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The principal contribution of this study includes the development of
new design of probe-fed microstrip patch antennas on thin substrate for wide band
width, high gain along with multi frequency operation and development of formula
for calculation of resonance frequency of deéigned antenna as well as implementation
of Artificial Neural Network code for the calculation of design parameters of the
designed antennas.

The art of antenna miniaturization i1s a compromise among volume,
bandwidth and efficiency. Contribution of the thesis addresses the limitations of
miniaturization, large band width, High gain, simplicity in design, low cost and
accurate computation-technique for design of microstrip antenna to be used in
wireless environment. In this thesis, new designs are introduced that can be used for
the most sought after probe-fed Microstrip patch antenna on thin substrate.

A Horn shaped Microstrip patch antenna has been designed on thin
substrate and characteristics are studied for substrate of dielectric constant 2.2 and
also for air dielectric. This Horn shaped antenna gives wide band width and high gain
without any design complexities. Variation of slot length and width to control the
bandwidth gives flexibility to control the bandwidth for varied applications. A coax-
ted inverted-L shaped microstrip patch antenna, a parasitically coupled inverted-L
microstrip patch antenna and a parasitic coupled T- shaped microstrip patch antenna
have been designed on thin substrate and characteristics are studied. The wider
bandwidth and dual band of frequency of operation are the special features of these
antennas. In another new design, a multi-slot hole-coupled microstrip patch antenna
on substrate of thickness 2mm has been designed and the characteristics are studied.
This antenna is a wide band, multi-frequencies antenna. It has the attractive features

of simplicity and flexibility of controlling the bandwidth with high isolation between
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band of frequencies And with almost omni directional radiation patterns, the multi
slots hole coupled microstrip patch antenna seems to be a good antenna for wireless
communications especially for cellular telephone applications.

In this thesis, a generalized method is presented to determine the
resonance trequency of slot coupled rectangular microstrip patch antenna In this
implementation a modified formula is used to calculate the edge extension of an
equivalent rectangular patch antenna of the slot loaded microstrip patch antenna Then
modified resonance frequency formula is used for calculation of resonance frequency
of the slot loaded microstrip patch antenna The suggested method gives reasonable
accurate result without any complicated mathematical functions or operations

In this thesis, Artificial Neural Networks (ANNs) have been
implemented to find accurately the slot length and width of horn shaped antenna for
wide band width without involving high experimental cost, time and tedious
theoretical calculations The back propagation algorithm has been used to train the
network, which learns using gradient descent method Again, tunnel based Artificial
Neural Network has been used for determination of radiation pattern of the multi-slot
hole-coupled microstrip patch antenna The tunnel based Artificial Neural Networks
can save considerable computational time while giving accurate results The
calculation of radiation pattern using the ANNs is a new and interesting part of the

work that reflects the simplicity and accuracy of the method
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Chapter 1 Introduction and Overview of the thesis

1.1 Introduction
The wireless communications have become an important part

of everyday life. During recent years, there have been an enormous growth in the area
of wireless communications with the introduction of new applications like; tagging,
wireless computer links, wireless microphones, remote control, wireless multimedia
links, satellite mobile phone, wireless internet etc[1]. Present day demand is for a
wireless device of more practicable and easily transportable. Now need is for a
wireless device of light weight, small size, having low energy consumption and have
an appealing design. The evolving technology has able to satisfy the need of
electronics to reduce the size of wireless devices with the incorporation of small chips
which consume less current and are more efficient with a large functionality but at the
same time placing a demand for optimal antennas for these devices[1]. The
commercial applications in communication, sensing, position location, messaging etc.
continue to challenge antenna designer. Advances in technology associated with
signal processing, R.F. components and batteries have stimulate more innovative
applications in wireless that has in turn stimulate for extensive research to find new
solutions to the problems in the antenna engineering. Thus, it is safe to say that the
21% century will certainly be one of active research development and production of
antenna for various agencies.

The field of antenna engineering is of course central to all wireless
technologies and plays a significant role in the successful deployment and

optimization of such systems. Antenna type is based on fundamental operation of
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Chapter 1 Introduction and Overview of the thesis

antennas but also aligns closely to major performance specification i.e. gain,
bandwidth, radiation efficiency, input impedance etc. For wireless communications,
the basic requirement is that the antenna should be relatively cheap, lightweight,
robust and easy to manufacture. They should have a minimum impact on
environment. The microstrip patch antenna is the best candidate that fulfills all the
requirements of antenna to be implemented in handsets as well as in wireless devices.
Again, if the number of published journal articles, symposia papers, workshops and
short term courses are considered as the parameters, it can be undoubtedly said that
microstrip patch antennas are one of the most innovative areas of research work at
present day.

The basic form of microstrip patch antenna is a metallic patch printed
on a thin grounded dielectric substrate. Although, microstrip patch antenna was
suggested back in 1953[2] but serious work started in 1972[3][4]. Still after 33 years,
major researches are going on to improve antenna to meet with present day demands
of industries and government agencies. From the survey of literature, it is found that
the major disadvantages of the microstrip patch antennas are: low efficiency, low
power handling, high quality factor, poor polarization purity, poor scan performance,
spurious feed radiations, vary narrow frequency band width and the progressive stage
of analysis tools for complicated structures.

In commercial world, size reduction of microstrip patch antenna is the
biggest demand. To achieve additional progress is to view the antenna not as separate
device, but as integrate device in to the system. The antenna must be designed along

with the entire communication unit. The size reduction of antenna is difficult as it is
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associated with the aim of achieving high gain and large band width. Again for
multifunction purposes, a number of antennas are used in a common platform
(example: dual mode radios, satellite and terrestrial communications). So, thrust area
of focused is to develop wide band and multifunctional microstrip patch antennas,
which will reduce the number of antenna used in a single platform.

The microstrip patch antennas are inherently narrow bandwidth
structure due t(\) their resonant nature and the confinement of fields between the patch
metalisation and ground plane. The impedance bandwidth with VSWR<2 for a
microstrip patch antenna increases almost linearly with substrate thj;:kness “h”[5]. To
manipulate the impedance curve, the suggested techniques that are commonly used
are: use of the substrate thickness with low relative dielectric constant &J[5], choice of
suitable feeding technique[5,6,7,8,9,10], introduction of coupled mode[11,12,13],
impedance matching[14,15,16,17], resistive loading [18,19], selection of different
geometries[6,8,9,20,21],use of shorting pins[22,23], addition of active circuits i.e.
design active antenna[24], stub loading, slot and notch loading, short circuit via,
parasitic coupling, supperstrate cover[6,8,9,21].

There are four fundamental feeding techniques to excite the patch[3-9].
These are Microstrip line feed, Co-axial Probe feed, Aperture coupled feed and
Proximity coupled feed. Each one of these techniques has its own advantages and
disadvantages. However, the probe feed has a number of characteristics that make it
suitable to be used in wireless system. In probe-fed technique the probe is directly
connected to the patch, the antenna structure is quit robust. The probe feed is also less

prone to alignment errors, which can significantly affect the performance of the
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aperture coupled and proximity coupled feeds. As the feed is separated from the
patch, there is less spurious radiation from the feed network as compared to that of the
microstrip feed line and the proximity coupled feed. The probe feed has the advantage
that it can directly excitevia a coaxial cable, for which it does not require an
additional substrate layer to support the feed network. There are various approaches
that have been suggested to enhance the bandwidth of probe-fed microstrip patch
antenna. These include, use of impedance matching network, edge coupled probes,
Stacked Coupled probes, Shaped Probes, capacitive coupled and slot coupled.
However, all the solutions given to the problems faced in microstrip patch antennas
are not sufficient to fulfill the need of modern wireless systems[1,4,83,286-294]. Even
from the number of recent published articles on microstrip antennas it is safe to say
that research in to wide band probe-fed microstrip patch antennas, is still a very
important topic[1,5,9-78].

Another area of research related to the advances of microstrip patch
antenna technology is the modeling technique used to analysis of the microstrip patch
antenna. With the present trend of development of microstrip patch antenna, many
new models have been developed for the analysis. They fall in to two broad
categories: approximate methods and full wave methods. The approximate method
include the transmission line model[6,7,8,10], cavity model[6,7,8,10] and
segmentation model{8]. The full wave methods that can be used to model microstrip
patch antennas are the method of moments (MoM), the finite element method(FEM),
and the finite-difference time-domain(FDTD)method[ 80,81,82,].

The model based techniques maintain simplicity at the expense of
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accuracy. They suffer from various limitations. These include: thin substrate
approximation, isotropic substrate and single mode analysis approximation[84, 85].
Also the microstrip patch antenna structure is becoming complex due to its inherent
inhomogeneous dielectric, multi layered dielectric structure, periodic loading of the
substrate to prevent surface waves, aperture coupling of the feed to the antenna, use of
stacked configuration to achieve larger bandwidth, loading of the antenna to achieve
the desired antenna characteristics and integration of circuit function with antenna
function[1,4,8,9,10,86]. Form the consideration of the design complexity of
microstrip patch antenna; it is found that there is lack of accurate theory to analysis
the microstrip patch antenna and also there exit considerable deviation between the
theoretical result and experimental findings. It is difficult to find exact feed point for
proper impedance matching. There is no available accurate theory to design
microstrip patch antenna for the cellular phone in realistic users’ conditions.

As the microstrip patch antennas become more complex, the more
sophisticated numerical methods such as full wave modeling techniques has become
inevitable. However, applications of full wave modeling are more computationally
expensive and can easily exceed the capabilities of most personal computers.
Therefore, the search for techniques that can reduce the computational complexity of
modeling of an antenna is currently a very ir;lportant research area.

The aim of this thesis is therefore, firstly to design of new wide band
probe-fed microstrip patch antenna elements to fulfill the requirements of modern-day
wireless communication system and development of simple method to calculate the

resonance frequency of designed antenna. The second objective of the thesis is to use
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Artificial Neural Network as alternative to the modeling technique to support the
newly designed antenna without any computational complexities as well as to reduce

the use of excessive computational resources.

1.2 Scope of the Thesis

In this thesis focus is given mainly on the development of new design
of wide band probe-fed microstrip patch antenna of single resonance frequency and
multi resonance’s. In addition, to develop simple method to calculate the resonance
frequency of designed antenna and use of Artificial Neural Network(ANN) code to
analysis the microstrip patch antenna. The specific objectives of the thesis are:

e The first phase of this research is the development and design of wide
band probe fed microstrip patch antenna for modern wireless
communication systems. To reduce the size of the antenna to be
suitable for compact wireless system, it is decided to consider only the
thin substrate and single layer antenna with finite ground plane while
still retaining the benefits of low cost, light weight, low profile and
wideband & high gain. It is also tried to make the design, very simple
so that it can be implemented easily.

e The second objective is to verify the performance of the new antenna
elements and to study the characteristics for practical applications. This
is achieved through numerical calculation /simulation and through

actual experimental measurements of the designed microstrip patch
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antenna elements.

e Third phase of this study is aimed at formulation and implementation
of an efficient modeling technique for calculation of parameters of the
newly designed microstrip patch antennas. Here the primary
importance is given to make easy implementation and consumption of
less computational time for the parameter calculation of the microstrip
patch antenna.

e The final objective is to develop an accurate simulation code based on
Artificial Neural Networks(ANNs) to calculate the design parameters

of the newly designed microstrip patch antenna elements.

1.3 General Overview of the Thesis

The general back ground of the microstrip patch antenna is included in
this chapter 1. It is briefly outlined the needs of present days wireless systems and
problems of the microstrip patch antennas so far developed. The fact to select the
probe feed technique is mentioned here. It is also briefly pointed out the problems of
wide band probe-fed microstrip patch antennas in terms of design as well as modeling
techniques. The formulated objective of the thesis is included, which isin short is
to design new wide band probe fed microstrip patch antenna and to develop the
Artificial Neural Network(ANN) code to calculated the design parameter of the newly
designed microstrip patch antennas.

Chapter 2 introduces a brief overview on choice of substrate and the
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feeding technique of microstrip patch antennas with their advantages and
disadvantages for practical applications. Overviews of the various techniques that
have been used so far for the bandwidth enhancement of probe-fed microstrip patch
antennas are presented in this chapter 2. Then chapter 2, gives an overview of various
modeling technique used for the analysis and design of probe-fed microstrip patch
antennas. This includes the approximate methods and full wave methods. Out of all
methods, only transmission line method, Cavity method and the Method of Moments
are discussed.

Chapter 3 includes an overview of Artificial Neural Network(ANN). It
includes the brief analysis of biological motivation of neural network, Model of a
neuron, activation functions, learning rules, multilayer neural network along with
issues involved in implementation in neural network training. In this chapter, the
ANN code development & its application in microstrip patch antenna problems is
discussed 1i.e. it contains the mathematical details of back propagation and tunnel
based back propagation algorithm.

Chapter 4 deals with the new design of microstrip patch antenna i.e.
probe-fed horn shaped microstrip patch antenna. The detail design specification of the
probe-fed horn shaped microstrip patch antenna is pointed out. The experimental as
well as calculated parameters of the probe-fed horn shaped microstrip patch antennas
are included in this chapter 4.  The studied characteristics of the probe-fed horn
shaped microstrip patch antennas for two different heights and for two different
substrates i.e. for one of dielectric constant 2.2 and another for air dielectric are also

included in this chapter. The chapter 4 also contains the study of variation of band
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width with the variation of slot length of the probe-fed horn shaped microstrip patch
antennas.

The chapter 5 contains the design of a coax fed-inverted-L shaped
microstrip patch antenna, a parasitically coupled inverted-L microstrip patch antenna
and a parasitic coupled T- shaped microstrip patch antenna that have been designed
on thin substrate. The experimental and theoretical results of the characteristics of
coax fed-inverted-L shaped microstrip patch antenna, parasitically coupled inverted-L
microstrip antenna and parasitic coupled T- shaped antenna are given in the chapter.
The coax fed:inverted-L shaped microstrip patch antenna, and parasitically coupled
inverted-L microstrip patch antenna show wide band properties and the parasitic
coupled T- shaped antenna shows the dual bands frequency of operation.

Chapter 6 presents another new design, a multi-slot hole-coupled
microstrip patch antenna that has been designed on a substrate of thickness of 2mm.
The wide band and multi frequency characteristics of the designed antenna, has the
attractive features of simplicity and flexibility of controlling the bandwidth with high
isolation among bands of frequencies. The notable features of designed multi-slot
hole-coupled microstrip patch antenna is the variation of slot parameters, hole size
and positions that give the flexibility to shift the frequency and match the impedance
of the antenna, are mentioned in this chapter.

Chapter 7 contains a generalized method used to determine the
resonance frequency of slot coupled probe fed rectangular microstrip patch antenna.
The details implementation technique of the generalized method on the slot loaded

probe-fed rectangular microstrip patch antenna to calculate the edge extension with a
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modified formula and use of modified resonance frequency formula for calculation of
resonance frequency of the slot loaded probe-fed rectangular microstrip patch antenna
are included in the chapter 7. In the chapter 7, the comparative analysis of results of
different slot coupled probe fed rectangular microstrip patch antennas calculated with
different methods and the present suggested method are compare, It is shown that the
suggested method gives accurate result without any complicated mathematical
functions or operations.
Chapter 8 contains the implementation of Artificial Neural Networks
(ANNSs) code to accurately find the slot length and width of horn shaped antenna
without involving high experimental cost, time and tedious theoretical calculations.
The developed code of back propagation algorithm that has been used to train the
network, that learns using gradient descent method, is mentioned in the chapter 8.
Again, the use of tunnel based Artificial Neural Networks that has been used for
determination of radiation pattern of the multi-slot hole-coupled probe-fed microstrip
patch antenna is included in the chapter. It is pointed out that the calculation of
radiation pattern using the Artificial Neural Networks(ANNS) is a new and interesting
part of the work that reflects the simplicity and accuracy of the method.
Chapter 9 contains general conclusions regarding this study and concludes

the thesis with some recommendations that can be considered for future work.
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CHAPTER 2

MICROSTRIP PATCH ANTENNAS
AND MODELING TECHNIQUES
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2.1 Introduction \" ,’/

Being conceived in the year 1953T2

matured considerably over last 33 years with starting of serious work in 1972[2,3].
The major progresses in the Microstrip Patch Antennas are included; success in
bandwidth enhancement, combating surface wave effects, development of compact

antennas, active antennas and development in the analysis tools.

Microstrip Patch Antennas use radiating elements of a wide variety of
shapes: square, rectangle, circle, ring, triangle, ellipse, star, L, semi-circle etc. More
complex geometrical figures and combinations of simple shapes are also used for
some particular applications [7,8,87]. The selection of a particular shape depends on
the parameters one wishes to optimize: bandwidth, sidelobes, cross polarization, and

antenna size.

Microstrip antennas are inherently narrowband structure due to their
resonant nature and confinement of fields between the patch metallization and ground
plane[4]. Hence narrow bandwidth is one of the principal disadvantages of microstrip
patch antenna. In recent years, significant research contributions have been devoted to
the band width enhancement technique of the microstrip patch antenna in general. The
various techniques that have been suggested and tried to manipulate the impedance

curve includes: use of thick substrate with low relative dielectric constant ( £, )[4.8],
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choice of suitable feeding technique[8,9,86], introduction of coupled modes|8.,9,86],
impedance matching and resistive loading [4,86]. There exists a large amount of open
literature related to bandwidth enhancement technique and related solution that have

been suggested [5,6,9-125].

In this chapter, a brief overview on the choice Substrate of
microstrip patch antenna is included in the section 2.2. In section 2.3, discussion is
included on feeding technique of microstrip patch antennas while an overview of
wideband probe fed microstrip patch antenna is given in section 2.4. Section 2.5 gives

an insight of modeling techniques that are currently available.

2.2 Choice of Substrate of Microstrip Patch Antenna

The dielectric substrate provides a stable support for the
conductor strip and patches that make up connecting lines, resonator, and antennas. It
ensures that the components that are implemented are properly located and firmly
held in place, just as in printed circuits for electronics at lower frequencies. The
substrate plays an important role in determining the electrical characteristics of the
Microstrip Patch Antenna. There is no one ideal substrate; the choice rather depends

on the application. For instance, conformal microstrips require flexible substrates,
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while low frequency applications require high dielectric constant to keep size

small[6].  Microstrip Patch Antennas use low dielectric substrates i.e. generally

substrate of dielectric constant € < 2. The use of higher value of dielectric constant

(&), affects the confinement of field and reduces the radiation efficiency of the

Microstrip Patch Antenna. The bandwidth and efficiency variation with substrate
height at centre frequency for rectangular microstrip patch for two different substrate
are shown in Figure 2.1{5]. From the figure it is clear that the bandwidth increases
almost linearly with substrate height and the bandwidth decreases with the increase

of dielectric constant of the substrate.

Most commonly used substrate for microstrip patch antennas are:

alumina or high dielectric (&) substrate, composite material substrates, and honey-

comb substrate. Honey-comb material is light-weight, sturdy and low & and is

generally preferred for aerospace applications. Composite materials are obtained by
adding fiberglass, quartz or ceramic in suitable proportion to the organic or synthetic
materials to obtain the desired permittivity and the electrical and mechanical

properties. The most commonly used combination is that of PTFE and glass and the

resulting substrate have €, between 2.17 and 2.55. Combination of PTFE and ceramic

is used to produce flexible substrates with € near 10. These high g, substrate or a

alumina are used for miniaturization of microstrip antennas often at the cost of

bandwidth.
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Figure 2.1 Variation of efficiency and band width with substrate height at
constant resonance frequency for two different substrates|5].

2.3 Feeding Techniques of Microstrip Patch Antenna

The excitation of the radiating element is an essential and important
tactor, which requires careful consideration in designing a most appropriate antenna
for a particular application. A wide variety of feed mechanisms are available, not just
for coupling energy to individual elements, but also for the controlled distribution of
energy to linear or planner array elements. The feed element may be either co-planer
with the radiating elements, or situated in a separate transmission-line layer. Now
there is available ample literature on the feeding technique [6,7,8,9.87]. Therefore, a
brief over view of only four most popular Microstrip Antenna Feed techniques are
given. These are namely: Microstrip line, Co-axial Probe, Aperture coupling and

Proximity coupling.
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2.3.1 Microstrip Line Feed

Microstrip line feed is based on the principle that cutting an inset in the
patch does not significantly affect the resonant frequency but that it modifies the input
impedance. By properly selecting the depth of the inset, one can match the path to the
transmission line without additional matching elements [87]. The feed was the first
used for practical applications [88] and is the simplest way to feed a microstrip patch
is to connect a microstrip line directly to the edge of the patch, with both elements

located on the same substrate. A microstrip line feed is shown in figure.2.2.

Microstrip Feed Patch

4 ,

Substrate

Ground Plane

Figure 2.2 Microstrip patch antenna with microstrip line feed.

The microstrip line feed though simple in nature but a microstrip
structure with the line and patch cannot be optimized simultaneously as an antenna
and a transmission line. There must be some compromise between the two so that
feed line does not radiate too much at the discontinuities [89]. The spurious radiation
and the accumulated reactive power below the patch (cavity effect), degrades the

antenna performance and reduces its bandwidth[8].
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2.3.2 Co-axial Line Feed

Co-axial line feed was among the first considered and even today one
of the most popular in many application of microstrip patch antenna. In co-axial line
feed, the inner conductor of the coax is extends across the dielectric substrate and is
connected to the patch while the outer conductor is connected to the ground plane as

shown in the figure 2.3.

Patch
)
I _ 1
<= Substrate
. « Ground Plane
| Zegustnte [ ]+ Coaxial Connector

Figure 2.3 Microstrip Patch antenna with coaxial line feed.

In case of coaxial line feed the intrinsic radiation from the feed is small
and can be neglected for thin substrates but becomes significant with thicker
substrates. Now, most of the theoretical developments consider coaxial feeds and
models were developed to characterize the injection of current in to patch accurately
[84,90]. However, coaxial feeds are difficult to realize in practice because drilling or
punching holes through the substrate in a particular specific point is critical task,
generally this operation would like to avoid. Again introducing the conductor through
the holes and soldered to the patch are delicate operations that require careful
handling, and mechanical control of the connection is difficult, especially for very

high frequencies[86].
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2.3.3 Aperture Coupling

In a conventional aperture coupling, the microstrip patch antenna
consists of two substrate layers separated by a common ground plane. The radiating
microstrip layer on the top of the substrate is fed trough an aperture in the ground
plane by a microstrip feed line lying on the bottom of the lower substrate. The
important requirement is that the common ground plane should contain etched
apertures accurately positioned below the microstrip patch and above the feed line [8].

Figure 2.4. shows an Aperture coupled feed microstrip patch antenna.

Patch

Microstrp line
Aperture f Slot

Substrate 1

Ground Plane Substrate 2

Figure 2.4 Aperture coupled feed microstrip patch antenna.

The aperture coupled feed technique has many attractive features [9,
91-95], one is it provides stronger coupling than a similar triplet or suspended
stripline system because of higher concentration of fields above the feed line where
the aperture is positioned. Further more, a relatively high-permittivity substrate can be

used if required for the feed system, without compromising the radiating properties of
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the lower-permittivity substrate carrying the microstrip patches. In this technique, the
slot on the common ground plane is free to radiate bidirectionally. By using
multilayer substrate, it can be made unidirectional radiation, but may result in strongly
coupled surface wave modes which degraded in the antenna efficiency [96]. The
cavity backed aperture coupled technique is used to improve the efficiency of antenna

[97] as well as solves the above mentioned problem.

2.3.4 Proximity Coupling

In this feeding technique, the coupling of the patch and the feed line is
obtained by placing the patch and the feed at different substrate levels. A thin layer of
high dielectric constant substrate is used to reduce the radiation from the feed lines,
where as a thick layer of low dielectric constant substrate is used in the upper layer to
increase the radiation of the patch [8,86]. The length of the feeding stub and the

width-to-line ratio of the path can be used to control the match.

Figure.2.5 Proximity couple feed microstrip patch antenna
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Using the proximity coupling, the frequency band width of a patch
resonator could be significantly widened [98,99].The special feature is that , the feed
line is no longer located to an open surface and there is no need to solder different
conductors, unlike co-axial feed. But a structure with two dielectric layers, however,
is more complex to analyze, because the simple models developed for single layers
cannot be used. The resulting structure becomes more complex to build, with two
dielectric layers instead of one. Again one cannot easily connect components within

the feeding circuit as it is buried inside substrate.

2.4 Wideband Probe-Fed Microstrip Patch Antenna

The microstrip antennas are having narrow impedance bandwith,
typically a few percent. The impedance bandwidth of microstrip antennas is usually
much smaller than the pattern band width[100]. Hence focus is given on input
impedance rather than radiation pattern in the discussion of bandwidth enhancement
technique. Some generic types of band width extension technique are: increasing
antenna volume by incorporating parasitic elements, stacked substrates, use of foam
dielectrics; creation of multiple resonances in input response by addition of external
passive networks or internal structure; and incorporation of dissipative loading by
adding lossy materials or resistors [8]. Pozar[101] divided these various bandwidth
enhancement technique in to three broad approaches: impedance matching; the
use of multiple resonance; and the use of lossy materials. In this overview; the band

width enhancement techniques are categorised into different approaches in terms of
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normally used antenna structures. These are impedance matching network; edge
coupled probes; stacked coupled probes; shaped probes; capacitive coupled and slot
coupled. The lossy antennas are not included here because generally lossy materials

are not frequently used as it limits the radiation frequencies of the antenna.

2.4.1 Impedance Matching Networks

An impedance matching network is used to improve the
impedance band width of a probe feed microstrip patch antenna. In this process,
without altering the antenna element, a reactive matching network is used, to
compensate for the rapid frequency variations of input impedances. With this method,
compared to thin substrate, a thick substrate will add some extra bandwidth. An
impedance matching network is typically implemented in microstrip antenna from
below the ground plane of the antenna element. The figure 2.6 shows the geometry of

a microstrip patch antenna with a impedance matching network.

Substrate

Mafching network
below ground plane

Ground plane

Figure 2.6 Geometry of a microstrip patch antenna
with a impedance matching network.
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The impedance matching network method was implemented by Pues
and Capelle [14] by modeling the antenna as simple resonant circuit. Their method is
unique in that it doesn’t alter the radiating element itself, while a reactive matching
network is used to compensate for the rapid frequency variations of the input
impedance. The validity of the technique is based on the relative frequency
insensitivity of the radiation pattern and gain characteristics as compared to the
resonant behaviour of the input impedance. In their approach for the design of the
matching network, the input impedance of a microstrip antenna should be by either a
simple series resonant or a simple parallel resonant RLC circuit in the vicinity of
fundamental resonant frequency. Once the RLC equivalent circuit of the antenna is
obtained, a procedure similar to the design of a band pass filter[15] is used to
synthesis the matching network of the microstrip patch antenna. With this approach
they have achieved a increased in band width by a factor of 3.2 or 9.1 percent.
Hongming An etal [16] introduced the simplified real frequency technique(SRFT) to
design the loss less matching networks of microstrip antennas in order to increase
bandwidth. The most significant feature of this is the numerical technique is that it
does not require any analytical description of the antenna and generator, the measured
or simulated impedance data are processed directly. Further more neither on a priori
choice of a matching network topology nor an analytic form of the system transfer
function needed. With this approach, they have managed to increase the band width
for one antenna from 5.7% to 11.06% at the level of VSWR = 1.5, and for another
antenna element, the band width increased from 9.4% to 16.82% for the VSWR<2.

Recently, Haaj et al{30] reported an impedance bandwidth of 6.9% for a VSWR of
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1.5:1 with a parallel resonant circuit.

The advantage of using the matching network is that the radiation
characteristics of the antenna element remain unchanged because the antenna element
do not get altered as the matching network can be placed behind the antenna’s ground
plane[8,86]. The radiation form the matching network is also minimum. The main
drawback of this methods are, the matching networks are used to excite the individual
elements in an antenna array and more than one substrate layer is required to support

the antenna element and the matching network for single element antennas[8.9.86].

2.4.2 Edge-Coupled Patches (Multi Mode Operation)

The basic idea that has been used to widen the frequency band width is
that to increase the band width of resonant circuits, in particular when designing band
pass filters, is to couple several resonators with very closely spaced resonances. In
this approach — several radiating structures are closely coupled to each other but
resonating slightly different frequencies. Only one of the elements is driven directly.
The other patches are coupled through proximity effects. In an Edge coupled
microstrip antenna the parasitic patches can be coupled to either to the radiating
edges, the non-radiating edges or to both pair of edges. This approach has been
investigated by wood [102] and then Kumar and Gupta [103-105]. Using this
approach R.Garg and V.S.Reddy[106] achieved an impedance band width of 23% at

VSWR=2. Figure 2.7 shows an example of such an edge coupled microstrip antenna.
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Figure 2.7 Edge coupled microstrip antenna.

The edge coupled patches can be fabricated on a single layer substrate.
This coplanar nature of the structure is the advantage of the Edge coupled patch
antenna. The use of additional parasitic patches increases the size of the antenna
element which is one of the major drawback. Another drawback is that as the different
patches radiate with different amplitudes, the radiation patterns change significantly

over the operating frequencies[8].

2.4.3 Stacked Patches
In another approach, two or more electromagnetically coupled patches
are placed on top of one another or stacked [86]. This is also a muitimode operation

technique. In stacked patch structure, the surroundings of the two patches are slightly
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different; the resonant frequencies of the two patches are slightly offset, which
increases the frequency bandwidth. The figure 2.8 shows a Stacked patch microstrip

antenna.

Top Patc
Bottom Patch

Figure.2.8 Stacked patch microstrip patch antenna.

Different size are also be stacked for the two patches, either to increase
the bandwidth further or to realize an antenna operating at two different
frequencies[107-110]. The frequency band width of a microstrip patch antenna is also
enhanced by the increase thickness of the double layer structure, with concomitant
risk of surface wave excitation. It is possible to stack more patches, but the
performance may not be much better than with only two patches [9,101]. Using this
technique, Waterhouse [107] achieved a 25% impedance band width for rectangular
patches, Kokotoff et al [111] reported a 22% impedance bandwidth for annular ring
patches and Mitchell et al [112] achieved a 33% impedance bandwidth for circular
patches.

The advantages of stack patch technique are, it does not increase the
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surface area of the element[8,86], it can be used in array configurations without
creating grating lobes, its radiation patterns and phase centre also remains relatively
constant over the operating frequency band and has the large number of parameters
that can be used to optimization. At the same time it has the draw back that it require
more than one substrate layer to support the patch and because of larger design

parameter the optimization becomes more complex.

2.4.4 Capacitive Coupled Patches

The probe fed microstrip antenna on thick substrate show inductive
nature in the input impedances. To avoid this inductive nature, capacitive coupling
technique is used. In this technique, a small probe fed patch is situated below the
resonant patch [113,114]. The gap between them acts as a series capacitor. Figure 2.9

shows a capacitive coupling patch.

Resonant Patch

Capacitor Patch

Figure 2.9 Capacitive coupled microstrip patch antenna.
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By combining stacked patch and capacitive-coupled probe feed technique, Z.F.Liu et
al [115] achieved a 25% impedance band width for a VSWR of 2:1 and
M.A.Gonzalez etal [116] reported a impedance band width of 35.3% for a VSWR of
2:1. Recently G.Mayhew-Ridgers et al [117] reported of achieving of impedance band
width of 25% at VSWR of 2:1.

For a patch where the capacitor patch is located below the resonant
patch has advantages that, this approach do not increase the surface area of the
element and the cross polarization levels in the H-plane are lower than the approach
where the capacitor patch is located within the surface of the resonant patch. The
approach of capacitor patch below the resonant patch has the disadvantages that, it
require additional subtract layer to support the configuration and prone to alignment

errors which create complexity in fabrication.

2.4.5 Slot Coupled Patches

The slot loaded microstrip patch antenna (figure 2.10) leads to increase
in antenna impedance band width and a smaller size of the antenna elements. These
slots force the surface currents to meander, thus, artificially increasing the antenna
antenna’s electrical length without modifying its global dimensions. This effect of
increase in the length of current path can be modeled as an additional series
inductance. The annular slots within the surface of the patch element may also acts as
a series capacitor. It is well known fact that the inductance or capacitance is key factor

to widen the impedance band width of microstrip patch antenna elements(8].
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Figure 2.10 Slot coupled microstrip patch antenna.

In a circular resonant patch, using a annular slot around a small
circular probe fed capacitor patch in the surface of the resonant patch, P.S.Hall[118]
reported a 13.2% impedance band width at 10db return loss. S.K.Palit and A.Hamadi
[119] achieved up to a 39% impedance band width with H-Shaped microstrip pactch
antenna. T.Huynh and K.F.Lee [120]} reported a U-slot antenna with which can
achieved an impedance band width exceed 30%. In slot loaded E-shaped microstrip
patch antenna, F. Yang, X.-X. Zhang, X. Ye and Y. Rahmat-Samii[121] an impedance
band width of 30.3%, Kin-Lu Wong and Wen-Hsiu Hsu [122] reported an impedance
band width of 24%, while Wen-Hsiu Hsu and Kin-Lu Wong[123] reported of
achieving of impedance band width exceed 25%. In a slot loaded circular micrstrip
antenna, J.H.Lu[124] reported an increase in impedance band width more than 2.3
times that of conventional circular microstrip patch antenna. Recently, Ricky Chair
etal[125], reported of achieving an impedance band width of 28.6% with U-slot and

half E-shaped microstrip patch antenna.
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The slot loaded microstrip patch antennas reduces the size of the
antenna element. Microstrip patch antennas with this technique produce greater
current concentration on the antennas and therefore, increase the ohmic losses and
decrease the gain of the antenna. Again proper insertion of slot in accurate position on
the patch and slot size optimization is a difficult task and is very much frequency

sensitive.

2.5 Modeling Techniques of Microstrip Patch Antennas

2.5.1 Introduction

The most popular methods that can be used to model and analys the
probe fed mirostrip patch antennas fall in to one of two broad categories: (i)
approximate methods and (ii) full wave methods. The approximate method include
the transmission line model[6,7,8,10], Cavity model[6,8,33,38] and segmentation
model[8].  The approximate models are easy to implement for single element
antenna, it gives good physical insight with very small solution time, but has the
limitation of less accurate. It becomes more complex for modeling coupling between
elements, with these methods. The most popular full wave methods that can be used
to model probe-fed microstrip patch antennas are the method of moment(MoM), the
finite element method(FEM), and the finite-difference time-domain(FDTD)

method. These are the three major paradigms of full wave electromagnetic modeling
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techniques[30,126-129]. All these methods discretize the problem region and
transform the field equations into a system of linear equations. Again these methods
can be characterized into two groups, e.g. differential and integral. Differential
method such as Finite Element Method(FEM) and Finite-Difference Time-
Domain(FDTD) requires discretization of the entire problem region . Integral method
such as Method of Moments (MoM) only require discretization over the conductor
surface. The unknown electromagnetic property used in Moments Method(MoM) is
the current density, and the electric field for the FEM and FDTD (also the magnetic
field for FDTD method). The discretization process results in the electromagnetic
property of interest being approximated by a set of smaller elements, but of which the
complex amplitudes are initially unknown. The amplitudes are determined by
applying the full-wave method of choice to the agglomeration of elements. Usually,
the approximation becomes more accurate as the number of elements is increased.

The features of full wave solutions may be include as follow[5]:

i. Accuracy: Full wave analysis techniques generally provide the most
accurate results for input impedance, mutual coupling, radar cross-
section, etc.

ii. Completeness: Full-wave solutions include the effects of surface
waves, space wave radiation, and external coupling.

iii. Versatility: Full-wave solution can be implemented for arbitrary
microstrip elements and arrays, various types of feeding techniques,

multilayer geometries, and for anisotropic substrates.
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v. Computational complexity: Full-wave solutions are numerically
intensive, and require careful programming in order to be

computationally efficient.

There is an abundant literature on the theoretical analysis of probe-fed
microstrip patch antennas. Hence, only brief reviews of the most popular methods
which are used in the present study i.e. the transmission line method, the cavity

method and the Method of Moments is included in this section.

2.5.2 Transmission Line Model

The transmission line model is the easiest of all but it yields the
least accurate results and it lacks the versatility. This model represents the microstrip
antenna by two slots of width W and height h, separated by a low impedance
transmission line of length L. The microstrip is a non-homogeneous line of two
dielectrics; typically the substrate and air. Due to the finite length and width of the
microstrip patch antenna, the fields along the edges of the patch under goes fringing
as shown in the figure 2.11. The amount of fringing is a function of the dimensions of
the patch and the height of the substrate. The fringing influences the resonant
frequency of the microstrip patch antenna, so it must be taken in to account in to the

microstrip patch antennas calculation.
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NN

AN

Figure 2.11 Microstrip line and its electric field lines.

As seen from figure2.11, most of the electric field lines reside in the
substrate and parts of some lines exist in air. Hence the fringing makes the microstrip
line look wider electrically compared to its physical dimensions. As a result, this
transmission line cannot support pure transverse electric-magnetic (TEM) mode of
transmission, since, the phase velocities would be different in the air and the substrate.

Instead, the dominant mode of propagation would be the quasi-TEM mode. Hence, an
effective dielectric constant €. must be obtained in order to account for the fringing
and the wave propagation in the line. For air dielectric substrate the effective

dielectric constant €.g has the range of 1<< €r << €, and the value of &, will be
closer to the value of the actual dielectric constant €, of the substrate. The effective

dielectric constant €. is a function of frequency. At high frequency of operation,

most of the electric field lines concentrate in the substrate hence the effective

dielectric constant approaches the value of the dielectric constant of the substrate. The

expression for €. is given by Balanis [130] as:
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L

e +1 &£ ~1 h
g, =—"———+-2 1+12— 2.1
Where, €eff = Effective dielectric constant.
& = Dielectric constant of substrate.
h = Height of dielectric substrate.
w = Width of the patch.

Figure 2.12 shows a rectangular microstrip patch antenna of length L,
width W, resting on a substrate of height h considering that the length is along the X

direction, width is along Y direction and the height is along Z direction.

Microstrip Feed Patch

+

) A—

h Substrate

Groun?Plane
Figure 2.12 Microstrip patch antenna
For a microstrip patch antenna to be operated in the fundamental TM;o mode, the
length of the patch must be slightly less than A/2 where A is the wavelength in the
dielectric medium and is equal to Ay/Ner Where, Ao is the free space wavelength. The

TM o mode implies that the field varies one A/2 cycle along the length, and there is no
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variation along the width of the patch. In the figure 2.13, shown below, the microstrip
patch antenna is represented by the two slots, separated by a transmission line of
length L and open circuited at both the ends. Along the width of the patch, the voltage
is maximum and current is minimum due to open ends. The fields at the edges can be

resolved into normal and tangential components with respect to the ground plane.

leAL-oe— L » AL+

r——

—

| |
] ]
I — |

f———

F-—--=-

Figure 2.13 Physical and effective lengths of rectangular
microstrip antenna.

From figure 2.14, it is seen that the normal component of the electric
field at the two edges along the width are in opposite directions and thus, out of phase,

since the path is A/2 long and hence, they cancel each other in the broadside direction.

Patch

Figure 2.14 Side View of microstrip patch with electric field component.
The tangential components in phase are means that the resulting fields combine to
give maximum radiated field normal to the surface of the structure. Hence the edges
along the width can be represented as two radiating slots, which are A/2 apart and

excited in phase and radiating in the half space above the ground plane. The fringing
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fields along the width can be modeled as radiating slots and electrically patch of the
microstrip antenna looks greater than its physical dimension. The dimensions of the

patch along its length have now been extended on each end by a distance AL, which is
a function of the effective dielectric constant &g and the width-to-height ratio (W/h).

To calculate the normalized extension of the length, the most popular and practical

relation is given empirically by Hammerstad [131] as:

(8,5 + 0.3)(% +0.264)

AL=0.412h (2.2)
(&g — 0.258)(% +0.8)
The effective length of the patch Lesr now becomes:
Ler=L +2AL (2.3)
For a given resonance frequency f;, the length is given by [6] as:
c
L =———-2AL (2.4)
2fr grejf
(2.5)

c
Hence Ly=—"—"F—
2f r \/ greﬂ

The resonance frequency of a rectangular microstrip patch antenna for any TMm

mode is given by James and Hall [8] as:
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A

Where m and n are mode along L and W respectively.

For an efficient radiator, the practical width W is given by Bahl and Bhartia [6] as:

c 2

= E}r— *—(8, +1) Q.7

w

The transmission line model is successfully implemented by Pues and
Van de Capelle[132]. With this method it is difficult to model the coupling between
antenna elements, although it has been done successfully by A.G.Derneryd and

E.H.Van Lil and A.R.Van de Capelle[133,134].

2.5.3 Cavity Model

The simplest analytical method to use in microstrip patch antenna is
transmission line model. But transmission line model have numerous disadvantages
like, it is useful only for patch antenna of rectangular shape, it ignores field variations
along the radiating edge and is not adaptable to inclusion of the field. The cavity
model for microstrip patch antennas[37,38] offers considerable improvement over the

transmission line model.
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The cavity model for the microstrip antennas is based on the following
observations for thin substrates (h <<A)[38].

1) The closed proximity between the microstrip antenna and the
ground plane suggest that E has only the Z-component and H
has only the xy-components in the region bound by the
microstrip and the ground plane.

i1) The field in the aforementioned region is independent of the z-
coordinate for all frequencies of interest.

i) The electric current in the microstrip must have no component
normal to the edge at any point on the edge, implying a

negligible tangential component of H along the edge.

With this, in the cavity model, the interior region of the dielectric
substrate is modeled as a cavity bounded by a magnetic wall along the edge and by
electric walls on the top and bottom.

As the microstrip patch is energized, a charge distribution is seen on
the upper and lower surfaces of the patch and at the bottom of the ground plane as

shown in the figure 2.15.

Figure 2.15 Charge distribution and current density
creation on the microstrip patch.
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This charge distribution is controlled by two mechanism: an attractive
mechanism and a repulsive mechanism as discussed by Richards[135]. The attractive
mechanism is between the opposite charge on the bottom side of the patch, and the
ground plane. This attraction tends to keep the patch charge concentration intact at the
bottom of the patch. The repulsive mechanism is between the like charges on the
bottom surface of the patch. This tends to push some of the charge around the edge of
the patch on to its top surface. As a result of this charge movement, currents flow at
the top and the bottom surface of the patch. The cavity model assumes that the height
to width ratio ( i.e. height of substrate and the width of the patch) is vary small and as
a result of this the attractive mechanism dominates and causes most of the charge
concentration and the current to be below the patch surface. Much less current would
flow on the top surface of the patch and as the height to width ratio further decreases,
the current on the top surface of the patch would be almost equal to zero, which
would not allow the creation of any tangential magnetic field component to the patch
edges. Hence, the four sidewalls could be modeled as perfectly magnetic conducing
surfaces. This implies that the magnetic fields and the dielectric field distribution
beneath the patch would not be disturbed. However, in practice, a finite width to
height ratio would be there and this would not make the tangential magnetic fields to
be completely zero, but they being very small, the side walls could be approximated
to the perfectly magnetic conducting [7].

The impedance function for the microstrip antenna has complex poles. The
imaginary parts of these poles account for the power lost by radiation and by

dielectric and conduction losses. The microstrip antenna is model to make it more
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resemble with cavity by addition of loss to the cavity dielectric by appropriately
adjusting the loss tangent of the cavity dielectric. Though impedance function for the
ideal cavity has only real poles, now in microstrip antenna modeling the imaginary
parts of the poles of the cavity filled with the lossy dielectric will no longer be zero. A
lossy cavity would now represent an antenna and for the cavity with perfectly
conducting electric and magnetic walls the loss is taken into account by the effective

loss tangent der . At any frequency f near a resonance, the quality factor is given

by[135]
_ 2xf (average total siored energy) 1 2.8)
(average power dissipated) Oy '
1
Hence, 6,5, = — 2.9)

T

Qr is the total antenna quality factor and has been expressed by [136]

LN N N (2.10)

Qg represent the quality factor of the dielectric and is given as:

_ow, 1
Qi P, tan &

@2.11)
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Where, o, is the angular resonant frequency.
Wr is the total energy stored in the patch at resonance.
P, is the dielectric loss.
tand is the loss tangent of the dielectric.

Q. represents the quality factor of he conductor and is given as:

e _h
Q. = =3 (2.12)

Where, Pc is the conductor loss.
A is the skin depth of the conductor.
h is the height of the substrate.

Q; represents the quality factor for radiation and is given as :

0, ==r (2.13)

Where Pr is the power radiated from the patch.

Substituting equations (2.11), (2.12) and (2.13) in equation (2.10), we get

S5 =tan5+%+ P,

2.14
oW, (214)

Thus, equation (2.14) describes the total effective loss tangent for the microstrip patch

antenna.
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Once “Q” is known, the antenna can be analyzed as if it is a lossy
cavity. This is significant since the most commonly used patch antenna shapes
corresponds to cavities having a separable geometry amenable to simple analytical

treatment. This is the basic idea used in the cavity model approximation.

2.5.4 Full Wave Method — Moment Method

The most popular method, that provides the full wave analysis for the
microstrip patch antenna, is the moment method. In mathematical literature, Moment
Method is known as Weighted residuals and can be applied to the solution of both
differential and integral equations. The method owes its name to the process of taking
moments by multiplying the function with an appropriate weighting function and
integrating. On microstrip antenna analysis with this method, the surface currents are
used to model] the microstrip patch and the volume polarization currents are used to
model the fields in the dielectric slab. It has been shown by Newman and Tulyathan
(30) how an integral equation is obtained for these unknown currents and using the
method of moments, these electric field integral equations are converted into matrix
equations which can then be solved by various techniques of algebra to provide the
result. In electromagnetic theory, the method became popular after the pioneering
work done by R.F.Harrington in 1967. Since than it has been one of the most popular
methods for solving the electromagnetic boundary value problem. A brief overview of

the moment method described by Harrington (137) is given below:
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The basic form of the equation to be solved by the method of moment
is:

F(g)=h (2.15)

Where, F is a known linear operator, g is an unknown function, and h
is the source or excitation function. The aim here is to find g, when F and h are
known. The unknown function g can be expanded as a linear combination of N terms

to give:

N
g=2angn =8, + A8t +a,8, (2.16)

n=1
Where, a, are unknown constants and g, are known functions usually

called a basis functions or expansion functions.

If the number of terms in equation (2.16) is infinite, we shall obtain an
exact solution. But for computational purposes, the number of terms is finite and we
obtain an approximate solution.

Substituting equation (2.16) in (2.15) and using the linear property of

the operator F, we can rewrite (2.15) as:

ZN:a,.F(g,,)=h (2.17)

The basis function g, must be selected in such a way that each F(g,) in

the above equation can be calculated. The unknown constant a,, cannot be determined
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directly because there are N unknowns, but only one equation. One method of finding
these constant is the method of weighted residuals. In this method, a set of trial
solution is established with one or more variable parameters. The residuals are a
measure of the difference between the trial solution and the true solution. The variable
parameters are selected in a way which guarantees a best fit of the trial functions
based on the minimization of the residuals. This is done by defining a set of weighting
(or testing) functions {Wp} = Wi, W,, ....Wx in the domain of the operator F.
Taking the  inner product of equation (2.17) with each weighting functions Wy, m

=1,2,3.....N, this lead to:
N

> a,(w,.F(g,))=(w,.h) (2.18)

n=1

Where m=12,................ N.

Writing in matrix form the set of equations (2.18) may be written as :

[ ][, )= [, (219)
Where,
[(w.F(g)) (%, F(g) )W, F(g))) ]
(W, F(g) (W F(£5))eersrree (w, F(gy))
7, ]=| (2.20)
Wy F(8)) (Wy F(83))errrrrern (wy F(gy))
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2, ]=| 2.21)

[, )= | (w. ) (2.22)

The unknown constants can now be found using algebraic techniques
such as LU decomposition or Gaussian elimination. It must be remembered that the
weighting functions must be selected appropriately so that elements of {Wy} are not
only linearly independent but they also minimize the computations required to
evaluate the inner product. One such choice of the weighting functions may be to let
the weighting and the basic function be the same, that is , W, = g, .This is called as

the Galerkin’s method as described by Kantorovich and Akilov [138].

From the antenna theory point of view, we can write the electric field integral
equation as:
E=f(J) (2.23)

Where, E is the known incident electric field.
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J is the unknown induced current.
fe is the linear operator.
The first step in the moment method solution process would be to expand J as a finite

sum of basis function given as:

J=YJb (2.24)

Where b; is the i™ basic function and Ji is an unknown coefficient.

The second step involves the defining of a set of M linearly
independent weighting functions, w;. Taking the inner product on both sides and

substituting equation (2.24) in equation (2.23) we get :
M
(w,,E)=3"(w,,£.(J,.b,) (2.25)
1=1

Where j=1,2,............. M.
Writing in matrix form as:
|z, V1=, (2226)

Where Z, =<W,,fe(b,)>
E/ =<WJ’H>

J is the current vector containing the unknown quantities.
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The vector E contains the known incident field quantities and the terms of the Z
matrix are functions of geometry. The unknown coefficients of the induced current
are the terms of the J vector. Using any of the algebraic schemes mentioned earlier,
these equations can be solved to give the current and then the other parameters such
as the scattered electric and magnetic fields can be calculated directly from the
induced currents. Thus, the moment method has been briefly explained fore use in
antenna problems. The software used in this thesis, Zeland Inc’s IE3D[139] is a

moment method simulator.
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3.1 Introduction
The potential of modeling of large complex systems is a most

fascinating aspect of Artificial Neural Networks(ANN), which have attracted the
attention of scientists and technologists from a number of disciplines[140]. Artificial
Neural systems function as parallel distributed computing networks[141-147]. There
are a large number of neural models. Type of application, determines the type of
neural networks to be selected. In order to perform a particular task, a neural network
must be trained. They learn new associations, new patterns, and new functional
dependencies. One of the distinct strengths of neural networks is their ability to
generalize well when it sensibly interpolates input pattern that are new to the network.
The parallel distribution structure and generalization capability make neural network
to solve complex problems[146]. Neural networks have a built in capability to adapt
their synaptic weights with changes in the surrounding environment. A neural
network trained to operate in a specific environment can be easily retrained to deal

with minor changes in the operating environmental conditions[147-229].

3.2 Biological Motivation of Neural Network

The concept of Artificial Neural Network is based on the human brain
which can perform sophisticated and intelligent computations in very fast manner. An
artificial Neural Network is a machine that is designed to model the way in which the
brain performs a particular task or function of interest; the network is usually

implemented by simulated software on a digital computer.
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An Atrtificial Neural Network can be defined as “a system composed of
many simple processing units operating in parallel whose function is determined by
network structure, connection strength, and processing performed at computing
elements or nodes”.

Biological neurons are the basic building block of human brain. The
brain consists of huge number of neurons(of the order of 10*) and interconnecting
synapses between them(of the order of 60X107). The neurons perform pattern
recognisation, perception and motor control. Neuron, as shown in the figure 3.1(a),
consists of synapses, dendrites, cell body and axon. The synapse converts a pre-
synaptic electrical signal into a chemical signal and then back into a post-synaptic
electric signal. The post-synaptic signals are aggregated and transferred along the
dendrites to the neuron cell body. If the cumulative inputs received raises the
electrical potential of the cell body then the neuron fires by propagating the action
potential down the axon to excite or inhibit other neurons. The frequency of firing of a

neuron is proportional to the total synaptic weights.

3.3 Model of a Neuron

Dendtrites

Cell Body

Figure 3.1 (a) Structure of biological neuron.
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Synapts

Dendrites Axons
(Inputs)  Summer Threshold (Output)

Cell Body

Figure 3.1 (b) Model of biological neuron.
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Figure 3.1 (c) Model of Artificial Neuron.

The biological neuron can be represented as a simple model as shown
in figure 3.1(b). The analogous model shown in figure 3.1(c) is called artificial
neuron. It is this model which forms the basis of artificial neural network. All the
information processing operation of neural netw;>rk occurs at the neuron. The four
basic elements of a neuron are synapses or connecting weights, summing junction,
activation function, and bias. A set of synapses or connecting weights, each of which

are characterised by a weight or strength of its own. Specifically, a signal x, at the
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input of synapse j connected to neuron k is multiplied by the synaptic weight w,. The
synaptic weight of an artificial neuron may lie in a range that includes negative as
well as positive values. At the summing junction, the input signals weighted by the
respective synapses of the neuron, get added up. The activation function or squashing
function limits the amplitude of output of neuron. The normalized amplitude range of
the output of a neuron lies between 0 and 1 or —1 and 1. The bias, with fixed input +1,
has the effect of increasing or decreasing the net input of the activation function,
depending on whether it is positive or negative, respectively.

The output of a neuron & can be written as,

Ve = ¢(vk) 3.1
Where,
v, = ZW,qx+bk 3.2)
=1
X1, X2 evens Xm are input signals, Wi, Wi, .....Wim are the synaptic

weights of neuron £, by is the bias, ¢(.) is the activation function and y; is the output

signal of neuron.

3.4 Activation Function and Characteristics
The activation function defines the output of a neuron in terms of
induced local field v. Various types of activation functions are used in neural

networks[230]. Broadly, the activation function can be put into three categories.
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Figure 3.2 Activation functions.

Threshold Function

In this model, the output of a neuron takes on the value of 1 if the
induced local field of that neuron is nonnegative and 0 otherwise as shown in figure
3.2

1.e. in mathematical form,

1 if v2o

0 if v<O 33

o(v)= {

Piecewise-Linear Function

The piecewise-linear function can be described as shown in figure 3.2. It can

be represented as:
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1, v+l
p(v)=13v, +i>v>-1 (3.4)
0, V-1

The two special forms of the piecewise-linear functions are:

<4 A linear combiner arises if the linear region of operation is maintained

without running into saturation.

<4 The piecewise-linear function reduces to a threshold function if the

amplification factor of the linear region is made infinitely large.

Sigmoid Activation Function

The sigmoid is most common form of activation function in

construction of neural network. Mathematically,

1

¢(v) B 1+ exp(— lv) (3-3)
2

(o(v) - 1+ exp(— lv) - (3.6)
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Where, A s called activation constant. It is the slope controlling

parameter of the sigmoid. Figure 3.2 shows the input-output shape of various
activation functions. The range of unipolar sigmoid, expressed in equation 3.5, lies
between 0 and 1. Where as the sigmoid, expressed in equation 3.6, is bipolar. Its range
lies between —1 and 1.

An alternative form of the sigmoid function is the hyperbolic tangent.

It is represented as,

p(v)=tanh(v) (3.7)
The choice of activation function for a neural network may influence
the learning speed. Neural networks with sigmoid activation functions are capable of

approximating unknown mappings arbitrary well[231]

3.5 Learning Rules

Like human brain, neural networks follow a similar pattern of decision
making. As done by the human being, who learns from its environment, neural
networks also need to be trained. While training, care has to be taken to distinguish
the learning from memorization. In fact, training of neural network is done on a case-
to-case basis. In some cases, the memorization may be important than the learning.

Training a neural network in input-output mapping, involves
modification of the synaptic weights by applying a set of training samples called
patterns. Each pattern consists of input signal and corresponding desired response.

The synaptic weights are modified to minimise the difference between the desired
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response and the actual response of the network produced by the input signal in
accordance with an appropriate statistical criterion. The training of the network is
repeated for many examples in the set until the network reaches a steady state, where
there are no further significant changes in the synaptic weights. Thus, the network
learns from the examples by constructing an inputoutput mapping for the problem at
hand.

Neural Networks does not have a unique learning algorithm, as one
would expect. There is a saga of neural networks, each of which offers advantage of
its own. The selection of a particula:r network depends on the type of application.
Depending upon the type of neural network, there is a learning rule. To name a few,
following are the learning rules, (i)Hebbian learning rule, (ii)Perceptron learning rule,
(iii)Delta learning rule, (iv)Widrow-Hoff learning rule, (v)Correlation learning rule,
(vi)Winner-Take-All learning rule and (vii)Outstar learning rule.

However, as shown in figure 3.3, following general learning procedure
is adopted for training in neural network[232]. The weight vector increases in
proportion to the product of inputs x and learning signal ‘r’. The learning signal ‘r’ is

in general a function of w;, x and the testing signal d, and can be expressed as,

r=r(w(t)x,d,) (3.8)

Where, w, = [w,.l s Wig yy weeeens w; W, ]T is the weights connecting ith neuron.

i2, w3
w,, stands for the bias weight. The input x, of input vector x is the fixed input of bias

with a value of —1. The increment of the weight vector : w produced by the learning

step at time ¢ according to the general learning rule is,
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Aw, (t) = cr[w, (t), x(t), d, (t)]x(t) 3.9

where, ¢ is a positive number called the learning constant that
determines the rate of learning. The weight vector adapted at time ¢ becomes at the

next instant, or learning step and is expressed as,
k+1 k k k k| k
wh = wH () + er|wt <t d* (3.10)

The learning in equation 3.9 is in the form of a sequence of discrete-time weight

modifications. However, continuous-time learning can be expressed as,

ahw, (1) _ erx(t) 3.11)

dt

Wil Continuous
Perception

X @

Figure 3.3 Generalised learning rule
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3.6 Multilayer Neural Network

The most important attribute of multilayer feed forward network, as
shown in figure 3.4, is that it can learn a mapping of any complexity. The network
learning is based on repeated presentations of the training samples. A three layer
neural network, in principle, is sufficient to model a problem[233,235]. The nodes in
the input layer supply input vector to the second layer or first hidden layer. The output
of second layer or first hidden layer flows to the second hidden layer, and so on for
the rest of the network. The set of output signals of the neurons in the output layer or
final layer constitutes the response of the network for the input pattern applied in the
input layer. Figure 3.4 shows three layers i.e one input layer, one hidden layer and one
output layer, feed forward neural network.

From the point of view of active phase, ANNs can be classified as
feedforward(static) and feed back(dynamic) systems. Based on their learning phase, it
can be classified into supervised and unsupervised systems. Feedforward supervised
networks are typically used for function approximation tasks. Linear recursive
leastmean-square(LMS) networks, Backpropagation networks and radial basis
networks belong to this category. Feedforward unsupervised networks are used to
extract important properties of the input data and map input data into representation
domain. Hebbian networks and competitive network belong to this category.
Feedback networks are used to learn temporal features of the input data and their
internal state evolve with time. Feedforward and feedback supervised neural networks

mostly used in CAD application of microwave and antenna
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Input Layer Hidden Layer Output Layer

Figure 3.4 Multilayer neural network structure

3.7 Implementation Procedures and Issues Involved in Neural

Network Training

Initially, a neural network is ignorant about the system (e.g slot loaded
Microstrip antenna). In order to represent the system, the neural network has to be
trained with its behaviour i.e a set of input-output patterns. The key steps involved in
modeling a system with neural network comprises data generation/collection, data
scaling, choice of neural network and its structure and finally training. Input Layer
Hidden Layer Output Layer.

The preliminary step in neural model development for a particular
problem is identification of model inputs on which the output depends on. Once the
inputs and outputs are identified data need to be generated. The source of data may be

either measured results or results obtained from simulators like FEM, FDTD or MoM
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or may be from some theoretical model. In general, data generation means, collection
of a set of output vector for a input vector. The total number of patterns to be
collected for a given problem is chosen such that the developed model suitably
represents the original problem. The choice of data generator depends on the
application, availability of data generator and accuracy concerned. Data collected
from measurements is always regarded as the best choice.

While presenting input-output patterns to a neural network the values
of the patterns need to be suitably scaled between 0 to 1 or —1 to 1 depending upon a
unipolar or bipolar activation function respectively used. The necessity arises due to
the fact that the activation function transforms the input signals to the above stated
range. It is worth noting that the data scaling restricts application of neural network
trained for a particular problem to a specific range of input and output parameters
only. Commonly a linear scaling or a log scaling is used for data scaling. An
intelligent choice of scaling can enlarge the range of operation. In general, the input-
output scaling makes the problem better conditioned for training.

The accuracy of neural network based model may very dramatically
depend on many features, including the network topology and learning technique. For
a learning in error backpropagation algorithm, the choice of initial synaptic weights
for the learning network may significantly affect the learning convergence[235-237].
The best network chosen is often not the best. A common practice is to carve out a
small set of data from test data set and use it for cross validation after training.
Sometimes, a neural network becomes a unstable predictor. A small change in data set

may yield a different configuration and consequently different performance on unseen
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dataf238,239].

Hidden units allow a network to learn nonlinear functions and allow
the network to represent combinations of input features. Given too many hidden units,
a neural network will simply memorize the input patterns. Given few hidden units, the
network may not be able to represent all of the necessary generalization.

The learning rate limits the weight changes for each iteration. Ideally,
the learning rate should be small but then learning becomes very slow. If the learning
rate is too high then the system can suffer from severe oscillations. Over training
leads a network into memorization. It means the network has been trained to exactly

respond to only one type of input.

3.8 Background of Development of ANN Code

3.8.1 Introduction

The invention of error backpropagation algorithm for training
multilayer artificial neural networks gives new pace in the research of artificial neural
networks. Rumelhart etal [240] represented a clear and concise description of the
backpropagation algorithm. It is a systematic method of training multilayer artificial
neural networks with sigmoids as activation function. As the name suggests, neuron
activation propagates forward and error calculated at the output layer are
backpropagated to the hidden layers and weights are modified according to these
changes. Although a Backpropagation can be applied to networks with any number of

layers, it has been shown that one hidden layer suffices to approximate any function
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with finitely many discontinuities to arbitrary precision, provided the activation
functions of the hidden units are non-linear[241-244].

Coding of the algorithms in the present thesis work are done using a
mixed C/C++[246] in Linux platform using Anjuta GUI. This chapter presents the
mathematical details of backpropagation and tunnel based backpropagation algorithm

using gradient descent learning rule.

3.8.2 Backpropagation Algorithm

The generalized Backpropagation algorithm can be best explained with
a three layer neural network(one input layer, one hidden layer and one output layer).

Let the activation function(which is differentiable) of the total input,

given by
e =olst) (3.12)
Where, sP =) w,y’ +6, (3.13)
SE®
AW, =-n 5wjk (3.14)

The error measure, E? is defined as the total quadratic error for patern p

at output units

Thus, E? = %ﬁ(d: ~yr¥ (3.15)

0=1

Tezpur University-Computer Science and Information Technology 62



Chapter 3 A Brief Review of Artificial Neural Networks

Where d? is the desired output for units o when pattern p is clamped.

Further, £ = Z E? as the summed squared error.
p

One can write,

SE? _ SEP &5,

== (3.16)
awjk dg_/k 5wjk

Using equation 3.13, the second term of equation 3.16 can be expressed as,

OE”*
=V (3.17)
Jk

The error signal 87 produced by k™ neuron is defined as

r
I 34 =—6E (3.18)
O
There for equation 3.16 can be rewritten as
P
Ok 5y (3.19)
Jk
So equation 3.16 is modified to
Aw, =ndly’ (3.20)

Expression 3.20 represents the general formula for weight adjustments

for a single layer network in delta training/learning. It can be noted that A w, in

equation 3.20 does not depend on the form of activation function. It also follows from

Tezpur University-Computer Science and Information Technology 63



Chapter 3 A Brief Review of Artificial Neural Networks

3.20 that the adjustment of weight w , is proportional to the input activation y, and to
the error signal value J,, at k® neuron’s output.

To compute 6 we apply the chain rule to write this partial derivative

as the product of two factors, one factor reflecting the change in error as function of

the output unit and one reflecting the change in the output as a function of change in

the input,
Thus, of =-—§Ep :—§Ep Py (3.21)
Gy i &
The second term can be computed as
‘- o'(s7) (3.22)

Which is simple derivative of the squashing function ¢ for the k™ unit

evaluated at the net input s/ .

To compute the first factor of equation 3.21, we consider two cases.
First, assume that £ is an output unit k=0 of the network. In this case, it follows from
the definition of E” that

SE”* » »
57 =4 -v0) (3.23)
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Substituting equation 3.23 and 3.22 in equation 3.21, we get

57 =(a? -y lp(s?) (3.24)

for any output unit o.

Secondly, if £ is not an output unit but a hidden unit k=h, one does not
readily know the contribution of the unit to the output error of the network. However,
the error measure can be written as a function of the net inputs from hidden to output
layer.

E? = E”(s{’, 85,85 . sj”) and we use the chain rule to write,

— oY
i T =
N, P N,
= ifp Who == .67 W,, (3.25)
0-1 0 o-1

Substituting this in equation 3.21 yields

v N”
5= (s2)>. 67w, (3.26)
o—1
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Equation 3.24 and 3.26 give a recursive procedure for computing the
&’s for all units in the network, which are then used to compute the weight changes

according to equation 3.20. This procedure constitutes the generalized delta rule for

feed forward network of non-linear units.

Working with Backpropagation Algorithm

The application of the generalized delta rule thus, involves two phases:

During the first phase, the input X is presented and propagated forward through the

network to compute the output values y” for each output unit. This output is

compared with its desired value d,, resulting in an error signal 7 for each output
unit. The second phase, involves a backward pass through the network during which
the error signal is passed to each unit in the network and appropriate weight changes

are calculated.

Weight Adjustments with Sigmoid Activation Function
The Backpropagation algorithm can be summerised in following three
equations:
+  The weight of a connection is adjusted by an amount proportional to the
product of an error signal d;on the unit £ receiving the input and the output of
the unit j sending this signal along the connection:

Aw, =ndly’ (3.27)
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+  If the unit is an output unit, the error signal is given by

57 =(dr -y )(s?) (3.28)

Taking the activation function ‘@’ as the ‘sigmoid’ function.

y? =ols”)= (3.29)

=y (1-y7) (3.30)

Such that the error signal for an output unit can be written as:

52 =(dr-y2hrlt-y*) 3.31)
<+ The error signal for a hidden unit is determined recursively in terms of error
signals of the units to which it directly connects and the weights of those connections.

For the sigmoid activation function:
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8, = (P'(S: )igopwho
0-1
N,
= ypl-yr )le 57w, (3.32)

In a Backpropagation algorithm, when a learning pattern is clamped,
the activation values are propagated to the output units, and the actual network
outputs is compared with the desired output values, we usually end up with an error in
each of the output units. This error, e,(say) for a particular output unit 0. We have to
bring e, to zero. One strives to change the connections in the neural network in such a
way that, next time around, the error e, will be zero for this particular pattern. From
the delta rule, in order to reduce an error, we have to adapt its incoming weights
according to,

Aw,, =(d, =y, )y, (3.33)

But, when we apply this rule, the weights from input to hidden units
are never changed, and we do not have the full representation power of the feed-
forward network as promised by the universal approximation theorem. In order to
adapt the weights from input to hidden units, we again want to apply the delta rule. In
this case, however, we do not have a value for & for the hidden units. This is solved
by the chain rule, which does the following:

Distribute the error of an output unit o to all the hidden units that it is
connected to, weighted by this connection. Differently put, a hidden unit 4 receives a
delta from each output unit o equal to the delta of the output unit weighted with

(=multiplied by) the weight of the connection between those units. In
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symbols: §, = 250“’;.0 . The activation function of the hidden unit; ‘¢’ has to be

applied to the delta, before the backpropagation process can continue.

Initialize weights

Begin a new training cycle i Begin a new training step

Submit patterns added up with noise
and compute layers response

v

Comput cycle error

E<—E+%||d—o||

Reduce noise with

cycle +
Calculate errors &8, and §,
E—0 ‘

Adjust weights of output layer
N W =W + hdx"

v

Adjust weight of hidden layers
w=w +h §,y'

E<E,, ?

STOP

More pattern in
the training set 7

Figure 3.5 Flow Chart of Backpropagation algorithm
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Momentum Method
The learning procedure requires that the change in weight is

roportional to %£° . True adient descent requires that infinitesimal
prop 5 gr q
w

incremental/decremental steps. Practically, the learning rate is chosen as large as
possible, to conserve time, without leading to oscillation. One way to avoid to
oscillation at large learning constant ¢ 1°, is to make the change in weight dependent

on the past weight change by adding a momentum term, given by,

Aw, (t+1)=15 y* +atw,(t) (3.34)

where ‘¢’ indexes the presentation number and ‘@’ is moment factor
which determines the effect of the previous weight change. Typically ‘a’ is chosen
between 0.1 and 0.8. When momentum term is not used, it takes a long time before
the minimum has been reached with a low learning rate, whereas for high learning

rates the minimum is never reached because of the oscillations.

Learning Constant

The effectiveness and convergence of the error Backpropagation
learning algorithm depend significantly on the value of the learning constant 7 . In
general, however, the optimum value of 7 depends on the problem being solved.
There is no single learning constant suitable for different training cases. When broad

minima yield small gradient values, then a large value of n will result in a more
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rapid convergence. However, for problems with steep and narrow minima, a small

value of 77 should be chosen to avoid overshooting the solution. Learning constant °
n > should be chosen experimentally for each problem. It is seen that only small

learning constants guarantee a true gradient descent. The price of this guarantee is an
increased total number of learning steps that need to be made to reach the satisfactory
solution. Though the choice of the learning constant depends strongly on the class of
the learning problem and on the network architecture. The values ranging from /0°to
10 as reported in literature have been successfully applied for many computational

Backpropagation experiments.

Noise Factor

Adding noise factor helps in breaking out of local minima. It enhances
generalization ability of the network [245]. Another reason for using noise is to
prevent memorization by the network. Since, one effectively presents a different input
pattern with each cycle, so it becomes hard for the network to memorize patterns. A
random number is added to each input component of the input vector as it is applied
to the network. This is scaled by on overall noise factor which has a @ tol range. The

noise factor is gradually decreased to zero with the increase in the number of iteration.

Steepness of the Activation Function
The neuron’s continuous activation function @(net, 1) is characterized

by its steepness factor A . Also, the derivative of ¢’(net) of the activation function
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serves as a multiplying factor in building components of the error signals. Thus, both
choice and shape of the activation function would strongly affect the speed of network

learning.

3.3 Tunnel Based Backpropagation Algorithm

Due to gradient nature and arbitrary choice of learning constant, the
backpropagation algorithm can become oscillatory. Then, it gets struck in local
minima in many instances. Maximum effort of a backpropagation algorithm is spent
to over come the local minima. A tunneling technique is incorporated with the
backpropagation algorithm to tunnel out of the local minima. It was first proposed for
discrete problem by Choudhry etal{246].

An initial point is chosen in the weight space at random and then it is
slightly perturbed. The new point is tested for either gradient descent or tunneling
phase in the following manner.

Let the random point chosen on the weight space be denoted by W,
where WeR", where n denotes the dimension of the search space. The new point is
represented by W+ ¢ , where ¢ is a small quantity(<<1). Depending on the relative
value of mean square error(mse), which is the mean of the squared error given by
3.15, at W and W+ ¢ ; i.e if mse_, <mse, then learning in gradient descent is
initiated, else tunneling takes place in the weight space. If a gradient descent phase is

initiated then it finds a point for the gradient descent. After this, the algorithm

automatically enters either of the two phases alternately and weights are updated
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according to the modification rule of the respective phase. The learning procedure
continues till the global optimal weights are obtained with minimum mean square

error(mse).

Phase-I Backpropagation Phase

This phase is according to explained in section 3.8.2.

Phase-1I Tunneling Technique
The dynamic tunneling technique is an implementation of Hook-Jeev
pattern search method[247], reproduced as below,

Let, g u is an equilibrium point of the system.

du
Z g(u) (3.35)

is termed as attractor or repeller if no eigen value of the matrix A

ou
- uq 3.36
4 ot ( )

has a positive real part. Typically, dynamical system such as (3.35) obey Lipschitz

condition

<o (3.37)
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which guarantees the existence of a unique solution for each initial
condition u, Usually such systems has infinite relaxation time to an attractor and
escape time from a repeller. Based on the violation of Lipschitz condition at
equilibrium points, which induces singular solution such that each solution

approaches an attractor, or escapes from a repeller in finite time.

Consider a system given by

& v (3.38)

The system represented by (3.38) has an equilibrium point at u =0, since

du| _
dt

l 3u_7/]_)°0 as u—>0 (3.39)

The equilibrium point of the above mentioned system is termed as
attracting equilibrium point, since from any initial conditionu_ # 0, the dynamical

system in (3.38) reaches the equilibrium point # = 0 in a finite time #, given by

J

= —j Ty = (3.40)

Similarly, the dynamic system

du i
—=—u' 3.41
” (3.41)
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has a repelling unstable equilibrium point at ¥ =0 which violates the Lipschitz
condition. Any initial condition, which is infinitesimally close to the repelling point

u = Owill escape the repeller, to reach point %, in a finite time given by

(3.42)

The concept of dynamic tunneling algorithm is based on the violation
of Lipschitz condition at equilibrium point, which is governed by the fact that any
particle placed at small perturbation from the point of equilibrium will move away
from the current point to another within a finite of time.

The tunneling is implemented by solving the differential equation

given by
aw,, ldt = p(w', —w,,)’ (3.43)
Here, p represents the strength of learning, wjtk represents the last

local minimum for wj’,‘ . It is obvious from 3.35 that the local minimum point W* is

also the point of equilibrium of the tunneling system. The value of w',is w!, +¢/,,

where 5,[,k <<1 and 3.43 is integrated for a fixed amount of time (f), with a small

time-step (At). After every time step, mse, is computed with the new value of

W', keeping remaining components of W same as w), . Tunneling comes to halt

when mse,<<msey,, where IIm indicates last local minimum (the condition for

descent), and initiates the next gradient descent. If this condition of descent is not
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satisfied then this process is repeated with all the Components of w'’, until the above

condition of descent is satisfied, then the last local minimum is the global minimum

point.

Initialize weight W, W’
W=W+g, g<<]

v

Compute cycle error mse(W)
and mse(W")
Diff = mse(W)- mse(W")

yes
If diff <0

'

Error Back Propagation

Compute W using 3.32

If mse<Error
tolerance

No

No stop

Compute Error
Backpropagation

Figure 3.6 Flow chart of tunnel based backpropagation algorithm.
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4.1. Introduction
The rapid developments in wireless communication, single

patch, wide-band antennas have attracted researchers’ attention [248-250]. For a
probe feed patch antenna with a single radiating patch, it is very difficult to achieve an
impedance band width greater than 10%. In the last decades, many papers have been
published on the band width widening techniques of microstrip antennas. However,
these designs have the disadvantages of having increasing lateral size, complex design
for fabrication and increasing thickness. Here in this chapter, a new design of
microstrip antenna has been presented on thin substrate to give wide-band (32%)
without any design complexities. For this new design, the basic plan size of the
rectangular microstrip antenna is calculated by using the Transmission Line Method.
The designed Horn shaped antennas parameters are calculated using IE3D, a Method
of Moment based software[139]. The measurements were performed in Microwave
Antenna Laboratory, at North Eastern Regional Institute of Science and Technology
(NERIST), India.

In section 4.2., the design specification and the antenna structure is
presented. The computational and measurement results for dielectric constant of 2.2

and air are given in section 4.3 and in section 4.4 respectively.

4.2 Design Specification and Antenna Structure

To design the horn shaped microstrip patch antenna, the basic

parameters i.e. length and width of a rectangular microstrip patch antenna are
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Calculated using simplified equation of Transmission Line Method [7] as given
below.

The three basic parameters for the calculation of the rectangular shape

are the dielectric constant (¢, ), Height of the dielectric constant (h) and the expected
resonance frequency ( f; ). For the design, the dielectric material is Taconic (dielectric

constant (&,) 2.2). The height of the substrate are 02mm and 3.175mm respectively.

The range of frequency of operation is 5-10GHz with centre frequency at 8.5GHz.

(i) Calculation of Width (W)

The width of the microstrip antenna is given by equation 2.7 as:

. (4.1)

Substituting ¢ = 3 x 10'8m/s, g, =2.2,and f,=8.5 GHz, We get

W =13.9512 mm.

(i) Calculation of Effective Dielectric Constant (&, )

The effective dielectric constant is calculated by using the equation 2.1 as:

(e, +D) (&, =D 5 ho
+ [1+12W] (4.2)

Substituting £, = 2.2, W = 13.9512mm and height h = 2mm, we get.
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£,, = 1.963378

(iii)  Calculation of the Length of the Antenna

Equation 2.5 gives the effective length of the antenna is

c
Ly=— (4.3)
off —
2fr ge/]
Substituting £,,, ¢ and f, we get,
L, =12.5929mm
From equation 2.2 we get,
w
(&4 +0.3)(—+0.264)
AL = 0.412h h (4.4)

(6, - 0.258)(% +0.8)

Substituting the values of &, =1.963378, W = 13.9512 mm and h = 2mm, we get

AL=1.01817mm

The actual length is given by equation-

L=1L,-2AL (4.5)
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Substituting the values L, =12.5929mm and AL=1.01817mm, we get,

L =10.5566mm.

(iv) Horn Shaped Microstrip Patch Antenna

The calculated values of the basic rectangular microstrip antenna is L. =
10.5566mm and W = 13.9512 mm & height 02mm. For the proposed design, the
value of L and W are rounded to L. = 10mm and W = 14mm. On this basic rectangular
microstrip antenna, two triangular notches are incorporated as shown in figure 4.1.
The triangle size is defined by the two sides as Ls and W;. The values of L and Wy are
optimized on trial & error method. The most acceptable values are L,=06mm and

W=06mm.

(Xp Ys)

> X

Figure 4.1 Horn Shaped microstrip patch antenna (L=10mm,
W=14mm, L=6mm,W=6mm, X=3.2, Y= 5.2).
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(v) Determination of Feed Point( Xy, Yy)

A co-axial feed of radius = 0.6mm is used in this antenna. The feed
point is required to be located at the point on the patch, where the input impedance is
50ohm for the resonant frequency. Hence, trial and error method is used to locate the

feed point. The feed point is selected where return loss is less than -15dB.

(vi)  Calculation of the Ground Plane ( Ly and W,)

An infinite ground plane is considered in case of transmission line
method. For practical consideration, it is essential to have a finite ground plane. It has
been shown [9] that similar results for finite and infinite ground plane can be obtained
if the size of the ground plane is greater than the patch dimension by approximately
six times the substrate thickness all around the periphery. Hence, the minimum value
of ground plane dimensions is calculated as,

L,=6h+L=6(2)+10=22mm. (4.6)

W, =6h+ W =6(2) + 14 = 26mm. (4.7)

4.3 Computational and Measured Results

To achieve wide band width, this antenna is designed based on the
ideas that, in micro-strip antenna, some part of the radiating surface or ground plane
can be removed without any significant changes of antenna performance in terms of
radiation patterns as the current distribution remains intact [30,251]. It is known that

the frequency of a patch antenna also can be increased or decreased by capacitive or

Tezpur University-Computer Science and Information Technology 82



Chapter 4 Horn Shaped Microstrip Patch Antenna

inductive load. The slot length (Lg), width (W) and feed position are important
parameters in controlling the bandwidth. The length of the current path is increased
due to the notch, which leads to additional inductance in series [252]. Thus, the
antenna changes from a single LC resonant circuit to dual resonant circuit and the two
resonant circuits couple together and gives wide bandwidth.
Measured and calculated results are shown in figure 4.2 for the Horn
shaped antenna on Taconic substrate of thickness 2mm and dielectric constant of 2.2.
From the figure it can be observed that the antenna has two resonant frequencies: one
at 6.7GHz and another at 7 GHz. The frequency band with -10dB return loss covers
the frequency range of 6.53 to 7.24 GHz. It has a band width of 10.32% with a thin

(2mm) substrate of dielectric constant (¢, ) 2.2.

0
o IE3D ——
WMW’ EXP. —
R »
-10 | *;k "4
\“ ‘,i ~/
g5 AW
= b f +h {
E_(-JZD “I ? “‘; "') “
| ] ‘ \ f
)} Y l' s
5 ! " ,‘ it )
TR ¢
-30 ‘,} ¥
-35
b 62 64 bbb b8 72 74 7.
Freauency lGZizl g

Figure 4.2 Measured and calculated return loss of horn-shaped
microstrip patch antenna with 2mm thick substrate.

The Horn shaped antenna is studied for substrate thickness of 3.175 of

dielectric constant 2.2.The antenna parameters are listed below (in millimeters):

(LW.,h) = (10, 14, 3.175),
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Xs Yr)=(3.2,5.2),
(Ls,W5) =(06,06).

As depicted in Figure 4.3, the antenna frequency band with -10dB
return loss covers the frequency range of 6.00 to 8.25 GHz. An impedance band of
32% is achieved for this antenna. From Figure 4.3, it is clear that the antenna has two
resonant frequencies one at 6.1GHz and the other at 7.3GHz. This is in agreement
with the coupling of two resonant circuits to give wide bandwidth. It also shows the

increase of band width with the increase of substrate height.

—— Hom-shaped (2mm)
~ Hom-shaped(3.17 5ram)

8 85 9

55 b 6.5 7 75
Frequency [GHz]

Figure 4.3 Return loss of horn-shaped microstrip patch antenna with
2mm and 3.175mm thickness.

For the Horn shaped antenna, it is observed that the notch size i.e. parameter Ls and
Ws are important parameter to control the resonant frequencies and bandwidth of the
antenna. Figure 4.4 gives the variation of bandwidth with the change in Ls. At Ls =
7mm, the impedance bandwidth increases but the antenna efficiency decreases for

higher frequency components. Figure 4.5 illustrates the dependency of bandwidth on

Ws.
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Frequency [GHz)

Figure 4.4 Calculated S;; of horn-
shaped microstrip patch
antennas with different

notch length (Ls).
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Figure 4.5 Calculated S|; of horn-shaped

microstrip patch antenna with
different notch widths (Ws ).

The current distributions are calculated using method of moments. To

see the pattern bandwidth, these antennas are simulated at different frequencies to

study the radiation patterns both in azimuth and elevation planes. Figure 4.6(a) and

Figure 4.6(b) respectively represent the azimuth radiation pattern and elevation

radiation patterns of Horn-shaped microstrip patch antenna of 2mm thick substrate.

The frequencies 6.532GHz to 7.241GHz are seen within 3dB for both azimuth and

elevation pattern of the antenna. The 3dB pattern bandwidth is calculated to be 0.709

GHz. The azimuth patterns and elevation patterns of Horn-shaped microstrip patch

antennas of 3.175mm thick substrate are plotted in Figure 4.7(a) and Figure- 4.7(b)

respectively. The frequencies from 6.10266GHz to 7.72152 GHz are seen to be within

3dB for both azimuth and elevation pattern of the antenna.
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Figure 4. 6(a) Azimuth pattern of horn- Figure 4.6(b) Elevation pattern of horn-
shaped microstrip antenna shaped microstrip antenna
of 2mm thick substrate. of 2mm thick substrate.

It is clear from the Figure 4.7(a) and figure 4.7(b) respectively that the
3dB pattern bandwidth is 1.83 GHz. The linear gain of the Horn-shaped microstrip
antenna of 2mm thick substrate is calculated to be 6.32 dBi while that for 3.175mm
thick substrate is 5.6521 dBi. The large bandwidth has been achieved with a substrate
of thickness 3.175mm compared to that of 10 mm thickness of E-shaped microstrip

antenna [121].
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>—1=6.012661GHz). E-total, theta=0 {deg) —o—1=6.01266{GHz), E-total. phi=0 jdeq)
=—1=6.20253{GHz). E-total, theta=0 {dey) =5—1=6.20253{GHz). E-total. phi=0 {dey)
—&—1=6.51899GHz). E-total, theta=0 (deg) —4—1=6.51899(GHz), E-total, phi=0 {deq)
—o—1=7.21519GHz), E-total, theta=0 {deq) ——1=7.21519%GHz), E-total. phi=0 {deq)
1=7.78481{GHz), E-total, theta=0 {deqy) 1=7.72152{GHz). E-total, phi=0 {deg)

180—
( ) i

008l
Azimth Pattern Gain Display Elevation Pattern Gain Display
Gain {dBi) Gain {dBi)

Figure 4.7(a) Azimuth pattern of horn- Figure 4.7(b) Elevation pattern of horn-
shaped  antenna  of shaped antenna of
3.175mm thick substrate. 3.175mm thick substrate.

4.4. Horn Shaped Patch antenna for Air Dielectric
The Horn Shaped microstrip patch antenna parameters are calculated
for air dielectric of thickness of 2mm and 3mm respectively. The calculated return
loss of 2mm thick antenna is given in figure 4.8 and in figure 4.9, the comparative
plot of return loss of 2mm & 3mm thick antenna for air dielectric is given. The
antenna parameters are given below (in millimeters):
(LW, h) = (10, 14, 3.175),

Xe Yo = (3.2,5.7)
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(Ls, W5) = (06, 06).

As depicted in Figure 4.8, the antenna resonates at two frequencies i.e.
at 8.2GHz and at 9.5GHz. The 9.5 GHz is due to the normal rectangular shape and the
lower resonant frequency is due to the notched. The length of the current path is
increased due to the notch, which leads to additional inductance in series. The antenna
frequency band with -10dB return loss covers the frequency range of 9.25 GHz to

9.98 GHz. An impedance band width of 7.6% is achieved for this antenna.
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Figure 4.8 Calculated return loss of horn-shaped microstrip patch antenna
with 2mm thick air substrate.
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The calculated results of the antenna for 2mm & 3mm thick air
substrate are shown in figure 4.9. From the figure it can observed that the antenna
with 3mm thick air substrate also has clearly two resonant frequencies: 8.6 GHz and
9.9 GHz. It agrees well with the explanation given above. The frequency band with -
10dB return loss covers the frequency range of 8.35GHz to 10.71 GHz. It has a band

width of 24.8% with a thin (3mm) air substrate.
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Frequency (GHz) —————»

Figure 4.9 Calculated return loss of horn-shaped microstrip patch antenna
with 2mm and 3mm thick air substrate.
The elevation patterns and azimuth patterns of Horn-shaped microstrip
patch antennas of 2mm thick air substrate are plotted in Figure 4.10 and Figure 4.11

respectively. The 3dB pattern band width is of 7.4%.
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Figure 4.10 Elevation pattern of horn-shaped microstrip antenna
of 2mm thick air substrate.

In the figure 4.12 and figure 4.13, the elevation patterns and azimuth
patterns of Horn-shaped microstrip patch antennas of 3mm thick air substrate are
shown respectively. The frequencies from 8.35 GHz to 10.71 GHz are seen within the
beam width 3dB for both azimuth and elevation pattern of the antenna. It is clear from
the Figure 4.12 and figure 4.13 respectively that the 3dB pattern bandwidth is
2.36GHz. The linear gain of the Horn-shaped microstrip antenna of 2mm thick air
substrate is calculated to be 8.74 dBi with antenna efficiency of 97.1% while that for

3mm thick air substrate is 8.10 dBi with antenna efficiency of 95%.
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Figure 4.11 Azimuth pattern of horn-shaped microstrip antenna of 2mm thick air
substrate.

>—f=8.35443(GHz), E-total, phi=0 (dey)
1=8.50633(GHz), E-total, phi=0 (dey)
—e—1£=9.03797(GHz), E-total. phi=0 (deg)
—o—1=9.87342(GHz), E-total, phi=0 (deg)
1=10.481(GHz), E-total, phi=0 {deg)
—+—1=10.7089GHz), E-total, phi=0 (deg)

e -
B &
©

Yo, g
008l
Figure 4.12 Elevation pattern of horn-shaped microstrip antenna of 3mm
thick air substrate.
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Figure 4.13 Azimuth pattern of horn-shaped microstrip antenna
of 3mm thick air substrate.

4.5 Conclusion

This chapter presented a detailed of practical design of Horn
Shaped patch antenna on thin substrate and its impedance and radiation
characteristics. Simplicity and reduction in size are the special features of this
antenna. Compared to the conventional wideband microstrip patch antenna,
achievement of wideband with a substrate thickness of 2 mm or 3.175 mm is the focus
of attention. Large impedance bandwidth and pattern bandwidth have been achieved

without using parasitic coupling or stack structure. The good agreement with
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experimental results validates the design. High gain with large bandwidth is a special
feature of this antenna. Variation of Ly and W; to control the bandwidth gives
flexibility to control the bandwidth for varied applications. Looking into the recent
requirements of micro spacecraft, the horn shaped microstrip patch antenna seems to

be a potential radiator.
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5.1 Introduction
Microstrip antennas in various forms and geometries have been

extensively used in many applications [253,254,286-288]. In recent past, significant
works have been reported on small size, broad band width and suitable polarization of
microstrip patch antenna for wireless communication systems. To enlarge the inherent
narrow band width of microstrip patch antenna, large numbers of techniques have
been proposed[1-25]. Uses of thick substrate, stacking etc., are the acceptable
techniques in broad band design [1-25]. In this chapter, coax fed-inverted-L. shaped
microstrip patch antenna, a parasitically coupled inverted-L. microstrip patch antenna
and parasitic coupled T- shaped antenna that are designed are presented. Inverted-L
microstrip patch antenna gives impedance band width of 30.62% which has been
increased to 35.1% by parasitic coupling. The bandwidth has been achieved with a
substrate thickness of 2mm. Radiation patterns and gains are also studied and
presented. The T-shaped antenna gives dual band resonant frequencies on a thin
substrate. The two resonant frequencies are within the 3dB band width which shows
wide band width. For this new design, the basic plane size of the rectangular
microstrip patch antenna is calculated by using the Transmission Line Method. The
designed antennas parameters are calculated by using IE3D [139]. The measurements
were performed in Microwave Antenna Laboratory, of North Eastern Regional
Institute of Science and Technology (NERIST), India.

The antenna design specifications and the antenna structure of the

inverted-L. shaped microstrip patch antenna and parasitically coupled inverted-L
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microstrip patch antenna are presented in section 5.2. In the section 5.3, the
computational and measurement results of the inverted-L shaped microstrip patch
antenna and parasitically coupled inverted-L. shaped microstrip patch antenna are
presented. The section 5.4, represents the design specifications and the antenna
structure of T-shaped microstrip patch antenna. The computational and measurement

result of the T-shaped microstrip patch antenna is presented in the section 5.5.

5.2 Design Specification and Antenna Structure of Inverted-L
Microstrip Patch Antenna and Parasitic Coupled Inverted L-shaped

Microstrip Antenna

For design of the inverted-L microstrip patch antenna, the basic
rectangular shapes parameters i.e. length and width are calculated using simplified
equation of Transmission Line method [7] as already discussed in the chapter-4. The
calculated values are length L = 10mm and width W = 10mm for the substrate height
of 2mm, dielectric constant of 2.2 and the resonant frequency of 9GHz. On this basic
rectangular structure a square notch is inserted on one corner of the rectangle and thus,
the antenna got the shape of inverted-L. Hence, the name inverted-L microstrip patch
antenna. Figure 5.1 depicts the geometry of the inverted-L microstrip patch antenna,
which is fed at a point (X=3.8, Y=3.2). The minimum value of the ground plan size
is calculated to be L, = 22mm and W, = 22mm using the concept given in chapter-

4.2.(VI). The value of L; and W, are important parameters in controlling the resonant
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frequency of the antenna. In this antenna, the value of L;= 4.5m and W= 4.5 are the
optimize values. The feed point is highly dependent on L; and W,. It is seen that the
probe dimension affects impedance. The practical radius of central conductor of an
available SMA connector is 0.6mm. In the present problem, we have presented our

result with this value.

j¢e————— [L=10mm —— |

I v

4.5mm W,

W= 10mm l

(X, yr) O

4.5mm

—— L, —»I

Figure 5.1 Inverted L-shaped microstrip patch antenna
(L=10mm,W=10mm, L;=4.5mm, W;=4.5mm).

5.3 Computational and Measured Results of Inverted-L
Microstrip Patch Antenna and Parasitic Coupled Inverted-L Shaped
Microstrip Patch Antenna

The measured and calculated results are shown in figure 5.2 of
the inverted-L. microstrip patch antenna for Taconic substrate of thickness 2mm and
dielectric constant of 2.2. From the figure it can observed that the antenna has clearly

two resonant frequencies: 10 GHz and 11.6GHz. This two resonance frequencies gets
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coupled to give wide band width[121]. The frequency band with -10dB return loss
covers the frequency range of 9.38GHz to 12.73GHz i.e. impedance band width of
30.6%. The large band width has been achieved on a substrate thickness of 2mm (thin

substrate) without any stacking or parasitic elements[256].
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Figure 5.2 Measured and calculated return loss of inverted-L
microstrip patch antenna with 2mm thick substrate.
Again seeing the current distribution of the inverted-L microstrip patch,
a parasitic strip is placed on the side of the notched edge. The selection of parasitic
element is based on the idea, to compensate the reactance component to generate
further wide band width. The width of the parasitic strip and spacing from the main
patch are selected based on the current distribution on the patch. The figure 5.3 shows

the parasitically coupled inverted-L. microstrip patch antenna. Figure 5.4(a) and
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Figure 5.4(b) show the VSWR plots of inverted-L. microstrip patch antenna and
parasitically coupled inverted-L microstrip patch antenna respectively. As seen from
figures, for the parasitically coupled inverted-L. microstrip patch antenna the
impedance band width (VSWR<2.0) covers the frequency range of 8.89GHz to
12.68GHz i.e. the inverted L-microstrip patch antenna offers impedance bandwidth of
3.35GHz while parasitically coupled inverted-L microstrip patch antenna offers
3.79GHz. Thus, the impedance band width is increased by 0.44GHz due to the

addition of the parasitic element with the inverted-L microstrip patch antenna[256].
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Figure 5.3 Parasitic coupled inverted-L shaped microstrip patch antenna.

To see the pattern bandwidth, these antennas are simulated at different
frequencies to study the radiation patterns both in azimuth and elevation planes.
Figure 5.5(a) and Figure 5.5(b) represent the azimuth radiation pattern and elevation

radiation patterns of inverted-L microstrip patch antenna.
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Figure 5.4(a) VSWR plot of inverted-L Figure 5.4(b) VSWR plot of
shaped microstrip patch antenna. parasitically  coupled inverted-L

shaped microstrip patch antenna.
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Figure 5.5(a) Azimuth pattern of Figure 5.5(b) Elevation pattern of
inverted-L. shaped microstrip patch inverted-L shaped microstrip patch
antenna. antenna.
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Figure 5.6(a) Azimuth pattern of Figure 5.6(b) Elevation pattern of
parasitically coupled inverted-Lshaped parasitically coupled inverted-L shaped
microstrip patch antenna. microstrip patch antenna.

5.4 Design Specifications and Antenna Structure of T-shaped
Microstrip Patch Antenna

This inverted~L shaped microstrip patch antenna was further studied
by decreasing the value of L, and W, The antenna parameters are Length (L) of each
arm is of 11mm, width (W) is of 01mm and feed position is at X¢= 13.5mm and Y=
0.5mm respectively. The dielectric constant of the substrate material is 2.2. To
increase the band width of the antenna, a parasitic element is placed to compensate
the reactive component of the antenna [8] as shown in figure 5.7. The length (L) of
the parasitic element is 11mm, width(W) is 01lmm and is placed at a gap (b) of 02mm.

Now the antenna looks like a T, hence, the name is T-shaped microstrip path antenna.
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&
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Figure 5.7 T-Shaped microstrip patch antenna(L=11mm, W=01mm,
b=02mm, X¢=13.5mm, Y=0.5mm).

5.5 Computational and Measured Results of T-shaped Microstrip
Patch Antenna

The T-shaped antenna is simulated for substrate thickness of
0.7874mm and dielectric constant of 2.2 and the return loss plot is shown in figure 5.8.
The antenna is fabricated on a Taconic substrate of 0.7874mm thick and dielectric
constant of 2.2. Measured and calculated results are shown in figure 5.9.

From the figure 5.8, it can be observed that the antenna has clearly two
distinct resonant frequencies: 19.73GHz and 24.05GHz. The frequency bandwidth
with -10dB return loss covers the frequency range of 19.32GHz to 20.20GHz for the

first resonance frequency and 23.58GHz to 24.32GHz for the second resonance
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frequency. Around 5% impedance band width has been achieved for each resonant
frequency on a substrate thickness of 0.784mm (thin substrate).
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Figure 5.8 Return loss of T-shaped antenna.
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Figure 5.9 Measured and calculated return loss plot of T-shaped microstrip
patch antenna.
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This antenna is simulated for the two resonant frequencies to study the
radiation patterns both in azimuth and elevation planes. Figure 5.10 and Figure 5.11
represent the elevation radiation pattern and azimuth radiation patterns of T-shaped
microstrip patch antenna respectively. From the figure it is clear that both the
frequencies i.e. 19.73GHz and 24.05GHz are well with in 3dB. To see the effect of
the position of the feed point, the feed position is varied along x axis and it is
observed that both the resonance frequency shifted towards higher frequency value
without changing the band width. The shifting of resonance frequency with the

variation of position is shown in figure- 5.12.
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Figure 5.10 Elevation pattern of T-shaped microstrip patch antenna.
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Figure 5.11 Azimuth pattern of T-shaped microstrip patch antenna.
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Figure 5.12 Variation of resonant frequency with the variation of feed position of
T-shaped antenna.
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5.6 Conclusion

In this chapter, the impedance and radiation characteristics of inverted-
L microstrip patch antenna, parasitically coupled inverted-L microstrip patch antenna
and T-shaped micrstrip patch antenna have been presented. The impedance plots and
radiation patterns of inverted-L and parasitically coupled inverted L-microstrip patch
antenna show that these antennas exhibit wider bandwidth. On the other hand the T-
shaped microstrip patch antennas impedance plot and the radiation patterns show
clearly the dual band of frequency for operation with perfect isolation between them.
Study of current distribution gives an insight to the technique of choosing shape
(width) and spacing of the parasitic element and hence, to increase the efficiency and
band width. Inverted-L shaped microstrip patch antenna with simple structure and
large band width and the T-shaped microstrip patch antenna with simple structure and
dual band frequencies seem to be potential radiators for wireless communication and
biomedical applications. These antennas (inverted-L, parasitically coupled inverted-L
microstrip patch antenna and T-shaped micrstrip patch antenna) are potential new

designs on thin substrate.
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6.1 Introduction
Wireless communication systems come in a variety of sizes ranging

from small hand held devices to wireless local area networks. The integration of
different radio modules in to the same pieces of equipment has created a need for
multi-band antennas. Present trends of size reduction of wire less hand held devices
and multi functionality poised as challenges for antenna designer to design multi-
frequencies antenna with simple and ease of fabrication procedures. Complex
geometries and complexity in the design are not in the interest of rapid growing
wireless industries|[70,249,250,257,258]. This chapter deals with the design of multi-
slot hole-coupled microstrip patch antennas on substrate of thickness 2mm that gives
multi frequencies (wide-band). The Method of Moments based software IE3D [139] is
used for calculation of the parameters of the antennas. The measurements were
performed at Microwave Antenna Laboratory (open space) of North Eastern Regional
Institute of Science and Technology (NERIST), India.

The design specification and the antenna structure are presented in
section 6.2. In the section 6.3, the computational and measurement results are

discussed for antennas on substrate of thickness 2mm.

6.2 Design Specifications and Antenna Structure
In microstrip patch antenna, incorporation of double slot of equal size
in opposite sides of the antenna increases the band width. And the frequency of a

patch antenna can be increased or decreased by capacitive or inductive load[119].
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[t is also known that some parts of the radiating surface or ground plane can be
removed without any significant changes of antenna performance in terms of the
radiation patterns, as the current distributions remain relatively intact[121]. The multi-
slots microstrip patch antenna presented in this chapter has been designed

implementing the above facts to achieve multi frequency and wide bandwidth[223].
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Figure 6.1 Geometry of the Multi-Slots Hole-Coupled Microstrip Antenna(L=
45 mm. W=71 mm, h=2 mm, Ls=17.5 mm, Ws=04 mm, X;= 0.75
min, Yf= 69 mm, Xh: 6.75 mm., Yh= 35.5 mm)
The antenna has been designed on a rectangular patch of size L= 45
mm, W=71 mm and substrate of thickness h =2mm with £=2.2. The patch size is
characterized by length, width and thickness (L, W, h). Four slots of equal size with

length (Ls), width (Ws), are incorporated into this patch and are positioned on both

sides of the hole position. The slot length (Ls), width (Ws) and position (Ps) are
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important parameters in controlling the bandwidth. The value of Ls, Ws and Ps are
calculated on trial and error basis. Due to slots, the length of the current path is
increased|[8], which leads to additional inductance in series. Hence, the wide band is
generated as resonant circuits get coupled. The slots aggregate the currents, which
give additional inductance, which is controlled by patch width (W). A hole of 0.2mm
diameter has been made at location (X, Yy) for impedance matching. The value of Yy,
= W/2, X is chosen on trial and error method for best fit position. For impedance
compensation and for better matching, the hole is made at (Xy= 6.75 mm, Y,= 35.5
mm). In the antenna shown figure 6.1, the approach of creating a hole gives the
flexibility to change the reactive component for impedance matching. The antenna is
fed at one corner by a coaxial probe at position (xg yr). The position of the fed
location is made on trial and error basis for better impedance matching. An infinite
ground plane is considered in case of transmission line method. For practical
consideration, it is essential to have a finite ground plane of the antenna. The ground
plan is calculated based on the principle described in chapter-4, section-(VI). The

value of ground plan is taken as L, = 55mm and W, = 8 1mm.

6.3 Computational and Measured Results
The Calculated and Measured return loss plot of the Multi-slots-hole-
coupled microstrip patch antenna on Taconic substrate of thickness 2mm and

dielectric constant of 2.2 is shown in figure 6.2.
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Figure 6.2 Calculated and measured return loss plot of multi-slots hole coupled
microstrip patch antenna with 2mm thick substrate.

As seen from the return loss plot of the Multi-slots-hole-coupled

microstrip patch antenna (figure 6.2), the antenna operates in distinct multi-frequency
bands with center frequency at 6GHz, 6.5GHz, 9GHz, 10.5GHz and 12GHz. To see
the pattern bandwidth, the antenna is simulated at different frequencies to study the
radiation patterns both in azimuth and elevation planes. Figure 6.3 and Figure 6.4
respectively represent the azimuth radiation pattern and elevation radiation patterns of
the Multi-slots-hole-coupled microstrip patch antenna on 2mm thick substrate.

The calculation of radiation patterns show that the radiation patterns

of 6GHz, 6.5GHz, 10.5GHz and 12GHz are well with in the 3dB beamwidth.
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Interestingly, the linear gain of 6GHz almost matches with 10.5GHz i.e. linear gain =
8dBi, where as that of 6.5GHz matches with 12GHz and linear gain =7dBi. The -
10dB (S;;) bandwidth is nearly 800 MHz at each of these frequencies. There exists
also a perfect isolation between these bands. Slot lengths, width and position of hole
are varied to see the effects on return loss and VSWR. It is observed that antenna
performances can be controlled by changing these parameters. The dimensions
presented in this figure 6.1, are the optimum dimensions after considering all these
effects to achieve the best results. Figure 6.5 shows the (S;;) in dB with slot length of
Ls=19.5 mm i.e. for increased slot length and (S;;) in dB with slot width Ws=3 mm
i.e. for decreased slot width. These clearly show the effect of Ls and Ws on S;;.

—<s—1=6{GHz), E-total, theta=0 {deqy)
=—f=6.51GHz), E-total, theta=0 {deq)

—e—1=10.5{GHz). E-total. theta=0 {deqy)

——1=12{GHz), E-total, theta=0 {deg)

6.0 -12.0 -18.018.0 -12.0 -6.0

Figure 6.3 Azimuth pattern of multi-slots-hole-coupled microstrip patch
antenna of 2mm thick substrate.
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Figure 6.4 Elevation pattern of Multi-slots-hole-coupled microstrip patch

antenna of 2mm thick substrate.
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Figure 6.5 Return loss of the multi-slots hole-coupled microstrip patch
antenna with varying Ls and Ws.
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6.4 Conclusion

The return loss and radiation patterns of the multi-slots-hole-coupled
microstrip patch antenna presented in this chapter show clearly that the antenna is a
wide band, multi-frequencies antenna. It has the attractive features of simplicity and
flexibility of controlling the bandwidth having high isolation between bands of
frequencies. And with almost omni directional radiation patterns, the multi slots hole
coupled microstrip patch antenna seems to be a good antenna for wireless
communications specially for cellular telephone applications. The achievement of
wide bandwidth with a substrate thickness of 2mm is a focus of attentions. Careful
study of the current distribution may help to house the active components in etched
region of the patch for possible system level integration of this antenna. The variation
of slot parameters, hole size and positions gives the flexibility to shift the frequency
and match the impedance, which is a notable feature of the referred antenna. The
Multi-slots-hole-coupled microstrip patch antenna is unique in the design on a thin

substrate and no result for this design is available in the literature.
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7.1 Introduction

Microstrip patch antennas are employed widely in fast developing
technological applications ranging from satellite communication to bio-medical
diagnostics [5,259,286-288]. It is known from the research and practical applications
that a microstrip patch antenna can work efficiently only close to their resonant
frequencies and at the same time microstrip patch antenna has the drawback of very
narrow bandwidth. For this reason, the accurate evaluation of thie parameter is of
fundamental importance in the microstrip patch antenna design process. Now an
accurate evaluation of the resonant frequency of the microstrip patch antenna requires
rigorous analysis of full wave model. The Method of Moment (MoM) has been
proved to be a very powerful tool for the analysis of such antennas, providing
rigorous solution to the problem at hand [260-262]. In MoM, during final numerical
solution, the choice of the test function and the path of integration are most critical.
Thus, it involves rigorous mathematical formulation and extensive numerical
procedure. Hence, this technique requires considerable computational effort and it is
very time consuming. In the past few years, a number of alternative methods for the
determination of resonant frequency have been developed in the technical literature
[42,46,263-272]. Generally, these techniques are applicable only for regular shapes
(rectangular, square, triangular, circular semi-circular) microstrip patch antenna. In
this chapter, a generalized method is presented to determine the resonance frequency
of slot coupled rectangular microstrip patch antenna. In section 7.2, the theoretical

model of the method is analyse. The comparison of calculated resonant frequency
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with present method for different shapes of slot with measured and reported result is
given in section 7.3. In section 7.4, the new method with the modified equation is
used to determine the two resonant frequencies of E-shaped microstrip patch antenna.
The comparative results of calculated value with present method and reported results

are shown.

7.2 Theoretical Model

The length, width and dielectric constant are important parameters in
controlling the resonant frequency of a microstrip patch antenna. For determination of
the resonance frequency of a slot loaded rectangular microstrip patch
antenna(SLRMSPA), the antenna is converted into a equivalent rectangular microstrip
patch antenna(ERMSPA). The frequency dependence of the model parameter is taken
in to account through frequency dependence of dielectric constant (€.), effective
length (Lesr) and effective width (Weg). To calculate the open-end edge extension,
expression for AL [8] is modified empirically. Finally, the resonance frequency is
calculated using expression[7]:

S

(7.1)
2Leﬂ oy

Where, v, = velocity of light in free space.
L, = Effective length of the antenna.

¢,; = Effective dielectric constant.
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For conversion of the SLRMSPA in to the ERMSPA, the length(/) of
the ERMSPA is taken equal to the width(W) of the SLRMSPA. The width(w) of the
corresponding ERMSPA is calculated in such a way that the area of SLRMSPA is
equal to the area of ERMSPA. The equations for calculation of widths of the
ERMSPA for various SLRMSPA are given below. In the calculation L, W, Ls and Ws
represents the length, width, Slot length and the Slot width of SLRMSPA respectively
as shown in the figure 7.1.

|—], ——»

—— L, — &
W

Figure 7.1 (a) E-shaped microstrip patch antenna.

j— L ——p

+ Low
!

‘Is

Figure 7.1 (b) H-shaped microstrip patch antenna.
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&—— Ls —3

- L e

Figure 7.1 (c) Horn-shaped microstrip patch antenna.

Ll

Figure 7.1 (d) L-Shaped Microstrip patch antenna.

Figure 7.1 (a), (b), (¢) & (d): Different slot loaded rectangular microstrip patch
antenna(SLRMSPA).

(a) The equation for calculation of width (w) of the ERMSPA for E-shaped and H-

shaped antenna is represented as:

(LW =2L W)
w= i

(7.2)
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(b) The equation for calculation of width ( w) of the ERMSPA for L-shaped, inverted

L-shaped, and Horn-shaped antenna is represented as:

LW -LW)
W= —— =

; (7.3)

Effective dielectric constant E.4( w) and E.q(/) are calculated after

accounting for the dispersion effect [8] for the ERMSPA of length / and width w.

Now for the ERMSPA with parameters h as the thickness of the substrate, E; as the

dielectric constant and t as the thickness of the strip conductor, the frequency

dependent formula used for the computation of effective dielectric constant Ees( W) is

[8]:

Eer( W) = &~ [( & - Een(0)) / (1 + P)] (7.4)

Where, €.4(0) is static effective dielectric constant and is given as

E(0)="{ &+1+(&-1)G} (7.5)

G=(1+100/ w)*®—[(In4/n) (t(wh)"?)] (7.6)

4 2 2
A=1+J_ln{(wh) +w? /(52h)

1 3
49 (wh)* +0.432 }* ln{1+[w/(18-1h)] } (7.7)

18.7
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B =0.564 exp [-0.2/ ( € +0.3)] (7.8)

P =P,P, [(0.1844 + P3P,) f,] 778 (7.9)

P, = 0.27488 + [0.6315 + {0.525/ (1+0.0157 £,) 2%}]

u-0.065683 exp(-8.7513u) (7.10)
P, =0.33622 [1 —exp (- 0.03442 &,)] (7.11)
P3 = 0.0363exp (-4.6u) {1 —exp[-(£/38.1)*°"]} (7.12)
Py =142.751{1-exp [(£/15.916)%]} (7.13)
f, =47.713 kh, where k = 2 /A, (7.14)
u=[w+dw-w ) &]/h (7.15)

dw=w+(t/m[+In {4/(t/)*+ 1/ (wi+1.1)?}] (7.16)

The effective dielectric constant E.4(/) corresponding to length equal

to 7, is computed by replacing w by / in all above equations. The effective dielectric

constant is calculated using {8, 269]:

&y (f) =[£,W)e; (DI (7.17)
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The effective width Wegr and effective length Legr of the ERMSPA are

calculated as follows [8]:

Weg= w+ 2Al (7.18)

Leg= [ +2Al (7.19)

The Al and Al, are edge extensions from side / and w of the

ERMSPA, respectively and are calculated using E.i(/) and E.4(w) [8].

The edge extension Al for the width w of the ERMSA is determined

using the following expressions [8].

Ab=h& & & /& (7.20)

Where, £, is empirically modified as,

£, (W)°" +0.26(w/h)°®* +0.236

=0.434907 791
2 £y (W)'* = 0.189(w/ h)°** +20.1167 (721)
and
0371
52 = 1 + M— (7.22)

2.358¢, +1
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0.5274arctan{0.067(w/ h) "<}
+

(7.23)
gqﬁ (W) 0.9236

g =1

&, =1+0.0377arctan[0.067(w/ h) ** ][6 — Sexp{0.036(1—&,)}]  (7.24)

Es=1-0.218 exp (-7.5w/h) (7.25)

Similarly, Al is calculated by replacing w by / and E.( w) by Een(/)

in equation (7.219) to (7.25).
Finaly the resonance frequency of the slot loaded antenna is calculated

using equation 7.1.

7.3 Calculated and Measured Results of Slot Loaded Microstrip
Patch Antenna

Calculation is carried out for E-Shaped, H-Shaped, Horn-Shaped, L-
Shaped and Inverted L-Shaped antenna with the above mentioned method. Again all
these antennas are simulated with IE3D[139]. The measured results, simulated results
obtained with IE3D and the calculated results using present method are listed in the

Table 7.1.
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Table 7.1 Comparison of Resonant Frequencies

Slot Loaded L, W, h, LS, Ws 8 RF1E3D RFME RFPM
Rectangular (mm) r (GHz) (GHz) (GHz)
Microstrip Patch
Antenna
45,70, 10, 30, 5 1 2.43 2.2 2.11
E-Shaped 45,70, 10, 35,4 1 2.42 2.12 211
[22]
50, 70, 15, 40, 6 1 2.02 1.9 2.1
H-Shaped 24,38,1.57,13.5, 8 2.2 2.75 2.75 2.63
(23]
Horn-Shaped 10, 14,2,6,6 22 6.7 6.6 6.9
[24]
Inverted L- 10, 10,2,5.5,5.5 2.2 9.9 9.8 9.8
Shaped
[25]
L-Shaped 45, 50, 8, 22, 20 1.07 2.8 2.7 2.8
(26 ]
RFye Measured resonant frequency.
RFig3p Resonant frequency determined using IE3D.
RFpum Resonant frequency determined using present method.

The calculated and experimental results for the E-Shaped antennas

have been taken from [121], for the H-Shaped antenna we refer [274], for the Horn-

Shaped antenna the data have been taken from [275], for the Inverted L-Shaped

antenna the results have been taken from [256 | and for the L-Shaped antenna it is

from [255 ].
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7.4 Determination of Two Resonance Frequencies of E-Shaped

Microstrip Patch Antenna

Dual resonance frequencies play important role in enhancement of
bandwidth of Microstrip antenna. In E-Shaped antennas, the two resonance
frequencies get coupled to give a wide band-width[121,122]. Hence determination of
the two resonance frequencies is important study of the E-Shaped antenna.

To determine the two resonance frequencies, the E-Shaped antenna is

converted to equivalent rectangular microstrip patch antenna (ERMSPA). The
effective dielectric constant E, effective length (L, ) and width (W, ) of ERMSPA

are caculated using the new method mentioned in section 7.3. From the calculated

ERMSPA, the two resonant frequencies are determined as:

The lower resonance frequency is calculated using equation (7.1) i.e.

A

= —-——-—VO
21«7/.‘7 \/‘;7

And the next resonance frequencyis derived as:

0.36v,
/4

off Y Eeff

Where, v,= the velocity of light in free space.

fo = (7.14)

The computed results using the new method along with the reported
theoretical and experimental results for E-Shaped Microstrip Patch Antenna are given

in Table 7.2.
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Table 7.2 Comparison of Resonant Frequencies

RFg3p RFup.nrss RFye RFpm
Antenna L, W,h, L, W, (GHgz) (GHz) (GHz) (GHz)
(mm)
f; F, f) fy f, f, fi f,
45, 70, 10, 30, 5 2.43 2.67 2.25 2.48 2.2 2.52 2.11 2.55
E-Shaped 45,70, 10, 35,4 2.42 2.79 2.2 2.54 2.12 2.66 2.11 2.54
[22]
50, 70, 15, 40, 6 2.02 2.42 1.89 2.29 1.9 2.40 2.1 2.40
E-Shaped | 65,105, 14.3,47,6.3 -- -- -- -- 1.49 1.75 1.41 1.75
[27]
E-Shaped
with U-
Shaped 60, 90, 14.3, 53,4 -- -- -- -- 1.6 1.82 1.63 1.88
ground
plan [28]
-- Not available
RFume Measured resonant frequency
RFesp Resonant frequency determined using IE3D
RFyup.urss  Resonant frequency determined using HP-HFSS
RFpum Resonant frequency determined using present method

The calculated and experimental results for the E-Shaped antennas

have been referred from [121, 122], and for the E-Shaped with U-Shaped ground
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plane antenna have been taken from [123]. IE3D Version-7.04 [139] is used to

simulate the reported antenna.

7.5 Conclusion

This chapter presented the detailed technique and theoretical
formulation that was implemented for determination of resonance frequency of slot
loaded rectangular microstrip patch antenna. In section 7.3, for different slot loaded
rectangular microstrip patch antenna with varied values of dielectric constant and
height, were compared with measured results and with IE3D software simulated
values. The good agreement of the present method established the validity of the
formula developed.

Again in section 7.4, for E-Shaped microstrip patch antenna, when
compared with measured values, the agreement of the present method is better than
that of reported HP-HFSS software simulated results and much better than that of
IE3D simulated results.

The suggested method gives quite accurate result without any
complicated mathematical functions or operations. Thus, this method can be useful
for development of fast CAD algorithm. The advantage of this method is its simplicity
and accuracy. To summarise, although part of this technique is implemented and
reported before, this implementation is new in the conversion of the slot loaded
rectangular microstrip patch antenna in to equivalent rectangular microstrip patch
antenna and modification of edge extension calculation formula along with the

modified resonance frequency formula.
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CHAPTER 8

APPLICATIONS OF ARTIFICIAL
NEURAL NETWORKS ON
DESIGNED MICROSTRIP PATCH
ANTENNA
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8.1 Introduction

Wireless communications have demand for wireless device of light

weight, small size, having low energy consumption and of more practicability. The
microstrip antenna is the best choice that fulfills the basic requirements of wireless
communication device i.e. antenna should be relatively cheap, light weight, robust,
easy to manufacture and with a minimum impact on environment. The microstrip
patch antennas are of narrow band width because of which the design parameters of
patch antenna must be determined with high precision. So, with in a fabrication
process of such kind of antennas, Artificial Neural Networks(ANNs) based models
trained with experimental/generated data of same class, previously collected, can
preliminary estimate the design parameters, reducing the number of real prototypes to
be constructed, saving time and resource[41-47,151,152,170,216,240,276-285]. The
results obtained using, Artificial Neural Networks(ANN) techniques are close to
experimental results and Electromagnetic computer (EMC) simulating tools.
Therefore to design Microstrip patch antennas for wireless communication, Artificial
Neural Network techniques can be embedded in computer added design(CAD)

system.

8.2 Determination of Resonance Frequency and Band Width

The Resonance frequency and impedance bandwidth are the vital
parameters of microstrip patch antennas. Microstrip patch antennas can work
efficiently only close to their resonant frequencies. The impedance bandwidth is

related to the input impedance and radiation efficiency of a microstrip patch antenna.

Tezpur University-Computer Science and Information Technology 129



Chapter 8 Applications of Artificial Neural Networks on Microstrip Patch Antenna

The Microstrip patch antenna has the drawback of very narrow bandwidth. The
accurate evaluation of these parameters is of fundamental importance in the
microstrip design process. The resonance frequency and impedance band width of
designed Horn shaped antenna is dependent on the slot length and width of the
antenna (chapter 4, figure 4.4 & 4.5). The variation of slot length(Ls) and slot
width(W;) to control the bandwidth gives flexibility to control the bandwidth for
varied applications. In this section, an attempt has been made to exploit the capability
of Artificial Neural Networks to calculate the resonance frequency and impedance
bandwidth of the designed Horn shaped microstrip patch antenna with the variation of
slot length(L;) and slot width(Wj).
Development of Model

The back propagation algorithm, a gradient decent algorithm is used
for training the network in a supervised manner. Three layers neural networks of
structures have been considered for the model as shown in figure 8.1. The training

parameters of the network are shown in Table 8.1 for width variation(Wj) calculation.

Slot Width (W,
Slot Length(L,)

Retum Loss(dB)

Frequency

Figure 8.1 Network architecture showing slot width(W;)/slot length(Ls) and
frequency as input and return loss(dB) as output.
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Table 8.1 Network Parameters(width variation)

Parameter Value
Number of input neuron 02
Number of hidden neuron 37
Number of output neuron 01
Noise parameters 0.04
Learning Constant(parameter) 2
Momentum factor 0.04

For length variation(L;), the network parameters for training are given
in Table 8.2. Two hundred ninety five patterns are taken for training the network for
width variation and are given in the Table 8.3. For length variation calculation, one
hundred thirty seven of patterns are taken for training the network and are presented
in the table 8.4. The figure 8.2 shows the no of iteration vs error plot.

Table 8.2: Network Parameters(Length variation)

Parameter Value
Number of input neuron 02
Number of hidden neuron 43
Number of output neuron 01
Noise parameters 0.04
Learning Constant(parameter) 4
Momentum factor 0.002
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R,

0 01 02 03 04 05 06 07 038 0.9 1‘
NO OF ITERATIONS x10

Figure 8.2 No of iterations vs Error plot.
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Figure 8.3 (a) Comparisons of returnloss of horn shaped antenna for slot width(W)
variations .
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Figure 8.3 (b) Comparisons of returnloss of horn shaped antenna for slot length(Ls)

variations.

8.3 Calculation of Radiation Pattern of Microstrip Antenna
The radiation pattern of a microstrip patch antenna is a mathematical
representation or a graphical representation of the radiation properties of the antenna
as a function of space coordinates. Therefore determination of radiation pattern of a
designed antenna is most important task to define the performance of the antenna in
practical applications. Artificial Neural Networks due to its greater generalization
capability has been used to calculate the radiation patterns of the designed multi slot
hole coupled microstrip patch antenna (chapter 6)[223]. The back propagation
algorithm has been used to train the network, which learns using gradient descent

method (Chapter 3 section 3.8.2). The training time has been reduced considerably by
133
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using tunneling technique in the fast ANN algorithm (Chapter 3 section 3.8.3).A three

2x80x1 Network structure, shown in figure 8.4 is used for training the network.

Frequency
Gain

Angle

Figure 8.4 Network architecture showing frequency and angle
as input and gain as output.
The other network parameters used are,

Noise Factor=0.004,

Momentum Factor=0.075,

Learning Constant=0.08,

Time Step for Integrating for the Differential Equation=5x10"",

Strength of Learning for Tunneling=0.08.

Thirty six patterns each at a step angle of 10 degree for frequencies
6GHz, 6.5GHz, 10.5GHz and 12 GHz are generated Using IE3D[139]. These (35x4)
144 patterns(gain in dB at angle)are used to train the network. Finally, the network is
subjected to testing for (120x4) 480 patterns which are generated at a step angle of 3

degree for each of the above cited frequencies. Figure 8.5 shows the radiation at

Tezpur University-Computer Science and Information Technology 134



Chapter 8 Applications of Artificial Neural Networks on Microstrip Patch Antenna

6GHz and 10.5GHz whereas Figure 8.6 shows the radiation pattern at 6.5GHz and
12GHz respectively.

The average error(deviation from the data taken for testing) at 6GHz is
0.0408, at 6.5GHz is 0.0520241, at 10.5 GHz is 0.0745005 and that of at 12 GHz is
0.0181725. Experimental measurements are carried out to see the radiation patterns at

10.5GHz and at 12GHz. The results are in good agreement with the results of IE3D

and with ANN.
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Figure 8.5 Radiation pattern for E-Total, theta=0 at 6 GHz and 10.5GHz.
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Figure 8.6 Radiation pattern for E-Total, theta=0 at 6.5GHz and 12.0GHz.

8.3 Conclusion

Application of artificial neural networks for the calculation of return
loss of coax fed Horn shaped antenna for variations of slot width and slot length
seems to be a simple, inexpensive, and accurate method having a very good
agreement with the available results. As seen from figure 8.3 (a) &(b), ANNs results
are in very good agreement with the calculated data for variation of slot width and slot
length of horn shaped antenna. The simulation time using IE3D is 45 minutes for 20
cells per wave length and time taken for training the ANNSs is 30minutes and testing
time is less than one second using a P-IV personal computer. The agreement of ANNs

results with the calculated results of the Horn shaped antenna for slot width variations
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and slot length variations, makes it possible to realize an universal artificial neural
network to test the returnloss of any variations of slot width and slot length of Horn
shaped antenna with accuracy.

The calculation of radiation patterns using the ANNs is a new and interesting
part of this works that reflects the simplicity and accuracy of the method. Calculation
of radiation patterns using tunnel based Artificial Neural Networks can save

considerable computational time while giving accurate results.
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Table No 8.3: Training data for slot width variation(Ws) ( Ls = 06mm ).

Slot Width(mm) | Frequency(in Ghz) Returnloss(dB)
5 5.8 -3.669
5 5.855 -3.773
3 5.91 -3.89
5 5.965 -4.025
5 6.02 -4.185
5 6.076 -4.379
5 6.131 -4.618
5 6.186 -4.921
5 6.241 -5.312
5 6.296 -5.824
5 6.351 -6.49
5 6.406 -7.333
5 6.461 -8.321
5 6.516 -9.352
5 6.571 -10.30
5 6.627 -11.11
5 6.682 -11.83
5 6.737 -12.58
5 6.792 -13.41
5 6.847 -14.38
5 6.902 -15.48
5 6.957 -16.70
5 7.012 -17.99
5 7.067 -19.23
5 7.122 -20.17
5 7.178 -20.57
5 7.233 -20.31
5 7.288 -19.55
5 7.343 -18.57
5 7.398 -17.55
5 7.453 -16.57
5 7.508 -15.67
5 7.563 -14.87
5 7.618 -14.14
5 7.673 -13.48
5 7.729 -12.89
5 7.784 -12.35
5 7.839 -11.86
5 7.894 -11.42
5 7.949 -11.00
5 8.004 -10.62
5 8.059 -10.27
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8.28
8.335
8.39
8.445
8.50
5.80
5.855
5.91
5.965
6.02
6.076
6.131
6.186
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6.406
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7.122
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7.673
7.729
7.784

7.839

-9.938
-9.63
-9.341
-9.07
-8.816
-8.577
-8.354
-8.145
-3.664
-3.781
-3.92
-4.09
-4.302
-4.577
-4.94
-5.43
-6.098
-6.999
-8.157
-9.497
-10.79
-11.76
-12.35
-12.72
-13.10
-13.60
-14.26
-15.10
-16.08
-17.19
-18.33
-19.38
-20.11
-20.33
-19.99
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-12.41
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-19.31
-20.18
-20.67
-20.64
-20.16
-19.39
-18.49
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-16.71
-15.90
-15.15
-14.47
-13.84
-13.27
-12.75
-12.27
-11.83
-11.43
-11.07
-10.73
-10.43
-10.17
-9.952
-9.782
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Table No. 8.4: Training data for variation of slot length(Ls) ( Ws=6mm ).

Slot Length(mm) | Frequency(in Ghz) | Returnloss(dB)
6 5.897 -4.369
6 6.026 -6.426
6 6.154 -10.35
6 6.282 -18.91
6 6.41 -24.89
6 6.538 -14.84
6 6.667 -11.81
6 6.795 -10.73
6 6.923 -10.66
6 7.051 -11.25
6 7.179 -12.37
6 7.308 -13.99
6 7.436 -16.17
6 7.564 -18.98
6 7.692 -22.18
6 7.821 -23.48
6 7.949 -21.18
6 8.077 -18.29
6 8.205 -16.05
6 8.333 -14.59
6 8.462 -14.32
6 8.59 -16.95
6 8.718 -27.71
6 8.846 -17.84
6 8.974 -13.05
6 9.103 -10.72
6 9.231 -9.264
6 9.359 -8.214

6.5 5.949 -7.14
6.5 6.013 -8.241
6.5 6.076 -11.078
6.5 6.139 -14.287
6.5 6.203 -18.872
6.5 6.266 -23.638
6.5 6.329 -22.722
6.5 6.392 -15.663
6.5 6.456 -13.37
6.5 6.519 -12.361
6.5 6.582 -11.35
6.5 6.646 -11.538
6.5 6.709 -11.63 |
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| 6.5 6.772 -12.45 |
6.5 6.835 -13.187
6.5 6.899 -14.12
6.5 6.962 -14.837
6.5 7.025 -16.21
6.5 7.089 -17.314
6.5 7.152 -18.322
6.5 7.215 -19.08
6.5 7.278 -19.46
6.5 7342 -20.155
6.5 7.405 -20.888
6.5 7.468 21.529
6.5 7.532 -20.706
6.5 7.595 -19.88
6.5 7.658 -19.42
6.5 7.722 -18.137
6.5 7.785 -17.038
6.5 7.848 -15.938
6.5 7.911 -15.113
6.5 7.975 -14.56
6.5 8.038 -13.737
6.5 8.101 -13.187
6.5 8.165 -12.636
6.5 8.228 12,179
6.5 8.291 -11.9962
6.5 8.354 -11.72
6.5 8.418 -11.628
6.5 8.481 -11.353
6.5 8.544 -11.72
6.5 8.608 -11.903
6.5 8.671 -12.27
6.5 8.734 -12.82
6.5 8.797 -13.46
6.5 8.861 -12.27
6.5 8.924 -11.44
6.5 8.987 -10.437
6.5 9.051 9.154
6.5 9.114 -8.6042
6.5 9.177 -8.054
6.5 9.241 -7.5037
6.5 9.304 -6.863
7 5.949 -8.03
7 6.013 -10.88
7 6.076 -15.56
7 6.139 -23.80
7 6.203 2276 |
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6.329
6.392
6.456
6.519
6.582
6.646
6.709
6.772
6.835
6.899
6.962
7.025
7.089
7.152
7.215
7.278
7.342
7.405
7.468
7.532
7.595
7.658
7.722
7.785
7.848
7911
7.975
8.038
8.101
8.165
8.228
8.291
8.354
8.418
8.481
8.544
8.608
8.671
8.734
8.797
8.861
8.924
8.987
9.051
9.114

-17.14
-14.41
-12.97
-12.25
-11.99
-12.06
-12.39
-12.94
-13.70
-14.63
-15.72
-16.92
-18.17
-19.32
-20.13
-20.36
-19.98
-19.18
-18.20
-17.18
-16.21
-15.32
-14.51
-13.78
-13.12
-12.52
-11.97
-11.47
-11.02
-10.60
-10.23
-9.896
-9.601
-9.353
-9.162
-9.046
-9.037
-9.178
-9.507
-9.965
-10.23
-9.917
-9.152
-8.338
-7.658
-7.119
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7 9.177 -6.688 ]
7 9.241 -6.334
7 9.304 -6.032
7 9.367 -5.768
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9.1 General Conclusions

The principal contribution of this study include the development of
new design of probe-fed microstrip patch antennas on thin substrate for wide band
width, high gain along with multi frequency operation. Also it includes development
of formula for calculation of resonance frequency of designed antenna as well as
implementation of Artificial Neural Network code for the calculation of design
parameter of these microstrip patch antennas.

The limitation of miniaturization, large bandwidth, High gain,
simplicity in design, low cost and accurate computation technique for design of
microstrip antenna to be used in wireless environment have been addresses in the
thesis. In this thesis, new designs are introduced that can be used for the most sought
after probe-fed Microstrip patch antenna on thin substrate.

The Horn shaped Microstrip patch antenna is implemented on thin
substrate. This Horn shaped antenna gives wide bandwidth (32%) without any design
complexities. With the variation of substrate height from 2mm to 3.175mm, the
impedance bandwidth varies from 10.32% to 32% respectively. High gain with large
bandwidth is a special feature of this antenna. Variation of slot length and width to
control the bandwidth gives flexibility to control the bandwidth for varied
applications. For air dielectric, the horn shaped microstrip patch antenna gives wide
bandwidth with efficiency of 95% to 97% which is the notable feature of the designed
antenna.

The coax fed-inverted-L shaped microstrip patch antenna, parasitically

coupled inverted-L microstrip antenna and the parasitic coupled T- shaped microstrip
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patch antenna have been designed on thin substrate. Inverted-L and parasitically
coupled inverted-L microstrip patch antennas exhibit wider bandwidth. On the other
hand the T-shaped microstrip patch antennas shows the dual band of frequency of
operation with perfect isolation between them.

The multi-slots hole-coupled microstrip patch antenna on substrate of
thickness 2mm has been designed and the characteristics are studied. The multi-slot
hole coupled microstrip patch antenna is also a wide band, multi-frequencies antenna.
It has the attractive features of simplicity and flexibility of controlling the bandwidth
with high isolation between bands of frequencies. And with almost omni directional
radiation patterns, the multi slots hole coupled microstrip antenna seems to be a good
antenna for wireless communications especially for cellular telephone applications.
The achievement of wide bandwidth with a substrate thickness of 2mm is notable
feature. The variation of slot parameters, hole size and positions gives the flexibility
to shift the frequency and match the impedance, which is an important feature of the
referred antenna.

The accurate evaluation of resonant frequency of microstrip patch
antenna is of fundamental importance in the microstrip patch antenna design process.
To reduce computational effort and time, an alternative method for the determination
of resonant frequency have been developed. The generalized method is presented to
determine the resonance frequency of slot coupled rectangular microstrip patch
antenna. In this implementation a modified formula is used to calculate the edge
extension of an equivalent rectangular patch antenna of the slot loaded microstrip

patch antenna and then the modified formula is used for calculation of resonance
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frequency. The advantage of this method is its simplicity and accuracy without any
complicated mathematical functions or operations. Thus, this method can be useful
for development of fast CAD algorithm.

The search for techniques that can reduce the computational
complexity of modeling of an antenna while giving accurate result is currently a very
important research area. The Artificial Neural Networks (ANNs) has been
implemented to accurately find the slot length and width of horn shaped antenna for
wide band width without involving high experimental cost, time and tedious
theoretical calculations. The back propagation algorithm has been used to train the
network, which learns using gradient descent method. Again, tunnel based Artificial
Neural Networks has been used for determination of radiation pattern of the multi-slot
hole-coupled microstrip patch antennas. The tunnel based Artificial Neural Networks
can save considerable computational time while giving accurate results. The
calculation of radiation pattern using the ANNs is a new and interesting part of the

work that reflects the simplicity and accuracy of the method.

9.2 Future Scope

In research, there are always more aspects that can be investigated than
what is presented. Here also, there are some aspects of both the new antenna and
parameter calculation that can be extended. The new designed presented in this thesis
open up the scopes for high gain, wide band and miniaturized microstrip patch
antennas for wireless applications. The controlling tools like slot length, width, angle

can be further exploited to achieve tunable parameters of microstrip patch antenna as
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required in application like medical imaging, cancer detection and smart wireless
environment. The idea of implementing artificial neural networks in parameters
calculation of microstrip patch antenna invites further exploration of the technique to
reduce the complexities in the antenna design and analysis. Integration with
optimization techniques such as Genetic algorithm, PSO etc may enhance the
efficiency in terms of computational time and accuracy to make the ANN method of
antenna design more acceptable specially for the application areas like bio-medical

and smart wireless environment,
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