) = 72.1 deg.
Theta / Degree vs. dBi Side lobe level = -10.1 dB

Figure 83: Polar Plot of Directivity of single layer graphene circular patch antenna using

Alumina as Substrate

Here, the simulation shows that the antenna has a directivity of 6.73 dBi with the direction of
the main lobe deviating by 37.0 degree. This design produces an angular width of 72.1 which
ensures more directivity. Although, the antenna produces a higher side lobe level of -10.1 dB.




6.2.5 Comparison Among the Dielectric Substrates

S-Parameter / dB
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Figure 84: Comparison of s-parameter of circular patch antenna for different substrates
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Figure 85: Polar plot of circular patch antenna for different substrates
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Table 5: Comparison of circular patch antenna parameters for different substrates

Resonant S- Side

Substrates | Frequency | Parameter(dB) | VSWR | Gain(dB) | Directivity Lobe
(TH2) (dBi) Level(dB)

Teflon 7.67 -38.88 1.024 1.87 7.85 -17.8

Polyimide 6.45 -39.05 1.023 1.18 6.48 -16.1

FR-4 7.4 -17.32 1.315 0.364 6.62 -13.1

Alumina 7.07 -26.2 1.103 1.94 6.73 -10.1

The results obtained from all the simulated designs of circular patch antennas are provided in
the table above. In terms of return loss, all the substrates yield good s parameter value with all
the values being below -20 dB except FR-4 substrate whose return loss is a little bit higher than
other antennas with a value of -17.32 dB. Voltage Standing Wave Ratio is an important
parameter for antenna as it measures the amount of mismatch between the antenna and the
feedline and all our designs provide ideal VSWR values of around 1. Moreover, the gain of the
circular patch antennas is considerably low for all the dielectric materials with Alumina
providing the highest gain of 1.94 dB. Directivity is another important parameter and all our
designs show good directivity while using Teflon as a substrate produces the best directivity
of 7.85 dBi. Lastly, the side lobe level increases with the increase of the dielectric constant of
the substrate material. The antenna with Teflon as substrate produces the best side lobe level
of -17.8 dB and alumina being the substrate material provides the highest side lobe level of -
10.1 dB which is undesirable. Analysing all the antenna parameters for different substrate
materials, it is safe to say that Teflon provides the best results among all the substrate materials

for most of the antenna parameters.



6.3 Single Layer Graphene Triangular Microstrip Antenna

The figure of single layer graphene triangular microstrip antenna is given below:

Figure 86: Single Layer Graphene Triangular Patch Antenna

The parameters of single layer graphene triangular microstrip antenna are given below:

Table 6: Parameters of Single Layer Graphene Triangular Patch Antenna

82

Parameter Values (in um)
Substrate Length 60
Substrate Width 60
Substrate Height 1.5

Side length of the patch 21.72
Patch Thickness 0.000345
Feed Line Width 4.79
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6.3.1 Teflon As Dielectric Substrate
S-Parameter:

S-Parameters [Magnitude in dB]
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Figure 87: S Parameter for single layer graphene triangular patch antenna using Teflon as
Substrate

For Teflon, we get a very good return loss of -35.04 dB at 7.23 THz which is in the operating
frequency range. Return loss of an antenna is regarded as a good when the value of s parameter
is lower than -10 dB.

VSWR:

40
35

Voltage Standing Wave Ratio (VSWR)

VSWR1

0 T + 1 T i T 1 - :
q ( 7.23, 1.0361) 6.9 7 7.1 7.2 7.3 7.4 7.5 7.6
Frequency / THz

Figure 88: VSWR for single layer graphene triangular patch antenna using Teflon as
Substrate

The Voltage Standing Wave Ratio of this design is 1.036, which is very good compared to
other antenna designs as the value is closer to 1. The lower the value of VSWR, the better the

antenna is matched.
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Radiation Pattern:

dB
5.44
-0.806
-4.56
-8.31
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farfield (f=7.23) [1]
Type Farfield
Approximation enabled (kR >>...
Component Abs
Output Gain
Frequency 7.23 THz
Rad. effic. -1.556 dB
Tot. effic. -4,585 dB
Gain 5.444 dB

Figure 89: Radiation Pattern of single layer graphene triangular patch antenna using Teflon as
Substrate

The designed antenna shows a very good gain of 5.44 dB at the desired frequency. Moreover,
this design yields a very good radiation efficiency of -1.556 dB and total efficiency of -4.585
dB.

Directivity:

Farfield Directivity Abs (Phi=90)

farfield (f=7.23) [1]
Phi=270

Phi= 90 30 30

Frequency = 7.23 THz
Main lobe magnitude =  6.88 dBi

150 180 150 Main lobe direction = 12.0 deg.
Angular width (3 dB) = 92.6 deg.
Theta / Degree vs. dBi Side lobe level = -15.3 dB

Figure 90: Polar Plot of Directivity of single layer graphene triangular patch antenna using

Teflon as Substrate

From the simulation, we can see that the antenna has a directivity of 6.88 dBi with main lobe
direction deviating by 12.0 degree and angular width of 92.6 degree. The side lobe level of this

antenna is considerably good at -15.3 dB.



6.3.2 Polyimide as Dielectric Substrate

S-Parameter:

S-Parameters [Magnitude in dB]
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Figure 91: S Parameter for single layer graphene triangular patch antenna using Polyimide as

Substrate

From the simulation, we have a return loss of -18.28 dB at resonant frequency of 7.54 THz

which is an acceptable value as it is in the ideal range of below -10 dB.

VSWR:

25
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g
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Voltage Standing Wave Ratio (VSWR)
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Frequency / THz
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Figure 92: VSWR for single layer graphene triangular patch antenna using Polyimide as

Substrate

The voltage standing wave ratio for this antenna is 1.277. We should always aim to make our

VSWR as close to 1 as possible as it is the optimum result for VSWR.
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Radiation Pattern:

farfield (f=7.54) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Gain

Frequency 7.54 THz

Rad. effic. -1.500 dB

Tot. effic, -3.673dB

Gain 5.800 dB

Fig 93: Radiation Pattern of single layer graphene triangular patch antenna using Polyimide
as Substrate

The gain of the antenna is 5.8 dB. Moreover, the antenna provides a very good radiation
efficiency of -1.5 dB dB and the total efficiency of -3.673 dB.

Directivity:

Farfield Directivity Abs (Phi=90)

farfield (f=7.54) [1]
Phi= 90 30 30 phi=270

Frequency = 7.54 THz
Main lobe magnitude =  6.78 dBi

180 Main lobe direction = 46.0 deg.
Angular width (3 dB) = 52.0 deg.
Theta / Degree vs. dBi Side lobe level = -2.4 dB

Figure 94: Polar Plot of Directivity of single layer graphene triangular patch antenna using

Polyimide as Substrate

From the simulation, we can see that the antenna has a very good directivity of 6.78 dBi. The
main lobe direction deviates by 52.0 degree. The angular is 52.0 degree which shows how
directive the antenna is. However, the side lobe level for the antenna is -2.4 dB which is very

high and unacceptable as more power is drawn away from the main lobe.
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6.3.3 Fr-4 as Dielectric Substrate

S-Parameter:

S-Parameters [Magnitude in dB]
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Figure 95: S Parameter for single layer graphene triangular patch antenna using FR-4 as
Substrate

Here, the S-Parameter which represents the return loss of the antenna is -28.70dB at 7.19 THz.

It is a very good return loss as the value is below -10 dB.

VSWR:

Voltage Standing Wave Ratio (VSWR)

30

— VSWR1

% ( 7.1801, 1.0767 ) 7.2 7.4 7.6 7.8 8
Frequency / THz

Figure 96: VSWR for single layer graphene triangular patch antenna using FR-4 as Substrate

The voltage standing wave ratio for this antenna is 1.076. We should always aim to make our

VSWR as close to 1 as possible as it is the optimum result for VSWR.
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Radiation Pattern:

farfield (f=7.19) [1]

Type Farfield
Approximation enabled (kR >...
Component Abs

OQutput Gain
Frequency 7.19 THz

Rad. effic. -1.768 dB

Tot. effic. -3.827 dB

Gain 5.300 dB

Figure 97: Radiation Pattern of single layer graphene triangular patch antenna using FR-4 as
Substrate

From the simulation, we can see that the antenna provides a gain of 5.3 dB which is good
compared to other designs. The antenna has a very good radiation efficiency of -1.768 dB and
total efficiency of -3.827 dB.

Directivity:

Farfield Directivity Abs (Phi=90)

farfield (f=7.19) [1]

Frequency = 7.19 THz

Main lobe magnitude =  6.27 dBi
Main lobe direction = 6.0 deg.
Angular width (3 dB) = 106.9 deg.
Theta / Degree vs. dBi Side lobe level = -11.0 dB

Figure 98: Polar Plot of Directivity of single layer graphene triangular patch antenna using
FR-4 as Substrate

From the simulation, we can see that the antenna has a directivity of 6.27 dBi with the deviation
of main lobe direction by 6.0 degree. The angular width is 106.9 degree and the side lobe level
is higher with the value of -11.0 dB.
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6.3.4 Alumina (96%o) as Dielectric Substrate

S-Parameter:

S-Parameters [Magnitude in dB]

s1,1

6 6.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8
Frequency / THz

Figure 99: S Parameter for single layer graphene triangular patch antenna using Alumina as
Substrate

Using Alumina as substrate yields a return loss of -27.5 dB at 6.95 THz which is in the
operating frequency range. As the s-parameter of this design is below -10 dB, the optimum

result is achieved.

VSWR:
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Figure 100: VSWR for single layer graphene triangular patch antenna using Alumina as
Substrate

From the simulation, we can see that using Alumina as substrate provides a standing wave ratio

of around 1.089 which is very good as the value is closer to the ideal value of 1.
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Radiation Pattern:

farfield (f=6.95) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Gain

Frequency 6.95 THz

Rad. effic. -2.586 dB

Tot. effic. -4.799 dB

Gain 3.301 dB

Figure 101: Radiation Pattern of single layer graphene triangular patch antenna using
Alumina as Substrate

This design yields a gain of 3.3 dB which is decent. The antenna provides a good radiation
efficiency of -2.586 dB and total efficiency of -4.799 dB.

Directivity:

Farfield Directivity Abs (Phi=90)

farfield (f=6.95) [1]
0
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180 Main lobe direction = 26.0 deg.
Angular width (3 dB) = 84.2 deg.
Theta [ Degree vs. dBi Side lobe level = -4.3 dB

Figure 102: Polar Plot of Directivity of single layer graphene triangular patch antenna using

Alumina as Substrate

From the simulation, we can see that the antenna has a directivity of 5.44 dBi with the deviation
of main lobe direction by 26.0 degree. The angular width is 84.2 degree and the side lobe level
is very high with the value of -4.3 dB.
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6.3.5 Comparison Among the Dielectric Substrates
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Figure 103: Comparison of s-parameter of triangular patch antenna for different substrates
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Figure 104: Polar plot of triangular patch antenna for different substrates
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Table 7: Comparison of triangular patch antenna parameters for different substrates

Resonant S- Side Lobe
Substrates | Frequency | Parameter(dB) | VSWR | Gain(dB) | Directivity | Level(dB)
(TH2) (dBi)
Teflon 7.23 -35.04 1.036 5.44 6.88 -15.3
Polyimide 7.54 -18.28 1.277 5.8 6.78 -2.4
FR-4 7.19 -28.70 1.076 53 6.27 -11.0
Alumina 6.95 -27.5 1.089 3.3 5.44 -4.3

The table above comprises all the experimental results and data obtained from the simulations.
The s-parameter of an antenna evaluates how much power is reflected by the antenna. From
the table, we can see that all the antenna designs show a good s parameter value with Teflon
providing the best value of -35.04 dB. In terms of VSWR, the antenna provides a very good
value for all the dielectric materials while using Teflon as a substrate yields the best
performance. However, the designed antennas show identical gain values for Teflon, Polyimide
and FR-4 dielectric materials whereas Alumina substrate shows relatively lower gain of 3.3
dB. Moreover, directivity is an important parameter and all our designs show good directivity
values with Teflon providing the best performance with 6.88dBi. If we observe closely, we can
see that directivity decreases with the increase of dielectric constant of the substrate materials.
Among all the designs, Teflon as substrate provide the lowest side lobe level of -15.3 dB. On
the other hand, Polyimide and Alumina produce very high side lobe levels of -2.4 dB and -4.3
dB respectively which is undesired as more power is drawn away from the main lobe.
Comparing all the results for different substrate materials, it can be concluded that Teflon

provides the best results among all the substrate materials for triangular patch antenna.
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6.4 Comparison Among Antenna Shapes For Different Dielectric Materials

At this point, it is also essential to study and analyse the differences among parameters such as
gain, directivity, return loss and Voltage Standing Wave Ratio with respect to specific dielectric
substrate by changing the design of the patch.

6.4.1 For Teflon Substrate
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Figure 105: S-Parameters of different patch antennas for Dielectric Substrate Teflon
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Figure 106: Polar plot of different patch antenna for Dielectric Substrate Teflon
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Table 8: Comparison among the different patch antenna for Dielectric Substrate Teflon

Shape of | Resonant S- Side
patch Frequenc | Parameter(dB | VSW | Gain(dB | Directivit Lobe
y ) R ) y Level(dB
(TH2) (dBi) )
Rectangula 7.22 -46.95 1.015 3.67 7.03 -18.7
r

Circular 7.67 -38.88 1.024 1.87 7.85 -17.8
Triangular 7.23 -35.04 1.036 5.44 6.88 -15.3

From the above table we can draw several conclusions in terms of S-parameters, VSWR, gain,
directivity and side lobe level. We have tried to compare different patches designs using a
specific dielectric substrate in this case Teflon. At first it is observed that the resonant frequency
for both rectangular and triangular patch is around 7.22 THz. However, the resonant frequency
for circular patch is found at 7.67 THz. The best return loss is obtained at -46.95 dB for
rectangular patch design. It is mandatory to keep the S-Parameter below -10dB so that 90%
power can be reflected. Similarly, rectangular graphene patch shows the best value for VSWR
which is 1.015. In terms of gain the highest value is obtained for triangular graphenna which
is 5.44 dB. Though rectangular graphenna shows gain of 3.67 dB which is laudable but in case
of circular patch it is very minimal showing about 1.87 dB. On the other hand, maximum
directivity is shown by circular patch graphenna which is 7.85 dBi. Finally, in terms of dB the
side lobe level of rectangular antenna is lowest at -18.7 dB than circular and triangular patches.
It is to be understood that the more the side lobe level more power is drawn away from the

main lobe.



6.4.2 For Polyimide Substrate
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Figure 107: S-Parameters of different patch antenna for Dielectric Substrate Polyimide
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Figure 108: Polar plot of different patch antenna for Dielectric Substrate Polyimide
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Table 9: Comparison among the different patch antenna for Dielectric Substrate Polyimide

Shape of | Resonant S- Side
patch Frequenc | Parameter(dB | VSW | Gain(dB | Directivit Lobe
y ) R ) y Level(dB
(TH2) (dBi) )
Rectangula 7.03 -33.41 1.044 5.81 51 -14.4
r

Circular 6.45 -39.05 1.023 1.18 6.48 -16.1
Triangular 7.54 -18.28 1.277 5.8 6.78 -2.4

The above table shows comparison for different patch designs using a specific dielectric
substrate in this case Polyimide. At first it is observed that the resonant frequency is irregular
for different kinds of patches. The resonant frequency for circular patch is found at 6.45 THz
whereas rectangular and triangular patch resonates around 7.03 THz and 7.54 THz respectively.
The best return loss is obtained at -39.05 dB for circular patch. It is mandatory to keep the S-
Parameter below -10dB so that 90% power can be reflected. Similarly, circular graphene patch
shows the best value for VSWR which is 1.023. In terms of gain both triangular and rectangular
graphenna shows the highest value which is 5.8 dB. However, gain of circular patch is very
minimal showing about 1.18 dB. Furthermore, the maximum directivity is shown by triangular
patch graphenna which is 6.78 dBi. Finally, in terms of dB the side lobe level both rectangular
and circular graphene antenna shows values lower than at -14.4 dB. It is to be understood that
the more the side lobe level more power is drawn away from the main lobe. In case of triangular
patch, the side lobe level is more i.e. -2.4 dB. Hence the side lobe of triangular graphenna draws

more power than circular and rectangular.



6.4.3 For Fr-4 Substrate
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Figure 109: S-Parameters of different patch antenna for Dielectric Substrate FR-4
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Figure 110: Polar plot of different patch antenna for Dielectric Substrate FR-4
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Table 10: Comparison among the different patch antenna for Dielectric Substrate FR-4

Shape of | Resonant S- Side

patch Frequenc | Parameter(dB | VSW | Gain(dB | Directivit Lobe
y ) R ) y Level(dB
(TH2) (dBi) )
Rectangula 7.55 -32.71 1.048 6.06 5.68 -15
r

Circular 7.4 -17.32 1.315 0.364 6.62 -13.1
Triangular 7.19 -28.70 1.076 5.3 6.27 -11.0

The above table discusses comparison for different patch designs using a specific dielectric
substrate in this case FR-4. At first it is observed that the resonant frequency for both
rectangular and circular patch is close around 7.5 THz. However, the resonant frequency for
triangular patch is found at 7.19 THz. The best return loss is obtained at -32.71 dB for
rectangular patch. It is mandatory to keep the S-Parameter below -10dB so that 90% power can
be reflected. Similarly, rectangular graphene patch shows the best value for VSWR which is
1.048. In terms of gain the highest value is found for rectangular graphenna which is 6.06 dB.
Though triangular graphenna shows gain of 5.3 dB which is laudable but in case of circular
patch it is very minimal showing about 0.364 dB. On the other hand, maximum directivity is
shown by circular patch graphenna which is 6.62 dBi. Finally, in terms of dB the side lobe
level of rectangular antenna is lowest at -15 dB than circular and triangular patches. It is to be

understood that the more the side lobe level more power is drawn away from the main lobe.
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6.4.4 For Alumina (96%) Substrate
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Figure 111: S-Parameters of different patch antenna for Dielectric Substrate Alumina (96%)
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Figure 112: Polar plot of different patch antenna for Dielectric Substrate Alumina (96%)
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Table 11: Comparison among the different patch antenna for Dielectric Substrate Alumina

(96%)
Shape of | Resonant S- Side
patch Frequenc | Parameter(dB | VSW | Gain(dB | Directivit Lobe
y ) R ) y Level(dB
(TH2) (dBi) )
Rectangula 7.83 -38.35 1.025 4.68 6.35 -11.3
r

Circular 7.07 -26.2 1.103 1.94 6.73 -10.1
Triangular 6.95 -27.5 1.089 3.3 5.44 -4.3

From the above table comparison for different patch designs using a specific dielectric substrate
in this case Alumina (96%) is shown. At first it is observed that the resonant frequency for both
circular and triangular patch is around 7 THz. However, the resonant frequency for rectangular
patch is found at 7.83 THz. The best return loss is obtained at -38.35 dB for rectangular patch.
It is mandatory to keep the S-Parameter below -10dB so that 90% power can be reflected.
Similarly, rectangular graphene patch shows the best value for VSWR which is 1.025. In terms
of gain the highest value is obtained for rectangular graphenna which is 4.68 dB. Though
triangular graphenna shows gain of 3.3 dB which is laudable but in case of circular patch it is
very minimal showing about 1.94 dB. On the other hand, maximum directivity is shown by
circular patch graphenna which is 6.73 dBi. Finally, in terms of dB the side lobe level of both
rectangular and circular graphene antenna is lower than -10.1 dB. It is to be understood that the
more the side lobe level more power is drawn away from the main lobe. In case of triangular
patch, the side lobe level is more i.e. -4.3 dB. Hence the side lobe of triangular graphenna draws

more power than circular and rectangular.
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Chapter 7

Conclusion and Future Scopes

7.1 Conclusion

In recent times, the demand for higher speed wireless communication with larger bandwidth is
becoming inevitable as the amount of data an average person transfers or uses is increasing
vastly. The frequencies in the terahertz band has shorter wavelengths than microwave radiation,
and therefore has a higher bandwidth capacity for larger data transmissions. Along with that,
terahertz radiation is more concentrated and focused, and thus provides improved
communication efficiency and less power consumption. It will provide several attractive
properties like terabit-per-second communication links, miniature transceivers, zero latency,
and potentially, high energy efficiency. Existing materials that are being used for conventional
antennas such as copper, aluminium, brass etc. does not have the high electron mobility that is
needed to produce terahertz radiation. Graphene, an allotrope of carbon with high electron
mobility, has the capabilities to function properly in producing and operating in terahertz
radiations. Our approach was to create an antenna made of graphene that will exhibit excellent
performances at high frequencies. Our choice of antenna was the microstrip patch antenna,
because it can be easily modified and fabricated, and has a wide range of applications. We
hoped that our results will pave a path and ease the difficulties faced in making higher speed

wireless communication systems a reality.

In our research, we opted to design microstrip patch antenna for three shapes: rectangular,
circular and triangular and analyse the antenna performance based on different substrate
materials as the properties of the materials such as dielectric constant, loss tangent and surface
wave excitation are crucial for antenna performance. The substrate materials used in our thesis
are Teflon, Polyimide, FR-4 and Alumina (96%). At first, we designed rectangular microstrip
patch antennas for four different substrate materials. From the results, it can be concluded that
Teflon provides the optimum results for rectangular shape with return loss of -46.95 dB, VSWR
of 1.015 and a high directivity of 7.03 dBi. The only parameter where Teflon falls behind other
materials is gain with a value of 3.67 dB, but it can be compromised as Teflon provides a lower
side lobe level of -18.7 dB than other dielectric materials. Similarly, circular shaped graphene
patch antennas for different substrates have been designed. It can be concluded that circular

shaped patch antenna shows poor gain for all the dielectric materials. Among the four dielectric
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materials for circular patch, Teflon stands out showing excellent return loss of -38.88 dB and
directivity of 7.85 dB along with the fact that it shows lower side lobe level of -17.8 dB. Finally,
we designed triangular patch antennas with the four substrates and found optimum antenna
performance for Teflon. Comparing the three patch shapes, Teflon has shown outstanding
antenna performance as a substrate. Analysing all our designs, it can be deduced that the
combination of a rectangular single-layer graphene patch with Teflon as the dielectric substrate

will give the best antenna performance.

Overall, our analysed designs have helped us to find out a better combination of patch shape
and substrate material that will exhibit excellent antenna performances at terahertz frequencies.
However, there are opportunities to make further modifications and improvements to provide
superior results. Hopefully, we will be able to make upgrades to our work and contribute to a

better wireless communication system.

7.2 Future Scopes

Graphene possesses such magnificent and prolific attributes which can easily bring the world
of wireless communication to a new horizon. Our aim was to design a simple versatile
microstrip antenna primarily made of pure single layer graphene so that it can operate in higher
order terahertz regime since classical antenna cannot be shrunk into few micro meters. But this
is not the end. Graphene’s far reaching capabilities have opened the door to immense
possibilities. Future scope of this research is to make a comparative study and analyse the
characteristics and radiation properties of graphenna having multiple layers. In addition to it,
we can also add impurities such as MoSz and analyse its effects on antenna parameters such as
efficiency, gain, return loss, radiation pattern etc. Moreover, we will try to implement on other
types of antenna such as arrays, Yagi-Uda and so on. Furthermore, study can also be done by
changing feeding tetchiness and using shorting pins. We also hope to integrate such miniature

size antennas in IoNT devices. As a result, very high data communication can be established.
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