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ABSTRACT

Wireless communication is a promising technology in recent years and the future
communication devices needs to accommodate large number of users with high data rate. This
proves that the antennas must be wideband to cover the large frequency band. Ultra-wideband
(UWB) technology offers very high bandwidth using little power. The allocated frequency
range for the UWB technology is from 3.1 GHz to 10.6 GHz for the unlicensed use. This study
presents the design and development of the novel human face shaped microstrip patch antennas
which cover the entire UWB frequency range with a notch band for eliminating wireless local
area network (WLAN) signals.

The initial design of the human face shaped microstrip patch antenna with rectangular
Defected ground structure (DGS) operates for the bandwidth from 5.9 GHz to 11.2 GHz. The
human face shaped antenna has an overall size of 25.2 mm X 38.2 mm. To enhance the
bandwidth of the system, the design of a human face shaped microstrip patch antenna with
rectangular and triangular DGS, that operates for the bandwidth from 3 GHz to 14.7 GHz with a
notch band of 5 GHz — 6.3 GHz is presented. The human face shaped antenna with enhanced
bandwidth has the overall size of 24.6 mm x 38.6 mm. To enhance the capacity of the wireless
system, the design of a human face shaped multiple input multiple output (MIMO) microstrip
patch antenna, that uses polarization diversity technique, is also presented in this study. The
MIMO antenna has two orthogonal human face shaped patches for achieving dual polarization.
The MIMO antenna can operate for the bandwidth from 2.8 GHz to 16.1 GHz and has a notch
band of 5 GHz — 6.4 GHz. The overall size of the MIMO antenna is 39.1 mm x 70.2 mm. The
proposed antennas utilize the concept of the DGS along with the human face shaped patch to
achieve the wideband characteristics. The antennas are fed by 50 microstrip line and is
optimized using CST microwave studio. The notch rejects the interference from WLAN signals
at 5 — 6 GHz frequency band.

The antenna parameters like reflection coefficient, radiation pattern, gain, efficiency etc. are
presented and discussed for each antenna configuration. Each antenna with the optimized
dimensions is fabricated and measured. The maximum gain, minimum reflection coefficient
and maximum directivity of the human face shaped antenna with rectangular DGS are
6.219 dB, —35.11 dB and 6.268 dBi, respectively. The maximum gain, minimum reflection
coefficient and maximum directivity of the human face shaped antenna with rectangular and
triangular DGS are 5.945 dB, —35.4dB and 6.411 dBi, respectively. The maximum gain,
minimum reflection coefficient and maximum directivity of the human face shaped MIMO

antenna with polarization diversity are 7.079 dB, -22 dB and 7.609 dBi, respectively. The




isolation between the ports for MIMO antenna is high over the entire operating bandwidth. The
proposed antennas are simple in configuration, compact in size and easy to fabricate. The
antennas operate over a wide bandwidth with high gain, high efficiency and high directivity.
The MIMO antenna also has good isolation between the ports. The simulated and measured

results prove that the proposed antennas are suitable for UWB communication systems.
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CHAPTER 1: INTRODUCTION

This chapter discusses the importance of antennas in wireless communication systems and
the background of microstrip patch antennas. The chapter also introduces the importance of
defected ground structure in microstrip antennas. The problem statement, research motivation
and research questions are presented. The contribution of the dissertation, research methodology

and dissertation outline are also discussed.

1.1 Background

Wireless communication is between the devices which are not connected using wired
signals. This helps the users around the globe and those in rural areas to communicate with one
other. Local Wi-Fi networks and cellular networks are two main types of wireless
communication systems. Wi-Fi networks allow systems to communicate with each other over a
short distance. This technology is used in laptops, tablets and printers to communicate with the
internet. Cellular networks involve communication over long distance that enables the use of

mobile phones.

Antennas play a vital role in wireless communication systems as it transforms the radio
frequency signals into the current signals and vice versa. In 1890, only small number of
antennas were there in the entire world. Today an average person uses a mobile phone to
communicate. The mobile communication is not possible without the existence of antenna.
Microstrip patch antenna (MSA) are used in various applications as these antennas are small in
size and light in weight. These antennas can support dual polarization and the manufacturing
cost for these antennas is low. The major disadvantages of these antennas are that these provide
a very narrow bandwidth and poor gain [1]. In 2002, federal communication commission (FCC)
authorized the use of unlicensed frequency band from 3.1 GHz to 10.6 GHz as ultra-wideband
(UWB) for commercial purposes [2-3]. Large bandwidth, high data rate, high immunity to
multi-path fading, low power etc are some of the advantages of UWB communication systems
[4]. The UWB technology is limited to short range communications as it has low transmitted

power [5].

Defected ground structure (DGS) is a technique to increase the impedance bandwidth of the

microstrip antennas where defects or slots are etched in the ground plane under the transmission




line of the antenna. By changing the size of the defect, the required resonant frequency can be
obtained [6]. Multiple input multiple output (MIMO) technique is used to increase channel
capacity by providing reliable transmission with high data rates [7]. MIMO antennas must have
high isolation between the ports to avoid mutual coupling. MIMO systems with UWB
technology can provide high data rate and reliable transmission in wireless communication

systems.

1.2 Problem statement

A microstrip antenna has low profile and light weight. In the basic configuration of MSA,
the dielectric substrate is sandwiched between two metallic layers namely the ground plane and
the patch. The patch can be of different shapes such as elliptical, circular, rectangular, square,
ring, monopole, dipole etc. These antennas can easily be mounted on planar or non-planar
surfaces. These antennas are used in many wireless applications as they are small and
inexpensive. The major disadvantages of microstrip antenna are narrow impedance bandwidth
and poor gain. Thus, designing an ultra-wideband microstrip patch antenna becomes a challenge
as ultra-wideband antenna requires large bandwidth. There is also interference from other
frequency bands existing within the ultra-wideband. If dual polarized antennas in MIMO system
are used to increase the system capacity, these suffer from mutual coupling. Considering this
view, this study aims to design and develop microstrip patch antennas for UWB applications,
for UWB applications with elimination of 5 GHz - 6 GHz WLAN signals and for MIMO ultra-
wideband applications with elimination of 5 GHz - 6 GHz WLAN signals.

1.3 Research motivation

As microstrip patch antennas offer very narrow bandwidth, ultra-wideband antennas are
needed to accommodate more users and more applications, but UWB antennas require wide
impedance bandwidth. When designing an ultra-wideband antenna, interference with existing
bands occupied by wireless local area network (WLAN) from 5.1 to 5.35 GHz, high
performance radio LAN (HIPERLAN/2) from 5.725 GHz to 5.825 GHz and worldwide
interoperability for microwave access (WiMAX) service from 3.3 GHz to 3.6 GHz should be
avoided. Therefore, it becomes necessary to design the antenna with wide impedance bandwidth
that have band notches to reject interferences. The antenna must have lower reflection

coefficient along with high gain and high directivity. The antennas must also have dual




polarization in order to use in MIMO systems to improve the system capacity. As dual polarized
antenna suffers from mutual coupling, the designed antenna must have high isolation over the
entire bandwidth. It is therefore necessary to design a MIMO ultra-wideband antenna that can

provide a wide impedance bandwidth along with high isolation between the ports.

1.4 Research questions

The research work in this dissertation attempts to answer the following research questions:

e How can the bandwidth of the microstrip antennas be improved and the antennas be
designed for UWB applications with elimination of WLAN signals?

e How can the microstrip antennas be designed to have lower reflection coefficient along
with high gain and directivity?

e How can the microstrip antennas be designed for MIMO systems with high isolation

between the ports?

1.5 Research contribution

This work presents the design, simulation and fabrication of human face shaped antennas for
UWB applications. The first antenna is human face shaped microstrip patch antenna with a
rectangular DGS that covers the bandwidth 5.9 GHz-11.2 GHz. The second antenna is human
face shaped microstrip patch antenna with one rectangular DGS and two symmetrical triangular
DGS that covers the bandwidth 3 GHz- 14.7 GHz with a notch band of 5 GHz- 6.3 GHz for the
elimination of WLAN signals. The third antenna is a multiple input multiple output dual
polarized human face shaped antenna that covers the bandwidth 2.8 GHz — 16.1 GHz with a
notch band of 5 GHz — 6.4 GHz. The isolation between the ports of the MIMO antenna is more
than 19.8 dB over the entire bandwidth. The presented antennas utilize the elliptical patch,
which is modified to be like a human face to enhance the bandwidth. This work also uses the
defected ground structure, which involves etching defects in the ground plane to increase the

impedance bandwidth and to reduce the mutual coupling between the ports.

1.6 Research methodology

Various techniques for enhancing the bandwidth of the microstrip antennas are studied.

Antenna dimensions such as patch size, width of the circular slots, width of the mouth, width of




the eyebrows is calculated using design concepts. The theoretical design is optimized using
computer software simulation (CST) microwave studio. The antenna parameters like bandwidth,
gain, reflection coefficient, coupling coefficient etc are analyzed. The antennas with the
optimized results are fabricated and measured using vector network analyzer (VNA), signal
generator, signal analyser, anechoic chamber etc. To increase the system capacity, the concept
of polarization diversity is applied. The antennas are positioned properly to minimize mutual
coupling. The various concepts for enhancing the antenna parameters are applied to improve the

performance of the antenna for UWB applications.

1.7 Overview of chapters
Chapter 1: This chapter presents the basic concepts of the microstrip antenna along with the
problem statement, research maotivation, research contribution, research question, research

methodology and the overview of chapters.

Chapter 2: The literature review of antenna, microstrip antenna concepts along with its
limitations and feeding methods are discussed in this chapter. Antenna parameters, defected
ground structure and the history of ultra-wideband antennas along with antenna types are also

explained in detail.

Chapter 3: This chapter presents the design of human face shaped microstrip antennas which
are simulated using CST microwave studio. Reflection coefficient graphs are plotted for various
antenna configurations and are analyzed. The theory behind the human face (elliptical patch) is
also described. Three-dimensional directivity patterns, gain patterns, normalized radiation
patterns, gain and directivity plot, voltage standing wave ratio (VSWR) plot for various antenna
configurations are presented and discussed. The gain and directivity plot are also presented for
each antenna configuration. The performance of the proposed antennas is also compared with

the existing antennas in literature.

Chapter 4: The design of a human face shaped multiple input multiple output antenna with
polarization diversity is presented in this chapter. The concept of polarization diversity is
explained. Three-dimensional directivity patterns, gain patterns, radiation patterns, gain and
directivity plot, VSWR plot for the MIMO antenna are presented. The gain and directivity plot
are also presented. The comparison of proposed UWB MIMO antenna with the existing

antennas in literature is also presented.




Chapter 5: This chapter presents the conclusion of the dissertation along with the future scope

of the work.

1.8 Chapter summary

The importance of antennas in the wireless communication systems, the problems with
microstrip antennas, advantages of UWB communication systems have been presented. To
achieve a wide bandwidth and high channel capacity, the concepts of DGS along with MIMO
technique can be utilized. The need of designing an ultra-wideband microstrip patch antenna,
ultra-wideband microstrip patch antenna with the elimination of 5 GHz - 6 GHz WLAN signals
and ultra-wideband MIMO microstrip patch antenna with the elimination of 5 GHz - 6 GHz
WLAN signals antenna have been addressed. The research questions, the contributions of the
research and the research methodology used in this research work have also been presented. A

brief overview of all chapters of the dissertation have been given.




CHAPTER 2: LITERATURE REVIEW

This chapter presents the introduction and importance of the antennas in wireless
communication systems. The concepts of microstrip patch antennas along with the advantages,
applications, feeding methods, limitations are discussed. Antenna parameters like gain,
directivity, VSWR etc are presented and discussed. The different shapes and types of defected
ground structures along with the working principle are explained. The literature review of

various types of ultra-wideband antennas is also presented in this chapter.

2.1 Antennas in wireless communication systems

Antennas are vital in any wireless system and are used for radiating or receiving radio waves
[1]. Antenna is a transducer that converts alternating current into electromagnetic radiations and
vice versa. An antenna can be used as transmitter and receiver with the same characteristics. The
voltage applied to the antenna terminals and the current flowing through them produce
electromagnetic waves. The transmitting antenna converts electric current to electromagnetic
waves, which are then propagated in the free space. These electromagnetic waves, at the
receiving end, produce electric signals when they are received by the antenna. Thus, the
receiving antenna converts the electromagnetic waves into currents, which are compatible for
cables. Antennas are used in radar, television broadcasting, space communications, wireless
communications etc. Various antenna types are wire antennas, array antennas, reflector
antennas, microstrip antennas, aperture antennas, and lens antennas etc [1]. In this work, we will
focus on the microstrip antennas. Microstrip patch antennas compact antennas and are suitable

for wireless communications, missile, radar, aircraft, mobile communications etc.

2.2 Antenna parameters

The performance of the antenna is characterized based on the antenna parameters like gain,
reflection coefficient, directivity, VSWR, bandwidth, radiation patterns, return loss, polarization
etc. These parameters also determine the efficiency of the antenna. The antenna parameters are

discussed below.




2.2.1 Directivity

Directivity is an estimate of how well an antenna can radiate in a direction. Directivity is

measured in dB [1].

Maximum radiation intensity

Directivity = (2.2)

Average radiation intensity
Higher values of directivity indicate that the radiation from the antenna is focused in the
particular direction. At the receiving side, the antenna will receive the power effectively from a

direction in which the directivity is high.

2.2.2 Gain

Gain is defined as the capacity of the antenna to effectively radiate more or less in any
direction when compared to the isotropic antenna. The gain of the antenna is a measure of the

antenna efficiency and its directivity as given by [1]:

Antenna gain = Directivity * Efficiency (2.2)

In the case of a transmitting antenna, gain is the measure of how effectively the antenna can
radiate the transmitted power into free space in a direction. For receiving antenna, it indicates
how effectively the antenna can transform the electromagnetic waves which are received from

the space into electrical signals.

2.2.3 Voltage standing wave ratio (VSWR)

VSWR known as voltage standing wave ratio is an estimate of power transferred from source
to the load via the transmission line. In ideal scenario, 100% of the power is transmitted, when
there is perfect match between the impedance of the source, transmission line and the load. The
voltage standing wave ratio is 1.0 or 1:1 in this case. In real life scenario, due to the impedance
mismatch, some of the power is transmitted back to the source. The VSWR is higher than one
for mismatched loads. Voltage standing wave ratio is given by the ratio of the maximum voltage

in the transmission line to the minimum voltage as given below [1]:




VSWR = Ymax (2.3)

Vmin

where V.« and V,,;, are the maximum voltage in the transmission line and minimum

voltage in the transmission line, respectively.

2.2.4 Return loss

Return loss (R) is defined as the power loss in the signal that is transmitted back from the
transmission line. This is generally used to express the mismatch. It is the difference between

the incident power and the reflected power, which can be expressed as given below [8]:

R (in dB) = 10 log;, (2 (2.4)

where P; and B, are the incident power and the reflected power, respectively.

2.2.5 Reflection coefficient

Reflection coefficient (I") determines the amount of the signal propagating in a line that is
reflected back to the source. The relation between the reflection coefficient and VSWR are

given by the expression as given below [1]:

_ VSWR-1

r= VSWR+1 (2.5)
VSWR = 2L (2.6)
1-T

When the reflection coefficient has the value of one it denotes the worst case as the signal is
reflected back completely. In this case, VSWR will have the value of infinity as can be seen
from above equation (2.6). This indicates that for higher values of VSWR, the reflection
coefficient is higher. Return loss (L) in terms of reflection coefficient can be expressed by the

following expression [8]:

R (indB) = —20 log;oT (2.7)




2.2.6 Bandwidth

The bandwidth of an antenna refers to the frequency range in which the antenna can satisfy
certain parameters like VSWR, reflection coefficient, return loss etc. Usually bandwidth of
operation is measured for the frequency range in which the voltage standing wave ratio is lower
than 2 and this is known as the impedance bandwidth. The percentage bandwidth (BW) is

defined with regards to the centre frequency and is given by [1]:

BW = 100 (2=1) (2.8)
where f}, , f; and f. are the highest frequency of the band, lowest frequency of the band and

the center frequency of the band, respectively.

2.2.7 Radiation pattern

The radiation pattern represents the energy radiated by the antenna. Figure 2.1 represents the
radiation pattern of a dipole antenna, where there is a main lobe and several back lobes [9]. The
radiation pattern of Figure 2.1 is a directive radiation pattern and indicates the directions of high
directivity and low directivity. The major lobe represents the direction of high directivity. The
other lobes are minor lobes and represent the directions of low directivity. The nulls in the
pattern represent zero directivity. It is a radiation lobe having the direction of maximum
radiation [1]. Side lobes denote the direction where the radiation is distributed sideways. These
indicate the directions, where the power is not desired. The lobe in the anti-direction of the main
lobe is denoted as back lobe. A substantial amount of energy is dissipated in back lobe and side

lobes.
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Figure 2.1: Radiation pattern [9]




2.2.8 Polarization

Polarization of an antenna defines the direction of the electric field. There are three types of

the polarization as following [1]:

e Linear polarization
e Circular polarization

o Elliptical polarization

If the electric field moves in a linear path, it is termed as linear polarization. There are two
types of linear polarization namely vertical and horizontal. In case of vertical polarization, the
electric field is perpendicular to the earth. It is achieved by the antenna, that is placed vertically
to the earth. In the horizontal polarization, the electric field is parallel to the earth and is

achieved by the antenna, that is placed horizontal to the earth.

If the electric field moves in a circular path, it is termed as circular polarization. If the
electric field has the clockwise rotation, then it is called as right-hand circular polarization. If
the electric field has the anti-clockwise rotation, it is called the left-hand circular polarization. If
the electric field moves in an elliptical path, it is termed as elliptical polarization. The quality of
receiving signals also depends upon the direction of polarization of transmitting and receiving
antennas. For the better quality of wireless system, the polarization of transmitting and receiving

antennas should be aligned properly.

2.3 Microstrip patch antenna

A microstrip antenna has a radiating patch mounted on the ground plane as shown in Figure
2.2 and therefore referred as patch antennas. The patch is usually etched on the dielectric
substrate [10]. The patch is built of material like gold, copper and can be in different shapes

namely circular, elliptical, rectangular, triangular, square, or any other shape.
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Rectangular Patch

Figure 2.2: Structure of MPA [10]

For a rectangular patch, the electric field does not exist in the centre of the patch but is
positive on one side of the patch and negative on the other side. The electric field also extends
to the periphery of the patch and is known as fringing field. The patch antenna radiates due to
the fringing field which is on the antenna’s surface in the positive y direction as shown in Figure
2.3. The current also adds up in phase on the patch antenna but an equal magnitude of current
but in the opposite direction is on the ground plane, which effectively neutralizes the radiation.
The antenna radiates because of the fringing field that is generated due to the distribution of the

voltage on the patch antenna [1].

[

Figure 2.3: Fringing field effect in MPA [1]

The height of the patch is usually 0.003A <h < 0.05 A, where A is the free space wavelength.
The dielectric constant of the substrate is usually 2.2 < € < 12 [1]. Thick substrate has lower
dielectric constant and provide greater efficiency with large bandwidth. The antenna’s resonant
frequency depends on the length of the patch and is given by [11]:

[« 1

= (2.9)

f. =
¢ ZL\/er 2Leou0\/er
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From the above equation it is clear that the length of the rectangular patch L is approximately

one half of the wavelength in the range of % <L< % .

2.3.1 Advantages of MPA

Microstrip patch antennas are very easy to fabricate, easy to install and so are common in
devices like cell phones, satellite and missile communication, spacecraft etc. The advantages are
listed below [1]:

e Compact size

e Inexpensive and easy to fabricate

e Robust when mounted on surfaces

e  Support multi frequency bands (dual band, triple band)

e Support dual polarization types with compact size

2.3.2 Applications of MPA

Microstrip antennas are widely used in systems like mobile communications, satellites,

medical science and rockets as discussed below.

2.3.2.1 Mobile communication

The fabrication of the microstrip antenna can be on the same printed circuit board along with
the other components as it occupies only small space. Small size antennas have drawn interest
from people around the world as these can fit in a compact device. These antennas are widely

used in cellular phones, pagers, and in vehicles like car, airplanes, etc.

2.3.2.2 Satellite communication

The main requirement of the satellite communication is to have antennas with circular
polarization. This can be achieved by using square or circular patch. The design of the
microstrip antenna is trivial to achieve required polarization. These antennas can be used in

satellite communication to broadcast from a satellite.

12



2.3.2.3 Healthcare applications

Human body needs to be monitored continuously sometimes to gather the biometric data. An
antenna has to be attached to a human body to gather the data. An antenna constructed with
textile material can be worn for long period and is known as wearable antenna. In this type of
antenna, the radiating patch and the ground plane are made of textile material like flectron,
shieldit and zelt. The substrate is a fabric material like jeans, polyester and cotton. This antenna

forms a part of human clothing and is integrated into accessories like watches, helmets etc.

2.3.2.4 Direct broadcast satellite system

Direct broadcasting system provides satellite television services to the users around the
world. A high gain antenna must be used to receive the signals. Parabolic reflectors are used,
but these antennas are bulky and affected by rain. The arrays of microstrip antennas which are
circularly polarized, are used in the recent times as these are easy to install, light weight and not

affected by rain.

2.3.3 Feeding techniques

There are two types of feeding methods. One is the contacting type and the other is non-
contacting type. The contacting type can be divided into line feeding technique and probe
feeding technique. The non-contacting type can be divided into proximity feeding technique and

aperture coupled feeding technique. The different feeding techniques are discussed below.

2.3.3.1 Microstrip (Offset microstrip) line feed

In this feed type, a microstrip line feeds the patch as shown in Figure 2.4. The feed line
width is smaller than the width of the patch. Impedance matching is achieved by having an inset
cut in the patch and by maintaining the inset position. It is the most commonly used feeding
method as fabrication is easy and matching is simple. The increase in the substrate thickness
increases the spurious feed radiation, which decreases the bandwidth of the antenna. This feed

also suffers from cross polarization effects [12].
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Figure 2.4: Microstrip feeding technique [12]

2.3.3.2 Coaxial feed

In this feeding technique, the inner conductor of coaxial cable is soldered to the patch and
the outer conductor of the coaxial cable is attached to the ground plane as shown in Figure 2.5.
The main advantage of this feed is that we can attach the inner conductor at the point of the feed
where the input impedance is equal to the characteristic impedance of the feed line. Fabrication
of coaxial feeding is simple but is difficult to model as a hole has to be drilled in the substrate.

This also has low spurious radiation [13].

Maetal Patch
*

Dielectric
Substrate

Coaxial Cable

Figure 2.5: Coaxial feeding technique [13]

2.3.3.3 Proximity coupled feed

This feed is also known as electromagnetic coupling scheme and has two dielectric
substrates. The feed line is present between the two substrates as shown in Figure 2.6. Energy
from the feed line is coupled electromagnetically to the patch. The substrate’s dielectric constant

is chosen in such a way to widen the bandwidth and to reduce the spurious feed radiation. The
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material for the upper substrate has a low dielectric constant as it has more radiations from the
patch. This feeding gives the wide bandwidth among the other feeding techniques. Fabrication
of proximity coupled feeding is difficult as it needs two dielectric layers which are properly
aligned [13].

Patch

Microstrip Line

/.

Substrate 1

Substrate 2

Figure 2.6: Proximity coupled feeding technique [13]

2.3.3.4 Aperture coupled feed

In this type of feed, the ground plane is in between the patch and the feed line. Slot or
aperture present in the ground plane achieves the coupling between the patch and feed line as
shown in Figure 2.7. The amount of coupling is dependent on shape, size and location of the
aperture. Since the ground plane is present between the patch and the feed line, the spurious

radiation is low [14].

Patch Anerture/Slot

Microstrip Line

‘ Substrate 1
Ground Plane
Substrate 2

Figure 2.7: Aperture coupled feeding technique [14]

Thick substrate along with low dielectric constant is preferred for the upper substrate to get
wide bandwidth. Thin substrate with high dielectric constant is preferred for lower substrate so

that energy can be transferred efficiently from the feed line to the patch. This type of feed has
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improved polarization purity, less spurious radiation and wide impedance bandwidth compared
to coaxial and microstrip feed. Table 2.1 below compares the different feeds, where the aperture
feed has an excellent polarization with low spurious radiation. Microstrip feed suffers from high

spurious radiation and poor polarization but has the ease of fabrication.

Table 2.1: Comparison of various feeding techniques

Feed type Polarization Fabrication Spurious Radiation
Microstrip feed Poor Easy High
Coaxial feed Poor Difficult Low
Proximity feed Poor Difficult Low
Aperture feed Excellent Difficult Low

2.4 Limitations of MPA

Although microstrip patch antennas have more advantages like compact size and easy to

fabricate these antennas suffer from the following limitations:

e Cross polarization

e Poor gain and narrow bandwidth

o Low efficiency

¢ High dielectric and conductor losses

o Suffer from surface waves when high dielectric constant material is used.

Large number of researches have proposed techniques to increase the impedance bandwidth
of the patch antenna and some of the common methods are decreasing the dielectric constant of
the substrate [15], using stacked patches [16], defected ground structure [17], metamaterial [18],
frequency selective surfaces (FSS) [19], electronic band gap (EBG) [20] [21].

2.5 Defected ground structure

Defects etched in the ground plane of microstrip patch antenna are known as defected ground

structure (DGS). The defected ground structure is used to enhance the bandwidth and gain of the
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microstrip antenna. The defects also reduce the return loss, size of the antenna, cross

polarization etc.

2.5.1 Geometry and working principle

The ground plane of the microstrip antenna can have either single or multiple defects. These
defects can be periodic or aperiodic. DGS has been used under the microstrip line to decrease
the mutual coupling and higher order harmonics. Rectangular DGS elements on the ground
plane increases the inductance and by changing the size of the defect, the inductance can be
varied [22]. These defects disturb the current distribution, which alter the line inductance and

capacitance thereby increasing the bandwidth [23].

2.5.2 Unit DGS

DGS has many shapes [24] such as rectangular dumbbell [25], H [26], spiral [27], U [28], V
[28]. Other complex shapes are meander lines [29], split ring resonators [30], [31] and fractals

[32]. These shapes are shown in Figure 2.8.

S
Slisf==

Figure 2.8: DGS shapes: (a) spiral (b) arrowhead (c) H shaped (d) square shaped

it S

with slot in center (e) dumbbell with open loop (f) interdigital [24]

2.5.3 Periodic DGS

In periodic DGS, defects are repeated with a fixed spacing between them. When such defects
are cascaded, the bandwidth is improved. Shape of defects, distance between the defects and the
distribution of defects determine how well periodic DGS can perform. DGS is commonly used

as a band stop filter [33].
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Periodic DGS can be classified as horizontal periodic DGS (HPDGS) and vertical periodic
DGS (VPDGS) as shown in Figure 2.9. Applications, advantages and disadvantages of DGS are
shown in Table 2.2 [34]. The dumbbell DGS has a simple structure while HPDGS and VPDGS
helps in size reduction. U slot and V slot help to improve the Q factor but suffers from a single

stop band.

MMicrostrip line T -_(—_:7Durnbbell DGS
,,,,,, ' o

(b}

Figure 2.9: Periodic DGS (a) HPDGS (b) VPDGS [34]

Table 2.2: Advantages and disadvantages of various DGS shapes [34]

Shape Advantage Disadvantage Applications

Dumbbell Basic structure, easy to | Single stop band Band-stop filter

design and analyze

HPDGS Reduction in size Bigger size than | Matching networks
VPDGS, dispersion | of amplifier
problem
VPDGS Reduction in size Dispersion problem Matching  network
of amplifier
U-slot Q -factor improvement | Single stop band Band-stop filter
V-slot Q -factor improvement | Single stop band Band-stop filter
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2.5.4 DGS based MSA
DGS based microstrip antennas are used in satellite communication, radio frequency

identification systems etc as listed below.

2.5.4.1 Circularly polarized DGS antenna

Circular polarization is produced by the defects in the ground plane. These circularly
polarized antennas are used in radio frequency identification systems, satellite communication,
and wireless local area networks etc. An arrowhead shaped slot [35] in the square patch

generates two orthogonal modes with a phase difference of 90°.

2.5.4.2 Wideband antenna

DGS has also been used for designing wideband antennas. A square shaped defect in the
ground plane is used for enhancing the bandwidth of the microstrip antenna [36]. A parasitic
square element in the center of the square defect is used for achieving an impedance bandwidth
of about 80%. Two L shaped slots and parasitic structures are used to increase the bandwidth
[37].

2.5.4.3 Antenna with notched band

A simple ultra-wideband antenna with triple band notch characteristic is presented in [38].
By introducing defected ground structure along with fork shaped stubs, three sharp notch bands
are achieved at frequencies of 3.5 GHz, 5.68 GHz, and 7.48 GHz. The antenna operates from

2.8 GHz to 11.3 GHz with a VSWR < 2 except for the above notched bands.

2.5.4.4 Size reduction of antenna using DGS

Compact size of the antenna is achieved by using DGS, where the size of the antenna is
reduced by 50% using meandering slots in ground plane [39]. Hybrid techniques of H shaped
slot and defected ground structure are employed in [40]. The defected structures consist of

combination of U and L shaped slots. This results in the size reduction of 86%.

2.5.4.5 Cross-polarization suppression of antenna using DGS

DGS reduces the cross polarization of microstrip antenna [41]. The periodic fractal DGS

(PFDGS) reduces the mutual coupling between the antenna elements. About 20 dB mutual
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coupling reduction is achieved thereby increasing the antenna efficiency [42]. A rectangular
microstrip patch antenna with defected ground structure has been studied to improve
polarization purity [43]. A huge improvement in cross polarization isolation is achieved with

this configuration.

2.6 Ultra-wideband antennas

Ultra-wideband antennas are becoming popular as there is a great demand for high data rate,
along with less power consumption at low cost. A single UWB antenna can replace multiple
narrow band antennas thus saving antenna space, reducing interference between multiple

antennas [44]. Main features for UWB antenna are given below [45]:

e The antenna’s bandwidth should be from 3.1 GHz to 10.6 GHz with sensible efficiency
and acceptable omnidirectional patterns.

e The emission power level should be extremely low over the entire ultra-wideband in the
limits of -41.3 dBm/MHz.

e The antennas should be able to propagate short pulses with low distortion over the

entire frequency range.

2.6.1 History of UWB antennas

In 1898, Oliver Lodge [46] developed the biconical antenna used in transmit and receive
links as shown in Figure 2.10. Carter [47] improved Oliver’s design using a tapered feed which
paved way for the design of broadband antennas as shown in Figure 2.11. In 1941, Lindenblad
[48], designed a coaxial horn which was based on the design of sleeve dipole [49] as shown in
Figure 2.12.

Figure 2.10: Biconical antenna by Lodge [46]
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Figure 2.12: Coaxial horn by Lindenblad [48]

J. C. Kraus [50] developed a bulbous structure in 1940 that yielded an impedance bandwidth
ratio of 5:1 as shown in Figure 2.13. This played a critical role for television development. He
named that antenna as volcano smoke antenna. In 1942, King [51] patented traditional horns.
The antennas were complex to manufacture as they are wide in structure as shown in Figure
2.14 [52]. Thus, cost of manufacture and complexity of procedures involved became very

important in designing an antenna.

Figure 2.13: Volcano smoke antenna [50]
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Figure 2.14: Conical horn by King’s [52]

In 1968, W. Stohr [53] developed the monopole and dipole antennas which are elliptical in
shape. The monopole and dipole antennas are shown in Figure 2.15(a) and Figure 2.15(b),
respectively. The antennas proposed in the earlier century were not suited for high frequency
applications due to solid structure. This led to the development of novel omnidirectional

antennas.

o —t

Figure 2.15: Ellipsoidal monopole and dipole by Stohr’s [53]
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2.6.2 Omnidirectional UWB antennas

There are two types of monopole antennas namely UWB planar monopoles and UWB
printed monopoles. The UWB planar monopole is mounted on a large ground plane that is
perpendicular to the plane of the monopole resulting in a three-dimensional structure and is
complex to integrate with monolithic microwave integrated circuits (MMIC). The UWB printed
monopoles are easier to integrate than the planar monopole antennas. Using several techniques
for enhancing bandwidth, size reduction, these antennas can provide same bandwidth and

radiation performance like UWB antennas.

2.6.2.1 UWB planar monopoles

In 1976, Dobust and Zisler [54] designed the first monopole antenna. The conventional
monopole is replaced with the planar monopole positioned above a ground plane and fed using a
coaxial probe. The structures of various planar monopoles are shown in Figure 2.16. These
antennas have the bandwidth ratio from 2:1 to 10:1. Agrawall etal. [55] compared the bandwidth
of several monopole structures and the results prove that circular and elliptical monopoles have
wide bandwidth than the other structures with a bandwidth ratio exceeding 10:1. Evans and
Amunann [56] proposed a trapezoidal monopole antenna with bandwidth ratio of 11:1. Suh etal.
[57] proposed planar inverted cone antenna (PICA) with bandwidth ratio of more than 10:1.
Later, Bai etal. [58] proposed a modified PICA where a plate which is shaped like leaf with
three circular holes as shown in Figure 2.16 (f). The feed gap and location of the feed point
determine the impedance matching. Techniques such as notching, double feed, square feed,
triangle shaped feed, trident shaped feed, beveling and shorting feed are the various techniques

used to enhance the bandwidth of planar square monopole antennas as shown in Figure 2.17.
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Figure 2.16: Different shapes of planar monopole antennas [55-58]
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Figure 2.17: Bandwidth enhancing techniques for planar square monopole
antennas [49]

2.6.2.2 UWB printed monopoles

The printed antenna has the monopole patch and the ground plane which are printed on the
same side or opposite side of the substrate and are excited by microstrip or coplanar waveguide
feed (CPW) [59]. Various monopole structures are shown in Figure 2.18. The circular monopole

[60] is the simplest with an impedance bandwidth of 3.8:1. Other shapes such as octagon
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monopole [61], spline-shaped monopole [62], U-shaped monopole [63], knight’s helm shape
monopole [64], two steps circular monopole [65] are also studied. The octagon [60] monopole
antenna has impedance bandwidth of 3.8:1. Spline-shaped monopole [61] supports wireless
standards covering personal communication service (PCS), Industrial, Scientific and Medical
band (ISM) bands.

BW=38: 1 Bw=38:1 BwW-=23:1

(a) step rectangular (b) circular (¢) octagon (d) spline-shaped

BW=3.2: 1 BW=38:1

t

(e) U-shaped (f) Knight’s helm (g) two steps circular

Figure 2.18: Various monopole structures [59-65]

2.6.3 Directional UWB antennas

The directional UWB antenna have higher gain than omnidirectional antenna in a particular
direction than other directions. Various directional antennas such as UWB printed wide-slot
antennas, the UWB dielectric resonator antenna (DRA), and the DRAs with radiation

reconfiguration are discussed below:

2.6.3.1 UWB printed wide-slot antenna

This type of antenna consists of a broad slot, tuning stub which is connected to a microstrip
line or coplanar waveguide. Several types of tuning stubs are studied as shown in Figure 2.19.
Jang [66] proposed two rectangular slot antennas fed by cross shaped stub and  shaped stub
and these antennas achieved bandwidth 1.7 GHz - 4.9 GHz and 1.7 GHz - 6 GHz, respectively.
Yao et al. [67] presented fan shaped microstrip stub which has the bandwidth 0.5 GHz - 5.7
GHz.
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Figure 2.19: Various tuning stubs [66-67]

2.6.3.2 UWB dielectric resonator antenna

This antenna has the small size and greater efficiency compared to UWB printed monopole
and wide slot antennas. The effective way to enhance DRA’s bandwidth is to combine DRA and
monopole antenna as shown in Figure 2.20. Lappiere et al. [68] proposed an antenna by
combining monopole antenna with annular dielectric resonator antenna. Using the hybrid
technique, monopole antenna can achieve UWB performance. To enhance the bandwidth
further, Ruan et al. [69] proposed an annular ring dielectric resonator antenna which produces a
bandwidth ratio of 3.7:1. Jazi and Denidni [70] introduced a skirt monopole antenna which

excites an inverted conical ring shape resonator.

(2) Anmular ing DR +monapole (b) Contcal-ring DR4monapole (c) Double annuarrings DR:+monopole

Figure 2.20: UWB hybrid DRAs [68-70]

2.6.4 Band-notched UWB antennas

Some of the frequency bands in UWB band are occupied by WLAN IEEE 802.11a in 5.1-
5.35 GHz and HIPERLAN/2 WLAN from 5.725-5.825 GHz bands. Some Asian and European
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countries also have the WiMAX service from 3.3-3.6 GHz. This causes interference between the
UWB system and the existing narrow band systems. Filters can be used to notch unnecessary
interfering bands, but filters increase the system complexity, insertion loss and the weight. To
overcome these issues, UWB antennas have been designed with notches to eliminate the
interfering bands. Different notching techniques are embedding slot, parasitic stub, band stop

transmission line etc as discussed below.

2.6.4.1 Embedding slot

One simple way of notching technique is to embed slots on the ground plane or on the patch.
Many shapes of slots are shown in Figure 2.21. Kim and Kwon [71] proposed a UWB antenna
with a hexagonal patch which has a V shaped slot embedded in the patch. This slot creates a

narrow frequency notch.

(a) V-shaped slot  (b) inverted U-shaped slot (c) inverted I'l-shaped slot

(d) rectangular slot (e) double U-shaped slots (1) double L-shaped slots

Figure 2.21: Various notch shapes [71-76]

Chung et al. [72], Ojaroudi et al. [73] introduced the inverted U-shaped slot, rectangular slot
or i shaped slot in the printed UWB monopole antenna to create a notch effect. In [74], a band
notch effect is provided by the U-shaped slot which acts as half wave resonant structure. Sim et
al. [75], Tang et al. [76], introduced pair of inverted L shaped slots to achieve the notch effect.
Ghimire and Choi [77] proposed a U-shaped slot etched on a circular patch to achieve the notch
band.

2.6.4.2 Parasitic stub

Another way to create a notched band is to use parasitic stubs in the aperture area of the

antenna that forms a resonant structure. This produces a change of impedance in the notched
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band. Liu et al. [78] introduced a band notched UWB antenna with a T shaped stub. A pair of
parallel parasitic microstrip lines are added to ground plane out of which one is shorted by a
short pin to the patch as shown in Figure 2.22. These parasitic units are used to produce a notch

band from 3.3 GHz to 3.7 GHz and from 5.15 GHz t0 5.85 GHz.

z
y
shorting .

pin -

=

(a) (b)

Figure 2.22: Parasitic stub [78]

Guichi et al. [79] presented a novel UWB monopole antenna which has dual band-notch
characteristics. The antenna has V shaped patch with a staircase defect and a semi-circular
defected ground plane. The notch bands are obtained by having two parasitic stubs on the patch
and an inverted U slot in the transmission line. This antenna rejects the WiMAX band from 3.17
GHz to 3.85 GHz and the international telecommunications union (ITU) band from 7.9 GHz to

9.1 GHz. The geometry of this antenna is shown in Figure 2.23.

Figure 2.23: Band notched antenna with parasitic stub [79]
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2.6.4.3 Bandstop transmission line

Band notched techniques will affect the antenna radiation as it increases the cross
polarization. A transmission line with band stop characteristic will have little effect on the
antenna radiation. A printed UWB antenna with triple band notch bands is presented in [80].
The band notches are obtained by using a defected microstrip structure (DMS) band stop filter
(BSF) placed in the feed line along with inverted m shaped slot in the patch. The antenna
operates in the frequency band 3.1 GHz - 14 GHz with three notch bands 4.2 GHz - 6.2 GHz,
6.6 GHz-7.0 GHz and 12.2 GHz - 14 GHz. The antenna configuration is shown in Figure 2.24.

Figure 2.24: Notched antenna with band stop transmission line [80]

2.7 Chapter summary

In this chapter, the geometry of the microstrip patch antenna along with the advantages and
limitations have been presented. The application of microstrip patch antennas are also
explained. Different feeding techniques involved in microstrip patch antennas are discussed and
analyzed. Various antenna parameters like gain, directivity, radiation pattern etc are discussed in
detail. The working principle of defected ground structure along with various applications of
DGS is presented. The comparative study of different types of DGS is discussed. The history of
ultra-wideband antennas along with various types of ultra-wideband antennas are discussed as

well.
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CHAPTER 3: HUMAN FACE SHAPED MICROSTRIP PATCH
ANTENNAS WITH DGS

The design of two human face shaped microstrip patch antennas that can be used for ultra-
wideband applications are presented in this chapter. The initial design of the human face shaped
antenna operates from 5.9 GHz to 11.2 GHz and the improved design of the human face shaped
antenna operates from 3 GHz to 14.7 GHz with a notch band from 5 GHz to 6.3 GHz for the
elimination of 5 GHz - 6 GHz WLAN signals. The antennas have a human face shaped patch,
partial ground plane and are fed by 50 microstrip line. The use of defected ground structure
enhances the bandwidth of the antenna. The antennas are simulated and optimized using CST
microwave studio and various antenna parameters like gain, directivity, radiation pattern,
VSWR etc are discussed. The human face shaped antennas with optimized dimensions are then
fabricated and measured. The measured and simulated input and directional parameter of the
proposed antennas are presented. The antennas are simple in configuration, and provide wide

bandwidth, high gain, high efficiency and low reflection coefficient.

3.1 Introduction

Ultra-wideband technology has attracted much attention in modern telecommunication
systems as it can transmit a lot of data (high bandwidth) over a short distance without using
large power. Microstrip antennas used for designing UWB antennas suffer from narrow
bandwidth and poor gain. The concept of defected ground structure along with slotted elliptical
patch is used to enhance the bandwidth of the microstrip antenna. The defects are integrated on
the ground plane of microwave planar circuits thus modifying the continuity of the ground
plane. These defects also supress mutual coupling [81-82]. These slots are placed under the
transmission line so that it can provide better coupling with the line. The initial design presented
in this chapter utilizes the rectangular defects for enhancing the antenna bandwidth. The
proposed microstrip antenna with rectangular DGS operates from 5.9 GHz to 11.2 GHz. The
improved design uses triangular and rectangular defects to improve the bandwidth of the
antenna. The proposed human face shaped microstrip antenna with rectangular and triangular
DGS operates from 3 GHz to 14.7 GHz with a notch band from 5 GHz to 6.3 GHz. The

proposed human face shaped antennas are suitable for UWB applications.
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3.2 Human face shaped microstrip patch antenna with rectangular DGS

In this section, the design of a human face shaped microstrip patch antenna with rectangular
DGS is presented. The design of the ultra-wideband antenna began with an elliptical patch as
shown in the Figure 3.1. The ground plane of the antenna shown in Figure 3.1 is similar to
Figure 3.2 except that it has no DGS. The antenna does not have any defects in the ground
plane. The antenna produces two frequency bands i.e 5.9 GHz — 6.2 GHzand 8.4 GHz -
10.8 GHz.

Figure 3.1: Top view of the antenna without human face and defects in ground
plane

The following analytical equations are used for designing elliptical patch antenna [83]:

0= ("—)05 3.1)

mea \ &

wheref,5°, a, e, q5yand g, are the dual resonant frequency (TM$; and TM?; mode), semi
major axis, eccentricity, approximated Mathieu function of the dominant mode (TMs; and
TMY?;) and dielectric constant of the substrate, respectively. The q77 of the dominant TM;7’

mode for even mode resonance is given as [83]:
q%; = —0.0049e + 3.788e? — 0.7278e3 + 2.314¢* 3.2

and for odd mode resonance is given by the below [83]:
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g%, = -0.0063e+3.8613¢2-1.3151e3+5.2229¢* (3.3)

The eccentricity e of the elliptical patch is given by [83]:

= [1 - (g)z] (3.4)

where b is the semi minor axis.

Due to fringing effect, the resonant frequency calculated from equation (3.1) is less than the
actual resonant frequency as the effective size of the patch is bigger than the actual size.
Considering the effective major axis due to fringing effect, the actual dual resonant frequency

can be given as [83]:

fy = 2 (W) (35)

Tedeff Er

The relation between actual semi major axis and the effective major semi axis is given by
[83]:

Gopr = |02 + g3mere (In(55) + 1418 + 177 +

0.5
h(0.268&,+1.65) )] (3.6)

where a.rr and h are the effective semi major axis and thickness of dielectric substrate,
respectively. The dimension of the eyebrows can be optimised using the above equation using

CST microwave studio.

The microstrip line feeding technique is used to excite the patch. The characteristic impedance

(z. )of the transmission line is given by [1]:

o0 [ln (ﬂ + %)] (for o<1y

Z L — —
= \/Sreff Wy 4h h

120w
Veres| 22+1.393+0.667 In(70+ 1.444) |

Zew (for =2 > 1)

Where W,, and h are the width of the microstrip feeding line and thickness of the substrate,

respectively. €..¢ is the effective dielectric constant of the substrate and is given by [1]:
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- hY\ -
Ereff = £T2+1 + 5r2 - (1 +12 W) 1/2

Using above equations, the width of the microstrip feed line is calculated for 50 Q characterstic
impedance. The dimensions of the microstrip feed line is optimized using CST Microwave

Studio to achieve good matching.

Two rectangular defects are added in the ground plane to increase the bandwidth as shown in
Figure 3.2. The DGS also acts as radiation element and radiate the power. So, the antenna with
DGS radiates more power and the reflected power is reduced. Hence, the reflection coefficient
is reduced. Further, the resonant frequencies of the DGS slots can be varied and optimized so
that the bandwidths of slots and radiating patch is combined and provides a large impedance
bandwidth.

FEpE

Figure 3.2: Two rectangular defects in ground plane

DGS is similar to LC resonator circuit as shown in dotted section in Figure 3.3, whose reactance

is given by [84]:

X =—— (22— 2) 3.7)

where w, is the angular resonant frequency of the parallel LC resonator.
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Figure 3.3: DGS equivalent circuit [84]

To enhance the bandwidth, two symmetrical circular slots (eyes) and a rectangular slot
(nose) is added to the elliptical patch as shown in Figure 3.4. The slots in the patch also
resonate. The dimensions of the slots are chosen in such a way such that the bandwidth of slots
overlap to obtain wide bandwidth. Further, considering mutual coupling effects etc, the
dimensions of each slot is optimized using CST Microwave Studio for optimum performance.
The antenna produces two frequency bands i.e. 5.8 GHz — 7 GHzand 7.6 GHz — 10.7GHz.
When two symmetrical elliptical slots (eyebrows) and an elliptical slot (mouth) are added to the

patch as shown in the Figure 3.5, the antenna produces bandwidth from 8.4 GHz to 11.2 GHz .

Figure 3.4: Human face shaped microstrip patch antenna with eyes and nose
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Figure 3.5: Human face shaped microstrip patch antenna with eyes, nose,

eyebrows and mouth

3.2.1 Antenna dimensions and geometry

The proposed antenna is shown in Figure 3.6. The top view, bottom view and side view of
the antenna are presented in Figure 3.6 (a), Figure 3.6 (b) and Figure 3.6 (c), respectively. The
antenna has an elliptical patch with embedded slots in the patch. The elliptical patch is used as it
provides larger flexibility in the design, more degree of freedom as compared to the circular
geometry [85]. The antenna is designed on a 38.2 mm x25.2 mm FR4 substrate with the
dielectric constant of 4.4 and substrate thickness of 1.6 mm. A thin 50Q microstrip line of width
3.058 mm and length 10 mm feeds the antenna. The elliptical patch is made of copper foil and
has the width of 15.6 mun and a length of 28.6 mm. The ground plane is modified as shown in
Figure 3.6 (b). Slots are loaded in the conducting patch for reducing the size and improving the
bandwidth and gain of the antenna [86]. These slots cause meandering of the patch surface
current paths, thus lowering the resonant frequency causing the reduction in antenna size. The
slots also help in improving the return loss [87]. Two slots are etched in the ground plane to

increase the bandwidth of the antenna.

The width and length of the ground plane are 25.2 mm and 9.5 mm, respectively.
Dimension along the length and width of the elliptical patch is considered as length and width of
the ground plane. The copper layer in the ground and the patch has a very small thickness. The
elliptical patch antenna without the human face and slots provides a very narrow bandwidth.

The addition of human face with eyes, and nose reduces the reflection coefficient and improves
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the bandwidth. The mouth in the structure further improves the bandwidth of the antenna. The
addition of head and eyebrows significantly decreases the reflection coefficient and improves
the bandwidth. The width and length of the eyebrows are 6 mm and 0.4 mm, respectively.
Dimensions along the length and width of the elliptical patch are taken as length and width of
the eyebrow. The width of the head is 12 mm. The width and length of the mouth are 8 mm and
2 mm, respectively. The width of the eye is 4 mm. The width and length of the nose are 1 mm
and 6 mm, respectively. The dimensions The entire optimized antenna dimensions are shown in
the Table 3.1.

Y
- w - x
(a)
[
5[
b
Lg
—
L a4
(b)
Patch Z
Substrate
X
Ground
(©)

Figure 3.6: Geometry of the antenna (a) top view (b) bottom view (c) side view
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Table 3.1: Optimized antenna dimensions

Parameter Value (mm) Description
Ly 38.2 Substrate length
W 25.2 Substrate width
Ly 10 Feed line length
Wr 3.05 Feed line width
Wi, 8 Mouth width
L, 1 Nose length

W, 4 Eye width

L 2 Mouth length
Wepr 6 Eyebrow width
Ly 9.5 Ground length
Lg 5.2 Slot length

Wy 34 Slot width

3.2.2 Results and discussion

The antenna is simulated using CST microwave studio and the simulated results of various
parameters of the antenna like reflection coefficient, gain, directivity, VSWR, radiation patterns

are discussed below.

3.2.2.1 Reflection coefficient (S,,) and antenna bandwidth

The bandwidth of the antenna is the frequency range in which the reflection coefficient is
less than -10 dB. Figure 3.7 shows the S;; plot of the antenna without human face. It can be
observed from the graph that the antenna without human face and defects provided two
frequency bands i.e. 5.9 GHz — 6.2 GHz and 8.4 GHz — 10.8 GHz. The minimum reflection
coefficient is -17.09 dB. When defects are added, the antenna without human face and defects
provided two frequency bands i.e. 5.8 GHz— 7.0 GHz and 7.6 GHz— 10.7 GHz. The minimum
reflection coefficient is -26.17 dB.

Figure 3.8 shows the S;; plot of the antenna with human face. It can be shown from the
graph that the antenna with human face and without defects provides the bandwidth 8.4 GHz -

11.2 GHz. The minimum reflection coefficient is -16 dB. When defects are added, the antenna
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with human face and defects provides the bandwidth 5.9 GHz — 11.2 GHz. The minimum
reflection coefficient is -35.11 dB.

Table 3.2 summarizes the reflection coefficient and bandwidth of different antenna
structures. It is evident that human face shaped antenna with eyes, nose, mouth, eyebrows
having defects in the ground plane has a wide bandwidth 5.9 GHz — 11.2 GHz with a minimum
reflection coefficient of -35.11 dB.

Reflection Coefficient (dB)

=251
= Antenna without DGS

.30 === = Antenna with DGS | | |

2 4 6 8 10 12
Frequency (GHz)

Figure 3.7: Reflection coefficient of the elliptical antenna without human face.

Reflection Coefficient (dB)

== Antenna without DGS

40 === = Antenna with DGS | | |

2 4 6 8 10 12
Frequency (GHz)

Figure 3.8: Reflection coefficient plot of the antenna with human face
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Table 3.2: Reflection coefficient and bandwidth of different antenna structures

Antenna Structure Minimum Reflection | Frequency
Coefficient (dB) range

Elliptical patch without human | -17.09 5.9-6.2GHz

face and without ground plane 84-10.8GHz

defects

Elliptical patch without human | -26.17 58-7.0GHz

face and with defects in ground 7.6-10.7 GHz

plane

Elliptical patch with human face | -25 58-7.0GHz

having eyes and nose with 7.6-10.7 GHz

defects in ground plane

Elliptical patch with human face | -35.11 59-11.2 GHz
having eyes, nose, eyebrows,
mouth and defects in ground

plane

Elliptical patch with human face | -16 8.4-11.2 GHz
having eyes, nose, mouth

eyebrows without defects in

ground plane

3.2.2.2 Three-dimensional directivity pattern

The red portion in the directivity pattern shows the maximum radiation as shown in Figure 3.9.
The maximum directivity of the human face shaped antenna without human face and defects in
the ground plane at 10 GHz is 5.691 dBi. Figure 3.10 shows the directivity pattern of the
antenna with human face with defects in ground plane. The maximum directivity at 10 GHz is
6.268 dBi. It is evident that addition of human face with eyes, nose, eyebrows and mouth helps

to increase the directivity of the antenna.
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Type
Approximation
Monitor
Cormponent
Output
Frequency
Rad. effic.

Tot. effic.

Dir.

Farfield

enahbled (kR == 1)
farfield (=10) [1]
Ahs

Directivity

10

-0.06065 dB
-0.1667 dB

5.691 dBi

Figure 3.9: Directivity pattern of the antenna without human face and defects

Type
Approximation
Monitar
Component
Output
Frequency
Rad. effic.
Tot. effic.

Dir.

Farfield

enabled (kR == 1)
farfield (=10) [1]
Ahs

Directivity

10

-0.04992 dB
-0.4738 dB

6.268 dBi

Figure 3.10: Directivity pattern of the antenna with human face having eyes, nose,

eyebrows, and mouth and with defects in ground plane

3.2.2.3 Three-dimensional gain pattern

Figure 3.11 shows the gain pattern of the antenna without human face and defects. It is

maximum

observed that the maximum gain at f=10 GHz is 5.630 dB. Figure 3.12 shows the gain pattern of
the antenna with human face and with defects in ground plane. The maximum gain at f=10 GHz
is 6.219 dB. Table 3.3 shows the gain and directivity of different antenna structures at f=10
GHz. From this table, it can be observed that the microstrip patch antenna with human face

having eyes, nose, mouth, eyebrows and defects in ground plane has the maximum gain and

directivity of 6.219 dB and 6.268 dBi, respectively. Table 3.4 shows the gain,
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directivity, radiation efficiency and total efficiency of the antenna at various frequencies, where

the gain and directivity are maximum at f=10 GHz.

Type Farfield
Approximation  enabled (kR == 1)
Monitor farfield (=10) [1]
Component  Abs

Output Gain

Frequency 10

Rad. effic. -0.06065 dB
Tot. effic. -0.1667 dB
Gain 5.630dB

Figure 3.11: Gain pattern of the antenna without human face and defects

- |
Type Farfield
Approximation  enabled (kR == 1)
Monitor farfield (=10) [1]
Component Ahs
Output Gain
Freguency 10

Rad. effic. -0.04892 dB
Tot. effic. -0.4738 dB
Gain 6.219dB

Figure 3.12: Gain pattern of the antenna with human face having eyes, nose,
eyebrows and mouth with defects in ground plane
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Table 3.3: Gain and directivity of different antenna structures

Antenna Structure Gain (dB) at f=10 Directivity (dBi) at
GHz f=10 GHz

Elliptical patch without human | 5.630 5.691

face and without ground plane

defects

Elliptical patch with human face | 6.091 6.176

having eyes and nose with

defects in ground plane

Elliptical patch with human face | 5.662 5.763
having eyes, nose, mouth and

defects in ground plane

Elliptical patch with human face | 6.219 6.268
having eyes, nose, mouth,
eyebrows and defects in ground

plane

Table 3.4: Gain, directivity, radiation efficiency, total efficiency at various
frequencies

Frequency | f=2 f=4 f=6 =8 f=10 f=12
(GHz)

Gain (dB) -0.0154 | 2.720 4.377 3.778 6.219 5.570
Radiation -1.929 | -0.4820 | -0.7422 | -0.4294 | -0.0499 -0.1508
Efficiency

(dB)

Total -4.437 | -2.271 | -0.8475 | -0.4915 | -0.4738 -1.077
Efficiency

(dB)

Directivity 1.913 3.202 5.119 4.207 6.268 5.721
(dBi)
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3.2.2.4 Two-dimensional radiation patterns

Figure 3.13 shows the normalized radiation patterns of the human face shaped microstrip patch
antenna with defects in the ground plane for various frequencies. The normalized pattern in
phi=0 degree plane and phi=90 degree plane at 8 GHz is shown in Figure 3.13 (a). The
normalized pattern in phi=0 degree plane and phi=90 degree plane at 10 GHz is shown in Figure

3.13 (b).
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Figure 3.13: Radiation patterns of the human face shaped antenna with
rectangular DGS (a) f=8 GHz (b) =10 GHz

3.2.2.5 Gain and directivity plot

The gain and directivity of the human face shaped antenna at 10 GHz is shown in Figure
3.14. The maximum gain and maximum directivity of the human face shaped antenna are 6.2

dB and 6.268 dBi, respectively.
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Figure 3.14: Gain and directivity of the human face shaped antenna with

rectangular DGS

3.2.2.6 VSWR plot

Low VSWR indicates that the antenna is matched well, and the maximum power is delivered
to the antenna. The VSWR plot of the human face shaped microstrip patch antenna with
rectangular DGS is shown in Figure 3.15. As seen from this figure, the minimum value of
VSWR is 1.035 at 8.8 GHz. From the VSWR plot, it is evident that the value of VSWR is less
than 2 for the frequency range 5.9 GHz -11.2 GHz.

Voltage Standing Wave Ratio (VSWR)

35
— VSWR1

45 {1 e e e

Frequency [/ GHz

Figure 3.15: VSWR plot
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3.2.2.7 Comparison of human face shaped microstrip patch antenna with existing

antennas

Table 3.5 shows the comparison of human face shaped patch antenna with existing antennas.
It can be seen that the proposed antenna is compact in size with a minimum reflection

coefficient. The gain of the proposed antenna is high.

Table 3.5: Comparison of human face shaped antennas with some existing

antennas
Reference [88] [89] | [90] [91] Proposed
Antenna
Maximum Gain | 3 1.49 7.362 3.778 6.219
(dB)
Bandwidth 140% 7% 142% 119% 70%

Size (mm * mm) | 40*40 20*18 | 70*82 30*30.82 25.2*%38.2

Minimum
reflection -30 -16 -26.02 -28.49 -35

coefficient (dB)

3.3 Human face shaped microstrip patch antenna with rectangular and triangular
DGS

In this section, the design of human face shaped microstrip patch antenna with rectangular
and triangular DGS is presented. A triangular defect is etched in the ground plane to increase
the bandwidth of the human face shaped microstrip antenna as shown in Figure 3.16. This
produces two frequency bands i.e. 5.4 GHz — 8.6 GHz and 10.1 — 14.7 GHz. To eliminate the
interference from wireless local area network one more triangular defect (symmetrical to the
other) is etched in ground plane as shown in Figure 3.17. This produces three frequency bands
i.e.3.2GHz —5GHz,6.3 GHz-9.2 GHz and 10.1 — 15 GHz. It is evident that the addition of

the defects improves the bandwidth of the human face shaped microstrip patch antenna.
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Figure 3.16: Ground plane with triangular defect

Figure 3.17: Ground plane with two triangular defects

To further cover the lower frequency band of the ultra-wideband, one rectangular defect is
etched in the ground plane as shown in Figure 3.18. The addition of rectangular defect produces
three frequency bands i.e. 3.1 GHz —5GHz,6.3 GHz-9.2GHz and 10.1 —14.7 GHz. To
eliminate notch band from 9.3 GHz to 10 GHz a human face shaped patch is designed as shown

in the Figure 3.19.

Figure 3.18: Ground plane with one rectangular slot, two triangular defects
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Figure 3.19: Elliptical patch with human face

This human face produces three frequency bands i.e. 3.2 GHz — 5 GHz,6.3 GHz - 9.3 GHz
and 9.5 — 14.3 GHz. To further increase the bandwidth, two symmetrical circular slots (eyes)
and a rectangular slot (nose) are added to the elliptical patch as shown in Figure 3.20. The
addition of eyes and nose to the antenna produces three frequency bands i.e. 3.1 GHz — 5 GHz,
6.3 —9.3 GHz, 9.5 — 14.7 GHz. To remove the notch at 9.4 GHz frequency band, one elliptical
slot (mouth) is added to the human face patch as shown in Figure 3.21. Finally, when two
symmetrical elliptical slots (eyebrows) are added to the human face shaped microstrip antenna
as shown in Figure 3.22, it produces the desired bandwidth 3.0 GHz — 5 GHz and 6.3 GHz -
14.7 GHz.

Figure 3.20: Elliptical patch with human face, nose and eyes

47



Figure 3.21: Elliptical patch with human face, nose, eyes and mouth

Figure 3.22: Elliptical patch with human face, nose, eyes, mouth and eyebrows.

3.3.1 Antenna geometry and dimensions

The antenna is designed on a 38.6 mm X 24.6 mm FR4 substrate with a dielectric constant
of 4.4 and thickness of 1.6 mm. The substrate parameters are summarized in Table 3.6. The
width of the head is 12 mm. The width and length of the mouth are 8mm and 2 mm,
respectively. The width and length of the eyebrows are 6 mm and 0.4 mm, respectively. The
width of the eye is 3 mm. The width and length of the nose are 1 mm and 6 mm, respectively.
The antenna structure is fed by a 502 microstrip line. The width and the length of the

microstrip line are 3.4 mm and 12 mm, respectively.

One rectangular defect and two symmetrical defects are etched in the ground plane, which

help to increase the gain and to reduce harmonics, mutual coupling and size of the antenna. The
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width and length of the ground plane are 24.6 mm and 9.8 mm, respectively. The rectangular
defect in the ground plane has the length of 8.6 mm and the width of 0.5 mm. The triangular
defects have the length of 9. 6 mm and a width of 7.1 mm at the open end. The top view and the
bottom view of the antenna are shown in Figure 3.23 (a) and Figure 3.23 (b), respectively. The
optimized dimensions of the human face shaped microstrip patch antenna with rectangular and

triangular defects are summarized in Table 3.7.

Table 3.6: Substrate specifications

Parameter Value
Thickness of substrate 1.6 mm
Dielectric constant (&,) 4.4
Material FR4

(@)

Triangular
Rectangular DGS DGS

Fx_

(b)

Figure 3.23: Geometry of the proposed antenna (a) top view (b) bottom view
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Table 3.7: Optimized antenna dimensions

Parameter Value (mm) | Description
Ly 38.6 Substrate length
W 24.6 Substrate width
Ly 12 Feed line length
Wr 3.4 Feed line width
Wi, 8 Mouth width
L, 6 Nose length

W, 3 Eye width

L 2 Mouth length
Wepr 6 Eyebrow width
Ly 9.8 Ground length

3.3.2 Results and discussion

The antenna is simulated using CST microwave studio and the simulated results of various
parameters of the antenna like reflection coefficient, gain, directivity, radiation pattern, VSWR

are discussed below.

3.3.2.1 Reflection coefficient (S,,) and antenna bandwidth

It can be seen from the Figure 3.24, the antenna without human face and defects in the ground
plane has three frequency bands i.e. 5.4 GHz - 5.9 GHz, 9.5 GHz- 12 GHz and 13.6 GHz — 14.2
GHz. The minimum reflection coefficient is -12 dB. When the defects are added to the ground
plane, the antenna has three frequency bands i.e. 3.1 GHz -5 GHz, 6.3 -9.2 GHz and 10.1 — 15

GHz. The minimum reflection coefficient is -39.8 dB.

Figure 3.25 shows the S;; plot of the antenna with human face. The antenna with human
face and without defects in the ground plane has three frequency bands i.e. 5.5 GHz- 6 GHz, 9.5
GHz - 12 GHz and 9.3 GHz — 11.7 GHz. The minimum reflection coefficient is -14.82 dB.
When the defects are added to the ground plane the antenna produces the bandwidth from 3.0
GHz to 14.7 GHz with a notch band of 5 GHz - 6.3 GHz. The minimum reflection coefficient is

-35.4 dB. Table 3.8 summarizes the reflection coefficient and bandwidth of different antenna
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structures, which indicates that the human face antenna with eyes, nose, mouth, eyebrows, and
defects in the ground plane has the wide bandwidth from 3.0 GHz to 14.7 GHz with a notch

band from 5 GHz to 6.3 GHz. The minimum reflection coefficient of -35.4 dB is achieved.

0 T T T T T T
)
°
c
(0]
)
b=
)
o
O
c
RS
©
Q
[0)
x ]
== Antenna without DGS
-40 === = Antenna with DGS | | | |
2 4 6 8 10 12 14 16

Frequency (GHz)

Figure 3.24: Reflection coefficient plot of the antenna without human face
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2 4 6 8 10 12 14 16
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Figure 3.25: Reflection coefficient plot of the antenna with human face
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Table 3.8: Reflection coefficient and bandwidth of different antenna structures

Antenna Structure Reflection Frequency range
Coefficient (dB)
Elliptical patch without human face | -12 54-59GHz
and without ground plane defects 95-12 GHz
13.6 - 14.2 GHz
Elliptical patch without human face | -57.16 5.3-8.6 GHz
and with a triangular defect in ground 10.1-14.7 GHz
plane
Elliptical patch without human face | -44.8 3.2-5.0GHz
and with two triangular defects in 6.3-9.2GHz
ground plane 10.1-15.0 GHz
Elliptical patch without human face | -39.8 3.1-5.0GHz
and all defects in ground plane 6.3—-9.2GHz
10.1-15.0 GHz
Elliptical patch with human face (no | -36.5 3.2-5.0GHz
slots) and all defects in ground plane 6.3-9.3GHz
95-143GHz
Elliptical patch with human face | -35.5 3.1-5.0GHz
having eyes and nose and all defects 6.3-9.3GHz
in ground plane 9.5-14.7 GHz
Elliptical patch with human face | -31.5 3.1-5.0GHz
having eyes, mouth, nose and all 6.3—-14.7 GHz
defects in ground plane
Elliptical patch with human face | -35.4 3.0-5.0GHz
having eyes, nose, mouth, eyebrows 6.3—-14.7 GHz
and all defects in ground plane

3.3.2.2 Three-dimensional directivity pattern

Figure 3.26 shows the directivity pattern without human face and defects in the ground plane
at 10 GHz. The red portion shows the maximum radiation which is 5.914 dBi at 10 GHz.

Figure 3.27 shows the directivity pattern of the antenna with human face, eyes, nose, mouth,
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eyebrows and all defects in ground plane. Maximum directivity of the human face shaped

microstrip patch antenna with rectangular and triangular defects in the ground plane is 6.15 dBi

at 10 GHz.

Type Farfield
Approximation  enabled (kR == 1)
Monitor farfield (=10) [1]
Component hs

Output Directivity
Freguency 10

Rad. effic. -0.2808 dB

Tot. effic. -0.7508 dB

Dir. 5.914 dBi

Figure 3.26: Directivity pattern of antenna without human face and defects in
ground plane at 10 GHz

. |
Type Farfield
Approximation  enabled (kR == 1)
Monitor farfield (=10) [1]
Component  Abs
Output Directivity
Frequency 10
Rad. effic. -0.8358 dB
Tot. effic. -0.9278 dB
Dir. 6.157 dBi

Figure 3.27: Directivity pattern of antenna with human face having eyes, nose,
mouth, eyebrows and all defects in ground plane at 10 GHz

3.3.2.3 Three-dimensional gain pattern

Figure 3.28 shows the gain pattern for the antenna without human face and defects. The red

portion shows the maximum gain, which is 5.633 dB at 10 GHz. Figure 3.29 shows the gain
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pattern of human face shaped antenna with eyes, nose, mouth, eyebrows having two triangular

defects and a rectangular defect in ground plane at 10 GHz. The maximum value of the gain is

5.321 dB. The gain and directivity of different antenna structures at 10 GHz is shown in Table

3.9. As shown in the table 3.9, the maximum gain and directivity of the human face shaped

antenna with defects are 5.321 dB and 6.15 dBi, respectively. Table 3.10 shows the gain,

directivity, radiation efficiency and total efficiency of the antenna at various frequencies. The

maximum gain and maximum directivity of the human face shaped antenna at 14.7 GHz are 5.9

dB and 6.4 dBi, respectively.

Type
Approximation
Monitor
Component
Output
Frequency
Rad. effic.

Tot. effic.

Gain

Farfield

enabled (kR == 1)

farfield (=10 [1]
S

Gain

10
-0.2809 dB
-0.7508 dB
5.633dB

Figure 3.28: Gain pattern of antenna without human face and defects at 10 GHz.

Type
Approximation
Monitar
Component
Output
Frequency
Rad. effic.

Tot. effic.

Gain

Farfield
enahled (kR == 1) M

farfield (=10) [1]

Ahs

Gain

10 z =

-0.8358 dB
-0.9278 dB
5.321 dB

Figure 3.29: Gain pattern of antenna with human face having nose, eyes, mouth,

eyebrows and two triangular defects and a rectangular defect at 10 GHz
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Table 3.9: Gain and directivity of various antenna structures

Antenna Structure

Gain (dB) at f=10
GHz

Directivity (dBi) at
f=10 GHz

Elliptical patch without human
face and without ground plane

defects

5.633

5.914

Elliptical patch without human
face and with a triangular defect

in ground plane

5.859

6.368

Elliptical patch without human
face and with two triangular

defects in ground plane

4.485

5.600

Elliptical patch without human
face and all defects in ground

plane

4.636

5.746

Elliptical patch with human face
(no slots) and all defects in

ground plane

5.117

6.003

Elliptical patch with human face
having eyes and nose and all

defects in ground plane

5.016

5.918

Elliptical patch with human face
having eyes, mouth, nose and all

defects in ground plane

5.392

6.216

Elliptical patch with human face
having eyes, nose, mouth,
eyebrows and all defects in

ground plane

5.321

6.15
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Table 3.10: Gain, directivity, radiation efficiency, total efficiency at various

frequencies

Frequency f=4 f=6 f=10 f=14.7
(GHz)

Gain (dB) 1.977 2.377 5.32 5.945
Radiation -1.204 -2.845 -0.836 -0.4662
Efficiency (dB)

Total  Efficiency | -1.422 -3.886 -0.928 -0.9207
(dB)

Directivity (dBi) | 3.180 5.222 6.156 6.411

3.3.2.4 Gain and directivity plot

The gain and directivity of the antenna are shown in Figure 3.30. The maximum gain and
maximum directivity of the human face shaped microstrip patch antenna are 6 dB and 6.41 dB,

respectively.
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Figure 3.30: Gain and directivity of human face shaped antenna with triangular
and rectangular DGS
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3.3.2.5 VSWR

Figure 3.31 shows the VSWR vs frequency plot. The maximum value is 3.6 which is at the

notched frequency. The minimum value is 1.0363 at the resonance frequency of 11.76 GHz.

From the VSWR plot, it is evident that the value of VSWR is less than 2 from 2.8 GHz - 16.1

GHz except from 5 GHz - 6.3 GHz.

4 :

8

10

Frequency (GHz)

12

Figure 3.31: VSWR vs frequency plot

14 16

3.3.2.6 Comparison of human face shaped antenna having enhanced bandwidth with

existing antennas

Table 3.11 shows the comparison of proposed human face shaped microstrip antenna with

existing antennas in the literature. It is evident from the table that the proposed antenna has the

maximum gain, wide bandwidth with minimum reflection coefficient.

Table 3.11: Comparison of human face shaped antenna

bandwidth with some existing antennas

having enhanced

Reference [88] [89] [90] [91] Proposed
Antenna

Max Gain (dB) 3 1.49 7.362 | 3.778 5.945

Bandwidth (%) 140 77 142|119 118

Size (mm*mm) 40*%40 | 20*18 | 70*82 | 30*30.82 | 24.6*38.6

Min. Reflection Coefficient (dB) -30 -16 -26.02 | -28.43 -35.4

57



3.3.3 Fabrication and measured results

To verify the design of the antenna, the fabrication is done on a FR4 substrate having relative
permittivity of 4.4 and thickness of 1.6 mm with area of 38.6 mm x 24.6 mm. FR4 is used as
substrate as it is cheap and easily available. For fabrication, the gerber files for each layer of the
antenna configuration are exported using CST microwave studio. Photo-lithographic method is
used for the fabrication of the microstrip patch antenna. The undesired copper dust on the
fabricated structure is removed. A SMA connector is connected with the structure using
soldering. The inner connector of the SAM connector is connected to the feed line and the outer
connector of the SMA connector is connected with the ground plane. The fabricated antennas

are shown in Figure 3.32 (a) and Figure 3.32 (b).

Figure 3.32 (a) and Figure 3.32 (b) shows the images of top view and bottom view of the
human face shaped antenna, respectively. On the top side of the antenna, a microstrip line

having a width of 3.4 mm feeds the antenna. The antenna is excited by a 50 Q SMA connector.

Figure 3.32: Fabricated antenna (a) top view, (b) bottom view

3.3.3.1 Reflection coefficient

The reflection coefficient of the fabricated antenna is measured using vector network

analyzer as shown in Figure 3.33. The frequency range of the VNA is from 100 KHz — 13 GHz.
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Figure 3.33: Vector network analyzer

Figure 3.34 shows the simulated and measured reflection coefficient plot up to 13 GHz. As
seen from the figure the human face shaped antenna has bandwidth from 3 GHz to 14.7 GHz
with a notch band from 5 GHz to 6.3 GHz. The comparison between simulated and measured
results shows good agreement except little deviation. It may be due to connector and other

losses etc.
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—=Measured
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Figure 3.34: Measured and simulated reflection coefficient plot of the human face
shaped microstrip antenna

3.3.3.2 Two-dimensional radiation patterns

Measurement of radiation pattern was done in an anechoic chamber. A horn antenna is used
as a receiving antenna and is connected to a signal analyzer. The human face shaped antenna is

connected to a transmitting device namely signal generator through a mount. The frequency in
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the signal generator is adjusted and the peak value of the spectrum is noted by rotating the

human face shaped antenna.

The normalized radiation patterns of the proposed human face shaped antenna with

rectangular and triangular DGS are shown in Figure 3.35. The normalized pattern in phi= 0
degree and phi= 90 degree plane at 4 GHz, 8 GHz, 10 GHz, 12 GHz and 14 GHz are depicted in
Figure 3.35 (a), Figure 3.35 (b), Figure 3.35 (c), Figure 3.35 (d) and Figure 3.35 (e),

respectively. The simulated and measured patterns show reasonable agreement with minor

deviation. It may be due to connector and other losses etc.
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——phi=0 deg (simulated)
phi=90 deg (simulated)
phi=0 deg (measured)

==-phi=90 deg (measured)

Figure 3.35: Radiation pattern for antenna with defects (a) f=4 GHz, (b) f=8 GHz,
(c) =10 GHz, (d) f=12 GHz, (e) f=14 GHz

3.4 Chapter summary

An initial design of elliptical human face shaped antenna with eyes, nose, eyebrows, mouth
that covers a bandwidth 5.9 GHz - 11.2 GHz has been presented. The improved design of the
human face shaped antenna that covers a bandwidth from 3 GHz to 14.7 GHz with a notch band
of 5GHz — 6.3 GHz has been presented and discussed. The design evolution of the human
face shaped antenna is explained for both the antenna configurations. The antennas are
simulated using CST microwave studio and various antenna parameters like reflection
coefficient, VSWR, radiation pattern, gain, directivity, total efficiency, radiation efficiency etc
are presented and discussed. The proposed antennas are suitable for ultra-wideband

applications.
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CHAPTER 4: A HIGH GAIN UWB HUMAN FACE SHAPED MIMO
PATCH ANTENNA WITH HIGH ISOLATION

A compact human face shaped multiple input multiple output microstrip patch antenna that
covers the ultra-wideband from 2.8 GHz to 16.1 GHz is presented. The antenna has a notch
from 5 GHz to 6.4 GHz to avoid interference from WLAN band (5 GHz - 6 GHz). The antenna
has two orthogonal human face shaped antenna to achieve dual polarization. The antenna has
the isolation of more than 19.8 dB over the entire bandwidth. The antenna is designed,
simulated and optimized using CST microwave studio and various antenna parameters like gain,
directivity, VSWR, coupling coefficient are presented. The human face shaped MIMO antenna
is fabricated and measured. The gain and directivity plot are presented. The proposed UWB

human face shaped MIMO antenna provides high gain and high isolation between the ports.

4.1 Introduction

Polarization plays an important role in antenna and usually denotes the direction of electric
field of the radio wave. If the electrical field is horizontally oriented, it is referred as horizontal
polarization and if it is vertically oriented, it is referred as vertical polarization. Antennas for
MIMO systems require antennas with polarization diversity. To achieve spatial multiplexing the
MIMO system uses multiple transmitting and receiving antennas [92]. Polarization diversity is

of great importance and is needed for MIMO technique [93].

Many UWB MIMO antennas have been developed [94]-[96] in the recent years. In [94],
asymmetric coplanar fed UWB MIMO antenna is discussed. The isolation obtained was >15 dB.
In [95], two stubs and complementary split ring resonator (CSRR) were used to achieve UWB
and isolation > 15dB. In [96], a disk-shaped MIMO antenna achieved high isolation > 15dB
using a carbon black film. The proposed MIMO antenna operates from 2.8 GHz to 16.1 GHz
with a notch from 5 GHz to 6.4 GHz. The antenna utilizes the concept of polarization diversity

to increase the system capacity.
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4.2 Design of MIMO human face shaped microstrip patch antenna

MIMO technique increases channel capacity without using any additional bandwidth. MIMO

technique is combined with UWB technology for reliable transmission and high data rate.

The MIMO human face shaped antenna consists of two human face shaped antennas placed
orthogonally to each other in order to achieve dual polarization. The human face shaped MIMO
antenna radiates two linearly polarized fields in two different directions, which are
perpendicular to each other thus forming dual orthogonal polarized field [97]. Since the mutual
coupling between the antennas is high with multiple antennas, designing a MIMO antenna with
low mutual coupling is a challenge. Low mutual coupling is needed to achieve high efficiency
and gain. Some of the techniques to reduce mutual coupling are to use DGS [98], resonators
[99], slots [100].

One solution to mutual coupling is to space the antennas far apart, but it increases the size of
the antenna. The edge to edge spacing between the human face shaped MIMO antennas is 0.39
L0, where AQ is the free space wavelength corresponding to center frequency of 9.45 GHz. The
antenna elements are placed on the same substrate and have separate ground planes on the same
substrate. One rectangular defect and two symmetrical triangular defects are etched in the
ground plane, which provides impedance matching and also helps to reduce the mutual

coupling.

The position of the second antenna along the horizontal dimension in Figure 4.1 is optimized
to further improve the performance of the antenna. Three different positions as shown in Figure
4.1, Figure 4.2, Figure 4.3 are analyzed. For the antenna configuration of Figure 4.1, the
minimum reflection coefficient is -28.8 dB. The antenna produces three frequency bands i.e. 2.8
GHz - 5 GHz,6.4 GHz -14.5 GHz and 15.3 GHz - 16.1 GHz. The gain, directivity and the
coupling coefficient of the human face shaped MIMO antenna are 5.7 dB, 6.3 dBi and -16.9
dB, respectively.
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Figure 4.1: Human face shaped MIMO antenna in position 1

The position of antenna at port 2 is varied and optimized to obtain the optimized
performance of the proposed MIMO antenna. The antenna structures for second antenna at
different three positions are shown in Figure 4.1- 4.3. Various parameters for these three
structures are analyzed and it is observed that the antenna configuration of Fig. 4.3 provides the
optimum performance. For the antenna configuration of Figure 4.2, the minimum reflection
coefficient is -22.34 dB. The antenna produces two frequency bands i.e. 2.8 GHz - 5 GHz and
6.4 GHz — 16.1 GHz. The gain, directivity and coupling coefficient of the human face shaped
MIMO antenna are 6.6 dB, 7.2 dBi and -19.5 dB, respectively. For the antenna configuration of
Figure 4.3, the minimum reflection coefficient is -22.0 dB. The antenna covers the bandwidth
from 2.8 GHz to 5 GHz and from 6.5 GHz to 16.1 GHz with a notch band from 5 GHz — 6.4
GHz. The gain, directivity and coupling coefficient of the human face shaped MIMO antenna
are 7.1 dB, 7.6 dBi and -19.8 dB, respectively. The proposed antenna is a two port structure
and provides very low mutual coupling between the ports with high gain. Hence, the proposed
antenna is suitable for 2x2 MIMO system with low interference between the signals of two

ports.

Figure 4.2: Human face shaped MIMO antenna in position 2
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Figure 4.3: Human face shaped MIMO antenna in position 3

4.2.1 MIMO antenna geometry and dimensions

The geometry of the proposed human face shaped MIMO antenna is shown in Figure 4.4.
Figure 4.4(a) and Figure 4.4(b) shows the top view and bottom view, respectively. The antenna
is designed on a 39.1 mmx 70.2 mm FR4 substrate with a dielectric constant of 4.4 and a
thickness of 1.6 mm. Each of the human face shaped antenna is fed by 50 Q microstrip feed line
having a width of 3.4 mm and a length of 11.8 mm. To increase the bandwidth, a rectangular
defect and two triangular defects are etched in the ground plane of each antenna as shown in
Figure 4.4 (b). The width and length of the rectangular defect are 8.6 mm and 0.5 mm,
respectively. The width and length of the triangular defect are 7.1 mm and 9.6 mm,

respectively.

The human face shaped patch in each antenna has two symmetrical circular defects (eyes),
two symmetrical elliptical defects (eyebrows), one rectangular defect (nose), and a non-
symmetrical elliptical defect (mouth) to achieve the desired wide bandwidth. The eyebrows in
each human face shaped patch have the width of 6 mm and a length of 0.4 mm. The head in
each human face shaped patch has the width of 12 mm, and the mouth has the width of 8
mm and length of 2 mm . The eye in each of the human face shaped patch has the width of
3 mm, and the nose has the width of 1 mm and a length of 6 mm. These defects are needed to
increase the bandwidth of the antenna. The width and length of the ground plane are 24.2 mm
and 9 mm respectively. The optimized dimensions of the MIMO antenna are summarized in

Table 4.1.
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Port 1

(@)

(b)

Figure 4.4: Geometry of MIMO human face shaped microstrip antenna (a) top
view (b) bottom view
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Table 4.1: Optimized antenna parameters

Parameter Value (mm) Description
Ls 39.1 Substrate length
Ws 70.2 Substrate width
Lf 11.8 Feedline length
Wt 3.4 Feedline width
Wm 8 Mouth width
Ln 6 Nose length
We 3 Eye width

Lm 2 Mouth length
Webr 6 Eyebrow width
Lg 9 Ground length

4.2.2 Simulation results and discussion

The antenna is simulated and optimized using CST microwave studio and the simulated

results of various parameters of the antenna are discussed below.

4.2.2.1 Scattering parameters and antenna bandwidth

Figure 4.5 shows the reflection coefficient plot for port 1 of the MIMO antenna for various

configuration. As observed from the figure below, the reflection coefficient of the antenna in

position 1, position 2 and position 3 are -28.8 dB, -22.2 dB and -22 dB, respectively.
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Figure 4.5: Reflection coefficient plot of the antenna

Figure 4.6 shows the coupling coefficient plot for port 1 of the MIMO antenna for various
configuration. As shown from the figure below, the coupling coefficient of the human face
shaped MIMO antenna in position 1, position 2 and position 3 are -16.9 dB, -19.5 dB and -19.8
dB, respectively. Figure 4.7 shows the transmission coefficient plot for port 1 of the MIMO
antenna for various configuration. The S12 parameters for position 1, position 2 and position 3
are -17dB, -19.6 dB and -19.6 dB, respectively. The minimum value of the scattering
parameters for various antenna configuration is shown in Table 4.2. As shown from the table

that the coupling coefficient of the human face shaped MIMO antenna in position 3 is better

than the antennas in position 1 and position 2.
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Figure 4.7: Transmission coefficient plot of the MIMO antenna

Table 4.2: Scattering parameters of various antenna structures

Antenna Positions Position 1 | Position 2 | Position 3
Min. reflection coefficient for port 1(S11) | -28.8 dB -22.2dB -22 dB
Min. coupling coefficient (S21) -16.9 dB -19.5dB -19.8 dB
Min. transmission coefficient (S12) -17 dB -19.6 dB -19.6 dB
Min. reflection coefficient for port 2 | -26.5 dB -30 dB -23.6 dB
(S22)
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4.2.2.2 Three-dimensional directivity patterns

Figure 4.8 shows the directivity pattern of the human face shaped MIMO antenna in position
3 for port 1. As seen from the figure, the maximum directivity at 16 GHz is 7.61 dBi. Figure 4.9

shows the directivity pattern of human face shaped MIMO antenna in position 3 for port 2. As

seen from the figure, the maximum directivity at 16 GHz is 7.21 dBi.

Type Farfield
Approximation  enabled (kR == 1)
Monitor farfield (=16) [1]
Component Abs
Qutput Directivity
Freguency 16

Rad. effic. -0.5291 dB
Tot. effic. -0.9139 dB
Dir. 7.609 dBi

Figure 4.8: Directivity pattern of human face shaped MIMO antenna for port 1

Type Farfield
Approximation enabled (kR == 1)

Monitor farfield (=186) [2]

Component Abs

QOutput Directivity x
Frequency 16

Rad. effic. -0.4461 dB

Tot. effic. -0.9187 dB

Dir. 7.213dBi

Figure 4.9: Directivity pattern of human face shaped MIMO antenna for port 2.
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4.2.2.3 Three-dimensional gain pattern

Figure 4.10 shows the gain pattern of the MIMO antenna in position 3 for port 1. The MIMO

antenna for port 1 has a maximum gain of 7.01 dB at 16 GHz. Figure 4.11 shows the gain

pattern of the MIMO antenna in position 3 for port 2. The MIMO antenna for port 2 has a

maximum gain of 6.71 dB at 16 GHz.

Type
Approximation
Monitor
Cormponent
Output
Frequency
Rad. effic.
Tot. effic.

Gain

Farfield

enabled (kR == 1)
farfield (f=186) [1]
Abs

Gain

16

-0.5291 dB
-0.9139 dB
7.080dB

Figure 4.10: Gain pattern of human face shaped MIMO antenna for port 1

Type
Approximation
Monitor
Component
Output
Freguency
Rad. effic.

Tot. effic.

Gain

Farfield

enabled (kR == 1)
farfield (=186) [2]
Abs

Gain

16

-0.4461 dB
-0.9187 dB

6.767 dB

Figure 4.11: Gain pattern of human face shaped MIMO antenna for port 2.
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Maximum gain and maximum directivity at 16 GHz for various antenna structures are shown

in Table 4.3. As observed from the table, the human face shaped MIMO antenna in position 3

has better gain and directivity. The radiation efficiency, total efficiency, gain and directivity at

various frequencies for port 1 and port 2 are shown in Table 4.4 and Table 4.5. The gain and

directivity are maximum at f= 16 GHz for both the ports. For port 1, the maximum values of the

gain and directivity are 7.079 dB and 7.609 dBi, respectively. For port 2, the maximum values

of the gain and directivity are 6.765 dB and 7.212 dBi, respectively.

Table 4.3: Gain and directivity of various antenna structures

Antenna Position 1 | Position 1 | Position 2 | Position 2 | Position 3 | Position 3
Positions (port 1) (port 2) (port 1) (port 2) (port 1) (port 2)
Gain  (dB) | 5.723 6.181 6.593 4.468 7.080 6.767
(f=16 GHz)

Directivity 6.291 6.798 7.194 5.815 7.609 7.212
(dBi)

(f= 16 GHz)

Table 4.4: Radiation

frequencies for port 1

Frequency | 4 GHz 10GHz |[12GHz |14GHz |16 GHz

(GH2)

Radiation -1.551dB | -0.826dB | -1.213dB | -0.735dB | -0.529 dB
Efficiency

Total -1.879dB | -0.985dB |-1.320dB | -0.926dB | -0.914 dB
Efficiency

Gain 2.911dB 5.062dB |4.326dB |5.314dB | 7.079dB

Directivity | 4.462 dBi | 5.888 dBi | 5.539 dBi | 6.050 dBi | 7.609 dBi

efficiency, total efficiency, gain and directivity at various
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Table 4.5: Radiation efficiency, total efficiency, gain and directivity at various

frequencies for port 2

Frequency |4 GHz 10 GHz 12 GHz 14 GHz 16 GHz

Radiation -1.570dB | -0.8763dB | -1.131dB | -0.678dB | -0.447dB

Efficiency
Total -1.825dB | -1.068dB |-1.238dB | -0.906dB |-0.919dB
Efficiency
Gain 1.976dB | 5.201dB 4.051 dB 6.227 dB 6.765 dB

Directivity 3.546 dBi | 6.078 dBi 5.182 dBi 6.906 dBi 7.212 dBi

4.2.2.4 Comparison of human face shaped MIMO antennas with existing antennas

Table 4.6 shows the comparison between the human face shaped MIMO antenna in position
3 with the existing antennas. From this table, it is evident that proposed human face shaped

MIMO antenna has high gain, wide bandwidth and high isolation.

Table 4.6: Comparison of human face shaped MIMO antenna with some existing

antennas

Reference [4] [5] [92] [95] [101] Position 3
Antenna

Max Gain | 5 25 7 5.9 6.3 7.080

(dB)

Bandwidth 115,35 | 10048 |112.42 | 120 117.8 140.7

(%)

Size (mm 26*31 40*68 38*25 29*23 66.25*66.25 | 39.1*70.2

*mm)

Isolation (dB) | >25 >15 >15 >15 >0.8 >19.8

4.2.2.4 VVSWR

Figure 4.12 shows the VSWR versus frequency plot for port 1. The maximum value is 3.6,

which is at the notched frequency at f=5.5 GHz. The minimum value of VSWR is 1.1.
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Figure 4.12: VSWR vs frequency plot for port 1

Figure 4.13 shows the VSWR versus frequency plot for port 2. The maximum value is 3.7,
which is at the notched frequency at f=5.6 GHz. The minimum value of VSWR is 1.1. From the
VSWR pilot it is evident that the value of VSWR is less than 2 from 2.8 GHz to 16.1 GHz
except at 5 - 6.4 GHz for both the ports.

4 T T T T T

3.5 a

1 1 1 1 1 | | |
2 4 6 8 10 12 14 16 18

Frequency (GHz)

Figure 4.13: VSWR vs frequency plot for port 2
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4.2.2.5 Gain and directivity of the antenna

The maximum gain and directivity of the antenna are shown in Figure 4.14. As shown from
the figure, the maximum gain and maximum directivity of the human face shaped MIMO
antenna for port 1 are 7.1 dB and 7.609 dBi, respectively. The maximum gain and maximum
directivity of the human face shaped MIMO antenna for port 2 are 6.765 dB and 7.212 dBi,

respectively.
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Figure 4.14: Gain and directivity plot of human face shaped MIMO antenna

4.2.3 Fabrication and measured results

To verify the design of the antenna, the MIMO antenna is fabricated on FR4 substrate with
relative permittivity of 4.4 and thickness of 1.6 mm with an area of 39.1 * 70.2 mm. FR4 is
used as substrate as it is cheap and easily available. The top view and the bottom view of the
fabricated antenna are shown in Figure 4.15 (a) and Figure 4.15 (b), respectively. On the top
side of the antenna, a microstrip line having a width of 3.4 mun feeds the antenna. The antenna

is excited by a 50 Q SMA connector.
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(b)

Figure 4.15: Fabricated Antenna (a) top view (b) bottom view

4.2.3.1 Reflection coefficient

Figure 4.16 shows the simulated and measured reflection coefficient plot up to 13 GHz. The
comparison of measured and simulated results shows good agreement. As seen from the figure,
the human face shaped MIMO antenna has the bandwidth from 2.8 GHz to 16.1 GHz with a
notch band from 5 GHz to 6.4 GHz.
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Figure 4.16: Simulated and measured reflection coefficient plot of fabricated
antenna
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4.2.3.2 Two-dimensional radiation patterns

The normalized radiation patterns of the proposed human face shaped MIMO antenna are

shown in Figure 4.17. The normalized pattern in phi= 0 degree and phi= 90 degree plane at 4
GHz, 8 GHz, 10 GHz and 12 GHz for port 1 are depicted in Figure 4.17 (a), Figure 4.17 (b),

Figure 4.17 (c) and Figure 4.17 (d), respectively. The normalized pattern in phi= 0 degree and
phi = 90 degree plane at 4 GHz, 8 GHz, 10 GHz and 12 GHz for port 2 are depicted in Figure
4.17 (e), Figure 4.17 (f), Figure 4.17 (g) and Figure 4.17 (h), respectively. The simulated and

measured patterns show agreement with minor deviation. It may be connector and other losses

etc. The co-polar and cross-polar simulated patterns of the antenna for both ports at 6 GHz are

depicted in Figure 4.18. From these patterns, it can be observed that the cross-polarization is

relatively low. From Figure 4.18, it can be noted that the minimum values of cross polarization

in the major lobe for port-1 and port-2 are -38.54 dB and -18.79 dB, respectively.
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Figure 4.17: Radiation patterns of the antenna at (a) f=4 GHz (port 1), (b) f=8 GHz

(port 1), (c) f=10 GHz (port 1), (d) f=12 GHz (port 1), (e) f=4 GHz (port 2), (f) f=8
GHz (port 2) (g) f=10 GHz (port 2), (h) f=12 GHz (port 2)

120 60

150
.
e Co-polar(port 1)
7 = =Cross-polar (port 1)
/ Co-polar (port 2)
| == == Cross-polar (port 2)
180 s E1S
\ P e
~
210

240 300
270

Figure 4.18: Co-polar and cross-polar patterns

78



4.3 Chapter summary

A human face shaped dual polarized MIMO patch antenna for UWB applications with
elimination of 5 GHz - 6 GHz WLAN signals has been presented. Two identical human faced
antennas are placed orthogonally at a distance of 0.39 A0. To achieve a wide bandwidth and
high isolation, the slots in the patch along with DGS are utilized. The position of the antennas is
optimized to further improve the performance of the antenna. The antenna is simulated,
optimized, fabricated and measured. The simulated and measured parameters are presented and
discussed. The presented antenna has a wide impedance bandwidth from 2.8 GHz to 16.1 GHz
with a notch to avoid interference from 5 GHz - 6 GHz WLAN signals. The maximum gain and
maximum directivity of the presented human face shaped antenna are 7.079 dB and 7.609 dBi,
respectively. The presented human face shaped MIMO patch antenna is suitable for UWB

communications.
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CHAPTER 5: CONCLUSION AND FUTURE WORK

5.1 Conclusion

Ultra-wideband technology in wireless communication plays an important role as it provides
large bandwidth with low power consumption. Microstrip antennas are commonly used
antennas in various application due to their low profile and compact size, but these antennas
suffer from narrow bandwidth and poor gain. Antennas for UWB technology require a wide
bandwidth. In this study, the bandwidth is improved by using the concept of defected ground
structure and slots in elliptical patch. The design of three human face shaped microstrip patch
antennas for ultra-wideband applications have been presented in this study. In the first design, a
compact human face shaped microstrip patch antenna, that can operate from 5.9 GHz to 11.2
GHz, is presented. The antenna has a minimum reflection coefficient of -35.11 dB with a size of
25.2 mm > 38.2 mm. The maximum gain and the directivity of the antenna are 6.219 dB and
6.268 dBi, respectively. The human face shaped antenna has the rectangular defects in the
ground plane to achieve the wide bandwidth. In the second design, a human face shaped
microstrip patch antenna, which covers the frequency from 3 GHz to 14.7 GHz with a notch
from 5GHz to 6.3 GHz to reject WLAN signals, is presented. The minimum reflection
coefficient, maximum gain, maximum directivity of the human face shaped antenna with
enhanced bandwidth are 5.945 dB, 6.411 dBi and -35.4 dB, respectively. The human face
shaped antenna is small in size with the dimensions of 24.6 mm * 38.6 mm and is easy to
fabricate. The antenna has rectangular and triangular defects in the ground plane to achieve wide
bandwidth. In the third design, a MIMO antenna, which operates from
2.8 GHzto 16.1 GHz with a notch band from 5 GHz to 6.4 GHz, is presented. In MIMO
antenna, two human face shaped antennas are placed orthogonally to achieve dual polarization.
The human face shaped antennas are separated at a distance of 0.39 A0. The antenna has a size
of 39.1 mm x 70.2 mm with a minimum reflection coefficient of -22 dB. The maximum gain

and maximum directivity of the MIMO antenna are 7.079 dB and 7.609 dBi, respectively.

To achieve the wide bandwidth and high isolation, the slots in the patch along with
rectangular and triangular defects in the ground plane are utilized. Polarization diversity concept
is used to design antenna for MIMO applications. The antennas are simulated using CST

microwave studio and various antenna parameters like reflection coefficient, VSWR, radiation
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pattern, gain, directivity, total efficiency, radiation efficiency etc are presented and discussed.
The antennas are fabricated and measured. The measured parameters are also presented and

discussed. The proposed antennas are suitable for ultra-wideband applications.

5.2 Future work

Further improvements can be achieved through this work, in regard to enhancing the
parameters like gain, directivity and bandwidth of the antennas. Different feeding techniques
like proximity feed, aperture feed to increase the bandwidth of the antenna can be investigated.
Other techniques like lowering the Q factor of the patch, increasing the height of the substrate
can be analyzed to improve the impedance bandwidth of the antenna. Impedance matching
techniques using quarter wavelength microstrip impedance transformer, microstrip stubs,
microstrip inset feed can be investigated. Multi-layer dielectric substrates can be used to
increase the gain of the antenna. Antennas can also be combined in array to improve the gain
and obtain high directivity. To reduce the size of the antennas and to increase the isolation
between the antennas, the concept of metamaterial can be used. Metamaterials are artificially
made by combining two or more naturally occurring materials and has unusual electromagnetic
properties. The use of parasitic elements, complementary split ring resonator, decoupling

networks to decrease the mutual coupling between the antenna ports can be analyzed.
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