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ABSTRACT

In this thesis, Method of Moment (MoM) based FEKO software version 5.5 was used
to simulate patch antennas in different structures. For patch antennas, some of the
fields are in the substrate and some of them in air. Due to this reason, it is necessary
to calculate the effective dielectric constant which affects the resonant frequency and
the wavelength of the wave in the substrate. Simulations were carried out to compute
the value of effective dielectric constant of a single substrate layer which has a
relative permittivity equal to 2.2 by making use of the standing wave pattern (SWP)
generated by FEKO. After that, microstrip patch antennas were simulated based on
multi-substrate layers instead of a single layer. Square, circular and triangular
patches were simulated by FEKO and the resonant frequencies obtained were
compared with other published (experimental, analytical, simulations by other
methods) works. The results are close (from 1 to 3GHz difference) for different
modes of the circular patch, while they were equal at 4.02 GHz and 7.03 GHz for the

triangular and square patches respectively.

Slot antennas are used to enhance the bandwidths, but slots may affect the relative
permittivity. i.e. the effective permittivity. Triangular and square shape slot antennas
were simulated by FEKO and the results were compared among themselves and with

the published result for the triangular slot. The results very close.

Slots on the patch are widely used. Here a triangular slot for various heights was
simulated by FEKO for the rectangular patch. If has been observed that the

resonance frequency reduces by the increase of the height. The optimum height for



the given design was recorded. Also, circular slots were applied inside the circular

patch to improve the return loss, voltage standing wave ratio and the bandwidth.

Defected ground structures (DGS) in different shapes (rectangular, phi-shape, c-
shape and plus-shape) were used to solve the surface wave problem which is a

drawback for patch antennas. The use of this method resulted in gain enhancement.

Gain was enhanced by using patch antenna array topology. In this thesis, a 4 element
array antenna was designed at 2 GHz and simulated by FEKO. A maximum gain of

13.1dB dB was achieved.

Keywords: Effective Dielectric Constant, Gain, return loss, Patch Antenna, Patch

Array Antenna.
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Bu tez ¢alismasinda Moment Metodu temelli FEKO yazilim programi kullanilarak,
degisik yama antenlerin simiilasyonu yapilmistir. Yama antenlerde, sicramadan otiirii
elektrik alaninin bir kismi dielektrik igerisinde iken, bir kismi1 havaya si¢radigindan ,
efektif dielektrik sabiti, bagil permitivite degerinden farklilik gdosterir. Efektif
dielektrik sabitinin resonant frekansina etkisi bilindiginden, FEKO simiilatorii
kullanilarak elde edilen durgun dalga grafigi araciligi ile bagil permitivite degeri 2.2
olan bir dielektrigin, efektif degeri hesaplanip, literatiir degerleri ile karsilagtirma
yapilmigtir. Daha sonra, ¢ok katmanli dielektrik maddeler i¢in de benzer calisma
yapilmistir. Kare, daire ve iliggen yama antenler FEKO simiilatorii kullanilarak
resonat frekansi hesaplamalar1 yapilmis, litedatiirdeki benzeri tasarim degerlerine
uygumlu neticeler elde edilmistir. Daire yama anten i¢in resonant degerinde 1-3GHz
gibi bir fark mevcutken, licgen ve kare yama anten resonant degerleri esit

bulunmustur.

Delik antenler, genigsband elde etmek i¢in kullanilmaktadir ancak, efektif permitivite
degerinin hesaplanmas1 gerekmektedir. FEKO simiilatorii kullanilarak ticgen ve
dikdortgen delik antenlerin efektif permitivite degerleri hesaplanmis ve yaymlanmis

degerlere cok yakin degerler elde edilmistir.

Yama antenlede yariklar sikca uygulanmaktadir. FEKO simiilatotii aracilign ile
degisik yiiksekte {iggen yariklar uygulanmis, yariklarin yiikseklikleri arttik¢a
resonant frekansinin azaldig1 gozlemlenmis ve geri doniis kayib1 i¢in en iyi tasarim

hiikseklik degeri tesbit edilmistir. Ayrica, daire yama antene uygulanan dairesel



yariklarin resonat frekansi ve geri donilis yansima katsayis1 lizerindeki etkileri

incelenmistir.

Referans iletken iizerinde dikdortgen, C ve + seklinde bosluklar agarak anten kazanci

artirllmigtir.

Dizi yama antenler kullanilarak anten performansini artirmak miimkiindiir. Bu tezde
2GHz frekansinda dort elemanli bir dizi anten tasarimi 6nerilmisg, 13.1 dB degerinde

maximum kazang elde edilmistir.

Anahtar Kelimeler: Efektif dielektrik sabiti, Kazang, geri doniis kazanci, yama

anten, dizi anten
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Chapter 1

INTRODUCTION

In recent years, there has been much attention given to patch antennas, due to their
simple structures, low profiles, the compatibility to planar and non-planar circuits.
Patch antennas can be defined as a kind of radio antenna; the patch is made of gold
or copper placed on the dielectric substrate layer as a one part and the ground plane
in another part [1]. There are many shapes used for microstrip patch antennas like
rectangular, square and circular patches. The most widely used is a rectangular patch

with radiation features and can be easily manufactured.

Munson and Howell implemented the first practical design in the beginning of 1970's
[2] [3]. Then the patch antenna became commonly used for more applications, such
as satellite and mobile communication applications, global positioning applications,
WiMax, radar applications, rectenna applications, telemedicine applications and

other applications.

Many mathematical models were used to develop this antenna, and they have been
extended to applications in many other fields. The number of articles and papers
published during the last years in journals, on microstrip antennas proves the

importance placed of these antennas.



1.1 Thesis Objectives

This thesis aims to study and understand patch antennas in different structures, to
show their effect on antenna performance, and simulate antennas for multi-band
frequencies, high gain, wide bandwidth and minimum values for return loss and

voltage standing wave ratio.
1.2 Thesis Overview

In Chapter 2, the concept of antennas and radiation parameters of the antennas are
presented. The main advantages and disadvantages of patch antenna are clarified and
the most important methods used in the analysis of microstrip patch antennas are
explained. Different feed methods are considered such as coaxial feed, microstrip

line feed, aperture coupled feed and proximity coupled feed.

In chapter 3, for patch antennas, some of the fields are in the substrate and some of
them in air. Therefore the effective dielectric constant value of substrate layer was
calculated. A simple method is used to calculate the value of effective dielectric
constant of a substrate layer depending on the standing wave pattern generated by
FEKO software. Antennas of single and multi-substrate layers are simulated by using
FEKO software and the resonant frequencies are computed for different theories.
Square, circular and triangular patches are applied and the value of effective
dielectric constant of substrate is changed due to fringing fields. Due to the
importance of slots in study and improve the antenna performance. Slot antennas are
presented and simulated by FEKO. The effective permittivity of the substrate is

compared for triangular and square slot antennas.



Both of the feed positions and types also affect the performance of antennas.
Different feed positions are tested in the case of coaxial cable and microstrip line to
obtain the best results of return loss, also dual band frequencies are achieved in this

study.

In chapter 4, the effect of a triangular slot at one edge of the patch on the resonance
frequency is studied. The bandwidth, return loss and voltage standing wave ratio

(VSWR) are improved by applying different slot structures inside the circular patch.

Defected ground structure (DGS) is used as a technique to solve the surface wave

problem by using different structures of ground aperture.

In chapter 5, Rectangular patch array is suggested at 2 GHz as a topology used for
obtain high gain. The value of the gain is tested for single patch element, 2X1 and

4X1 arrays.

In Chapter 6, includes the conclusion and suggestions for future work.



Chapter 2

ANTENNAS

2.1 Antenna Definition

An antenna is a device that is used to transmit or/and receive the electromagnetic
waves. Antennas are very significant elements of communication systems because
they are wused in transmitting and receiving signals. They possess same
characteristics, whether in the case of transmitting or receiving signals. An antenna
must be designed to a specific value of the frequency band of the system, or else the
processes of sending and receiving signals will be of a low value. When an antenna
is fed by a specific signal, the emitted radiation is distributed in the space in a

particular way.

Antennas have been used over time for different purposes, including navigational
and military applications. Many designers have worked to develop and improve the
efficiency of antennas and today they are used in a wide range of fields such as GPS,

military, cell phones, radar, satellite and other applications.

The main types of antennas are: Yagi-Uda Antenna which was discovered in 1920,

Horn antennas in 1939, antenna Arrays in 1940 and Patch Antennas in 1970 [4].



2.2 Antenna Parameters

2.2.1 Return Loss
A return is shows the degree of mismatch. It is the ratio between the reflected power
by the antenna and the power that feeds the antenna via the transmission line

measured in dB. The following formula is used to compute the return loss:

RL=20 Iog|F| (2.1)
Where |F| represents the magnitude of the reflection coefficient and this value is

always below 1. The mathematical expression is:

o (2.2)

Where Z, is the load impedance and Z, is the line characteristic impedance of the

transmission line.

2.2.2 Bandwidth

Bandwidth (BW) refers to the difference between the higher frequency (f, ) and

lower frequency (f ) for a particular band, as shown in Equation 2.3:

BW =f, —f, (2.3)

The bandwidth is also described as a percentage of frequency:

f, —f,

BW =100x (2.4)

c



Where f is the center frequency in the band = (fH +f, )/2

Figure 2.1 shows the bandwidth of a rectangular patch antenna obtained by using the

FEKO software.
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Figure 2-1: BW for a particular design (produced by FEKO)

2.2.3 Gain and Directivity

Antenna gain is defined as “the ratio of intensity, in a given direction, to the radiation
intensity that would be obtained if the power accepted by the antenna were dedicated
isotropically” [5]. The gain of an antenna takes into account the losses that occur, so
it is more commonly used in the study of antenna specifications. Directivity is the
ratio of power received (or transmitted) by the antenna in a certain direction to the

power received (or transmitted) in that direction by an isotropic source.

The relationship between the antenna gain and directivity can be expressed by

Equation 2.5:



G=nD (2.5)
Where, G is the gain of the antenna, » is the antenna efficiency and D is the

directivity of the antenna.

2.2.4 Voltage Standing Wave Ratio (VSWR)

VSWR is a “function of reflection coefficient” which is a measure of the reflected
power from the antenna. When the reflection coefficient T" is given, the value of

VSWR is calculated using Equation 2.6:

(2.6)

Always the VSWR is a positive number for antennas. The minimum value of VSWR
is 1. In that situation, the power is not reflected from the antenna, which is ideal.
2.2.5 Radiation Pattern

The radiation pattern is expressed as the relative power of a radiated field in different
directions of an antenna. It also describes the receiving characteristics of an antenna.
Radiation pattern is represented in three-dimensions, but may be computed in two-

dimensions, in the vertical or horizontal planes, in either polar or rectangular format.
2.3 Microstrip Patch Antenna

A microstrip patch antenna is a type of radio antenna, which can be installed on a
planar surface, generally comprises from four parts (patch, substrate, ground and a
part of feeding). The patch part is very thin (t << 4,), where 4, is the wavelength in
free space. A patch is placed on one substrate, while the ground plane is placed on

the other side. The patches may have different shapes according to the desired

design. Due to their ease of fabrication and design , square, dipole, triangular,



rectangular, circular and circular ring are most commonly used patch antenna shapes

as we demonstrate by Figure 2.2.

Square Rectangular Dipole

[

Microstrip Patch Antenna

|

@ O A

Circular Circular Ring Triangular
Figure 2-2: Regular shapes of microstrip patch antennas (commonly used) [6]




Radiating edges

Non-radiating edges

L

Figure 2-3: Radiating geometry of patch antenna [7]

2.3.1 Advantages and Disadvantages of Microstrip Patch Antennas
The demand of patch antennas has increased because they are used in many wireless
applications, like cellular phones. Another field of application of patch antennas is in

the satellite communication; this increased the popularity of patch antenna over time.

Patch antennas are very popular due to their small sizes, low manufacturing cost,

multi-band properties and compatibility to microwave circuits [8].

On the other hand they have some drawbacks such as limited bandwidth, poor

radiation efficiency, low gain and losses produced by the excitation of surface waves

[9].



2.3.2 Feeding Methods
There are many methods used for feeding a microstrip antenna. The most commonly

used ones are [10]:

1. Coaxial Feed,

2. Microstrip Line,

3. Proximity Coupling,

4. Aperture Coupling.

2.3.2.1 Coaxial Feed

Coupling power to a patch antenna through a coaxial connector is very cheap, simple
and an effective way. The coaxial connector is connected to the ground plane of the
microstrip antenna and it is passed across the substrate at the center and soldered to

the patch, as shown in the Figure 2.4:

Patch

Coaxial connector Ground

Figure 2-4: Coaxial line feed [10]

2.3.2.2 Microstrip Line

This method of feeding is more commonly used because it is very simple to design
and analyze, and very easy to manufacture. The Figure 2.5 shows a patch with
microstrip line feed. Also, this type of feeding is mostly used in the case of multi-

patches (patch array).
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Figure 2-5: Microstrip patch antenna with feed line [10]

2.3.2.3 Proximity Coupling

Two substrates are used in a proximity coupling feeding method with permittivities

&, and g,,. The patch is placed on the top, the ground plane in the bottom and a

feed line is connected to the source with a placing between the two substrates as

shown in the figure 2.6:

11



Figure 2-6: Proximity coupling feed method [10]

2.3.2.4 Aperture Coupling
The microstrip patch antenna uses the aperture mechanism in the type of feeding as

shown in Figure 2.7. The ground plane has an aperture in different shapes, and it

placed between two substrates: the upper substrate &,, with the patch over it, and the
lower substrate ¢,, with the microstrip feed line below it. This type of feeding gives

wider bandwidth.
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Patch

Antenna Substrate

Ground Plane

Feed Substrate

Microstrip Line

Figure 2-7: Aperture coupling feed method [10]

2.3.3 Patch Array

The radiation pattern of a single element is relatively wide, and each element gives
low values of directivity and gain. In most applications, it is necessary to design
antennas with high gain for long distance communications. This can only be
achieved by increasing the electrical size of the antenna. This new antenna, is formed

by multi-elements, which is referred to as an array.
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2.3.4 Analysis Models of the Microstrip Patch Antennas
There are different methods used in the analysis of the patch antennas. The method
of the transmission line is the most popular way to analyze patch antennas since they

look like a transmission line or part of it.

The second popular way is the cavity model which assumes that the patch is similar
to a loaded cavity [5].

2.3.4.1 Transmission Line Model

The transmission line model is the simplest way to illustrate and understand the
microstrip antenna through representing the patch antenna by two slots. The results

are less accurate, however, it is sufficiently good for designing the antenna.

Radiating slots
Figure 2-8: Radiating slots in rectangular patch antenna [6]
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Design Parameters of Patch Antennas:
A. The Patch Width (W):

It is given by the following formula:

c 2

W =_—
2f Ve +1

(2.7)

Where c is the speed of light, &, is the relative permittivity of substrate and f, is the

operating frequency.

Equation 2.7 shows that the width is approximately equal to a half wavelength. Thus,
the patch can be seen as a “continuous planar source” consisting of an infinite

number of infinitesimally dipoles.

B. The Effective Length (L ):
The length of the patch looks electrically slightly larger than the usual length of

design, because of the fringing field along the patch width, and this parameter can be

calculated by using Equation 2.8 given below:

C
= 2.8
Lt 2f0 T (2.8)

Here, ¢ IS the effective permittivity of the dielectric.
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C. The Effective Dielectric Constant (&, ):

The dielectric constant of the substrate differs due to the fringing effects.

It is appropriate to define another parameter called the effective dielectric constant of

substrate which is less than the real permittivity i.e. 1<& 4 <&, .

For larger values of ¢,, ¢, approaches ¢,, since larger amounts of electric field

intensity will be absorbed by the dielectric material.

Fringing depends on the ratio of the patch length (L) to the height of the substrate
(h). i.e. L/h. The value of effective dielectric constant is computed as in the following

formula:

Eut = L, 12W) 2 (2.9)

Ground plane

Figure 2-9: E- field lines [11]
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D. The Extended Length (AL):

Due to the fringing fields along the antenna it is appropriate to use extended length

for a better performance. The length is extended by (AL ) given by the Equation 2.10

below:

(6 +o.3)(vx+o.264j

AL = (2.10)

(& +0.258)(V\rll+0.8)

After the calculation of each of effective and extended lengths of the patch, the actual

value of the patch length (L) is calculated by using Equation 2.11:

L =Les —2AL (2.12)

AL
2=
>

|

|

|

|

|

|

N

L

Figure 2-10: Effective length of a patch antenna [11]
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E. The Dimensions of Ground Plane (W, and L ):

The transmission line model is applied to the ground only. For practical purposes, it
IS necessary to have a finite ground plane. It has been proven that identical results for
infinite and finite ground plane can be obtained if the size of the ground plane is
larger than the dimensions of the patch by about six times the thickness of substrate
all over the periphery. The dimensions of the ground are explained by the Equations

2.12 and 2.13 below:
Ly =L +6h (2.12)

Wy, = W +6h (2.13)

2.3.4.2 Cavity Model

The patch performance is affected by higher order modes. Microstrip antennas
similar to cavities of dielectric-loaded waveguide, show the higher order resonances.
The fields inside the substrate (between the ground plane and the patch) can be

observed more accurately by dealing with that region as a cavity which is bounded

by:

- Electrical conductive walls (top and bottom).

- Magnetic walls (along the surrounding of the patch).

Each magnetic wall is represented by:

J =nxH, (2.14)
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M, =-nxE, (3.15)
Where J, and M are the electric current and magnetic current densities

respectively, E, and H, are intensity of electric and magnetic fields respectively

and n is the unit vector normal to the walls. Both electric and magnetic walls are

shown in Figure 2.11.

Magnetic wall
Figure 2-11: Electric and magnetic walls of a cavity substrate [12]

The thickness (h) of the antenna's substrate is too small. Generated waves are

propagated below the patch. Only a small percentage of them are radiated. The field
configurations are similar to the TM * field configurations, i.e., modes without H,

component based on the coordinates in Figure 2.11.
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Chapter 3

MICROSTRIP PATCH ANTENNA SIMULATIONS BY
USING FEKO 5.5 SIMULATION SOFTWARE

3.10verview — FEKO Simulation

FEKO is a software tool used for electromagnetic simulation and it is suitable for
various kinds of problems. Typical broad applications that deal with FEKO include
analysis of microstrip patches, scattering problems, reflector antennas, wire antennas,

arrays and analysis of antenna radiation [13].

FEKO is the first Method of Moment (MOM) package released in June 2004.

Subsequently MOM hybrids with others techniques follow:

Geometrical Optics (GO).

Uniform Theory of Diffraction (UTD).

Physical Optics (PO).

Finite Element Method (FEM).

These techniques make this software suitable to solve many of the problems relevant

to electromagnetics.
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3.2 Introduction

This chapter covers simulations of patch antennas using FEKO 5.5 full wave

simulation software, which is based on the Method of Moments (MoM).

For patch antennas, some of the fields are in the substrate and some of them are in
air, i.e. fringing occurs. Due to this phenomenon the value of the relative permittivity
will be lower than its effective permittivity, which will affect the velocity of the
wave in the substrate. For this reason, it is necessary to calculate the effective

dielectric constant.

There are some empirical formulas available for the conventional stiplines [5], but
some simulation tools or techniques, like FEKO are required, under the conditions

that we apply some irregularities like slots.

A simple method is used in this chapter to calculate the value of the effective
dielectric constant of substrate by using the standing wave pattern, which is the
magnitude of the electric field beneath the metal. The standing wave pattern was

obtained by using the FEKO software.

On the one hand, multi-substrate layers were considered. Square, circular and
triangular patches were applied and the value of effective dielectric constants were

calculated. Shubham Gupta and Shilpa Singh (2012) presented [14] a formula to

determine &, for multi substrate layers.

Slots are used to increase the antenna performance. The effective permittivity of

triangular [reference] and square slot antennas are examined. Wen-Shan Chen and
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Fu-Mao Hsieh (2005) presented [15] a formula to calculate the guide wavelength in

order to compute the value of & .

The effective dielectric constant is a function of the resonant frequency [5]. For this
reason, some of the above studies focused on the calculation of the resonant
frequency by making use of antenna simulations by different softwares. The values
of resonant frequencies generated by FEKO software were compared with the results

of previous studies.

3.3 Calculation of the ¢, by using the Guiding Wavelength of a

Microstrip Line
The wavelength of the microstrip line in the substrate is different from its value in
the ordinary unbounded substrate. This difference is due to the fringing fields
between the conducting plates, and the effective value of the relative permittivity
also differs. The determination of the guiding wavelength by using FEKO software
will help us to find the effective value of the permittivity. It is known that, the

standing wave pattern (SWP) can be obtained by short circuiting the two parallel
plates. The difference between two successive minima (or maxima) gives (ﬂ“% ).

By making use of the Equation 3.1 &, can be calculated by using the following

formula:

A, =—Le (3.1)
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Where 4, is wavelength in free space and 4, is the guide wavelength. The results

can be calculated by the available approximations and compare with the FEKO

results for validation.

The design geometry consists of two parallel planes, the lower plane as a ground

with the dimensions L, X W and the upper plane as a microstrip line with the
dimensions L, XW, , the substrate layer between the planes with the dielectric

constant &, and thickness h. Figure 3.1 shows the geometry of the design.

W

Shorted with
ground

Lg

(@)

Microstrip line

Short circuit T

Ground plane

(b)

Figure 3-1: Microstrip line design (a) Top view (b) Side view

Feed part
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Microstrip line is fed in one edge and short circuited to the ground at the second
edge. Because of the short circuit, standing waves are formed and the reflection
coefficient becomes 1. By using FEKO software and requesting near field along the
y-direction below the microstrip line, the standing wave pattern, similar to the one in

Figure 3.2 will be obtained.

L
g
2
—
m
w
=
g
Gl
>
=
=
g
2
1‘#&
2

Positiony {mm)

Figure 3-2: SWP calculation

3.3.1 Effective Dielectric Constant Calculation by using SWP
A microstrip line having the dimensions given by Table 3.1 was simulated by FEKO,

having a substrate relative permittivity of 2.2. The microstrip line was excited by

using an edge feed at the operating frequency of f, =12 GHz. The SWP simulation
result obtained is shown by Figure 3.3. A, was extracted from this pattern and the

& Was calculated in the way that explained above.
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Table 3-1: Design parameters forg, =2.2, f  =12GHz

Parameter Value (mm)
Length of microstrip line (L, ) 50
Width of microstrip line (W, ) 3.88
Thickness of substrate (h) 1.35
Length of ground (Ly) 50
Width of ground w,) 20
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Figure 3-3: Standing wave pattern generated by FEKO

The effective dielectric constant of the substrate obtained from the above SWP
1.975. The value of the same parameter calculated by using the approximate formula

given by Equation 2.9 is 1.863. These two values are in agreement.
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In the next study, a small rectangular slot (0.5 X 2) mm is applied on the microstrip

line as shown in Figure 3.4.a the value of ¢ is calculated. The same work has been

carried out to calculate the ¢ ., for 2, 3 and 4 slots line. The results are in Table 3.2.

reff

(a) (b) () (d)
Figure 3-4: Microstrip line with different number of slots (a) 1 slot (b) 2 slots (c) 3
slots (d) 4 slots

Table 3-2: Effective dielectric constant at different number of slots

Number of slot Ay (mm) € oi
Without slot 17.786 1.975
1 —slot 17.916 1.947
2 —slot 18.042 1.920
3 —slot 18.152 1.896
4 —slot 18.178 1.891

From the above table, it can be observed that the value of effective dielectric constant
of the substrate in the case of microstrip line without slot is equal to 1.975, the value

computed by using Equation 2.9 is 1.863. Also the decrease in the effective

permittivity can be observed from the figures when the number of slots increases.
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3.4 Simulations of Patch Antennas Having Multi Substrate Layers

In this section, patch antennas with multi-substrate layers are analyzed instead of a

single layer.

Resonant frequency generated by FEKO would be compared with other results
obtained from the theories and results of the commercial available software then, the

effective permittivity will be computed by making use of the resonant frequency.

Various shapes of patches will be treated as a perfect conductors used for radiation
which are circular, triangular and square.

3.4.1 Circular Patch Antenna

For the first case a circular patch was considered [16]. A simple general expression
of the resonant frequency for the circular patch antenna can be written as Equation
3.2 by using the cavity model analysis. The fields of the patch antenna are similar to

the fields of a cavity. In this case, the fields are equivalent to TMy [17].

In this study, the resonant frequency was produced by the FEKO software and the

& Was calculated by making use the following equation:

2
o C

= —mn-__ 3.2

Ereff (27zaef ] (3.2)

r,mn
Where «,,, is the n" zero derivative in the Bessel function of order m and the Bessel

function was defined by mathematician Daniel Bernoulli which are the canonical

solutions of Bessel's differential equation used in applications of electromagnetic
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waves in a waveguide, a, is the effective radius of the circular microstrip antenna as

given by Equation 3.3:

1

a = a[1+ p7/1]E

p and y, are expressed by Equations 3.4 and 3.5:

b
2h a h

= I — 141e_ +1.77)+—(0.2 1.65
p {Egma{og[%jﬂ o+ )+a(0 68¢s,, + )}}

© 0.79°0.51"
YT

(3.3)

(3.4)

(3.5)

&, IS the relative permittivity of the medium under the patch and it is expressed by

Equation 3.6:

— grlgrzh
grlhz + gr 2h1

gre

Where ¢, is calculated by using Equation 3.7:

1

&.+1 ¢,-1|, 10hy, |2

Eg = + 1+ —5-2
2 2 3a

Here, 72 is the dependent correction factor which is given by Equation 3.8:

1.37"0.25"

72 (m+ n)o'4
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3.4.1.1 Simulation Results of the Circular Patch Antenna by using FEKO

The circular patch antenna is simulated with radius a =50 mm centered on the two
substrate layers with dielectric constants and thicknesses ¢, &,,, h, and h,
respectively. The ground plane is below them with dimensions 120 X 120 mm. The
FEKO simulation structure is shown by Figure 3.5. A coaxial cable feed is at (-

20.86mm, 0) between the ground and the patch.

The resonant frequency obtained by FEKO shown in Figures 3.6, 3.7 and 3.8 is
compared by analytical and experimental results for different substrate thicknesses

[16] as shown in Tables 3.3, 3.4, 3.5, 3,6, 3.7 and 3.8. Figure 3.6 refers to a single
substrate layer. i.e. h, =0. The comparison of experimental results, HFSS results and
FEKO results for the resonant frequencies are shown for TM;;, TM,, and TM,,

cases. Table 3.4 shows the percentage errors of the resonant frequencies among the

modes and solution tecniques.

() (b)
Figure 3-5: Circular patch antenna (a) Side view (b) Top view [16]
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Figure 3-6: S-parameter shows the resonant frequency for h, =0

3.5

Table 3-3: Experimental and theoretical values of the resonant frequencies of a
circular patch antenna at &,, =1 and h, =0

a mode e, | h | h, V Experiment | HFSS | Comput- | FEKO
mm aom |l mm | 7" (GHz) | (GHz) | ed[16] | (GHz)
(GH2)

50 ™ 2321159 0 |3144 1.128 1.162 1.13 1.147
11

50 ™ 2321159 0 |3144 1.879 1.934 1.879 1914
21

50 | T™M,, [232|159| 0 |31.44 2.596 2.356 | 2.590 | 2.364
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Table 3-4: Percentage errors of the resonant frequencies by theories compared with
experimental results at h, =0

Mode HFSS | Computed FEKO
[16]

™, | -3014 | -0.177 -1.684

™,, | -2927 0.0 -1.862

T™,, 9.245 0.231 8.936

Figure 3.7 shows the resonant frequencies of two layer structure, when h, =0.5mm.

A table similar to Table 3-3 is prepared and shown by Table 3-5. The comparison of

the results are in Table 3-5.

0 Y
B
o : ! :
L N I
E 1 1 1
2 |
© | |
g | | | |
L Y N A
CIL 1 I
U) 1 1
B T Rl B
-50 : : : :
1.0 1.5 20 25 3.0 3.5

Frequency [GHz]
Figure 3-7: S-parameter shows the resonant frequency at for h, =0.5mm
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Table 3-5

: Experimental and theoretical values of the resonant frequencies of a
circular patch antenna at &,, =1 and h, =0.5mm

a mode g, | h | h, y Experiment | HFSS | Comput- | FEKO
mm am lmm | 7" (GHz) | (GHz) | ed[16] | (GHz)
(GHz)
50 ™, 2321159 | 05 | 23.92 1.286 1.334 | 1.281 1.268
5 | T™ 2,32 1159 | 0.5 | 23.92 2.136 2.203 2.13 2.127
21
50 | T™M,, [2.32|159]| 0.5 | 23.92 2.951 2.645 | 2.939 2.646

Table 3-6: Percentage errors of the resonant frequencies by theories compared with
experimental results at h, =0.5mm

mode HFSS | Computed | FEKO
[16]

™, | -3732 0.389 1.339

™, | -3.137 0.281 0.421

™,, 10.369 0.407 10.335

The same calculations were repeated for h, =1Imm. Figure 3.8 shows the resonant

frequencies and Tables 3-7 and 3-8 are prepared for this design.
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Figure 3-8: S-parameter shows the resonant frequency for h, =1mm
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Table 3-7: Experimental and theoretical values of the resonant frequencies of a

circular patch antenna at ¢,, =1 and h, =1mm

a mode g, | h | h, y Experiment | HFSS | Comput | FEKO

mm om L mm | 7" (GHz) | (GHz) | -ed [16] | (GH2)
(GHz)

50 | T™M, |232|159] 1 |19.30 1.350 1.435 | 1357 | 1.339

50 | T™M ’ 2321159 1 |19.30 2.256 2.353 | 2.259 | 2.235

50 | T™M,, [232|159| 1 |19.30 3.106 2.829 | 3.116 | 2.806




Table 3-8: Percentage errors of the resonant frequencies by theories compared with
experimental results at h, =1mm

mode HFSS | Computed | FEKO
[16]

™, | -6.296 | -0518 | 0.814

™., 4.3 -0.133 0.93

T™, | 8918 | -0.322 | 9658

The average error in the upper tables is shown in Table 3.9.

Table 3-9: Average % errors of resonant frequency in different theories

Table | Average | Average % error | Average %
% error | [Computed [16]] error
[HFSS] [FEKO]

Table 5.062 0.136 4.16

(3-4)

Table 5.746 0.359 4.051

(3-6)

Table 6.505 0.324 3.8

(3-8)

Effective dielectric constant can be computed by using the values of the resonant
frequencies obtained by FEKO and after the substitution of these values in Equation

3.3 the values in Tables 3.10, 3.11 and 3.12 are obtained.
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Table 3-10: Effective dielectric constant of substrates by FEKO software for h, =0

Mode Frequency (GHz) Erif (FEKO)
™., 1.147 2.016
™,, 1.914 2.068
™., 2.364 2.565

Table 3-11: Effective dielectric constant of substrates by FEKO software for

h, =0.5 mm
Mode Frequency (GHz) Eet (FEKO)
™., 1.268 1.59
™,, 2.127 1.613
™., 2.646 1.97

Table 3-12: Effective dielectric constant of substrates by FEKO software for

h, =1 mm
Mode Frequency (GHz) et (FEKO)
™., 1.339 1.426
™,, 29235 1.408
™, 2.806 1.691

3.4.2 Triangular Patch Antenna
In this section, the circular radiating patch is replaced by a triangular patch. The
multi substrate layer is placed between the conductors. A simple and general formula

for the resonant frequency of an equilateral triangular patch antenna (ETPA) is
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expressed in Equation 3.9 using the cavity model analysis [18], where the side

length is the essential parameter in this formula.

The resonant frequency of a triangular patch antenna is computed by FEKO

simulation. Equation 3.9 is used to find the effective permittivity of the substrates.

2

St = x (n®+nm+m 2)}/2 (3.9)
3aEf r,nm
Where m=1 and n=0.

1

2
gr’effc _ gr92+1+ grezl[l—i— :-32: J (310)

38,

a, =a+d [0.01+ 384 ] (3.11)

N, gr,effc

Here a, is side length affected in triangular patch antenna.

£,6:0

g, =—T"1—— (3.12)
£4d, +&.,d;

3.4.2.1 Simulation of the Triangular Patch Antenna by using FEKO

An equilateral triangular patch antenna (ETPA) having a side length of a=30 mm

and two triangular substrates with side length of r =32 mm was used. The dielectric

constant of the first substrate below the patch is &,, =2.4 with thickness d, =1 mm.

The second substrate is air gap with &,, =1 with thickness d, =1 mm as shown in

Figure 3.9. ETPA is simulated by using FEKO software.
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L
-

a=30 mm

=32 mm
(a) (b)
Figure 3-9: Triangular patch antenna (a) Side view (b) Top view [18]

A coaxial cable feed is at (14.25mm, 0) from the ground to the patch.

The return loss of the triangular patch antenna can be seen in Figure 3.10 produced
by FEKO software when the resonant frequency is equal to 4.02 GHz, while the

resonant frequency according to the CAD model is about 3.95 GHz.

— VoltageSource1 [S11] |

S-parameters [dB]

-25

3.0 3.3 3.6 39 4.2 4.5

Frequency [GHz]
Figure 3-10: Return losses of triangular patch antenna
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The value of the resonant frequency obtained by FEKO was used to compute ¢, by

using Equation 3.10. The results are in Table 3.13.

Table 3-13: Effective dielectric constant of substrates by FEKO for triangular patch
antenna

Antenna et FEKO

Triangular patch antenna 1.964

3.4.3 Square Patch Antenna

The effective dielectric constant of the substrates can be determined by using the
formula in Equation 3.13, which takes the multilayer property into consideration.
FEKO will model the square patch antenna in this section to compute the resonant

frequency which is substituted in Equation 3.14 to calculate quasi-static permittivity.

The dispersive behavior of the permittivity is determined by Equation 3.13 [19].

' E — &
— r e
greff =&

" 1+p(f)
Where ¢, is the quasi static permittivity which is computed by Equation 3.14:

(3.13)

f = ¢ (3.14)

"o2(L+2AL)fe,

e and &, are the permittivities which take the effect of the multilayer on a

microstrip line into consideration.

g, :W (3.15)
+
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-1/2
A =(1+ %j (3.16)
w

Here the parameter A is used to simplify the Equation in 3.15 and h,, is the height of

the substrates.

p (f )is the normalized frequency and can be determined as the equations [20]

below:

p(f )=p,p,[(0.1844+ p,p, )10fh-*"* (3.17)
With

p, =0.27488+[0.6315+0.525/ (1+0.157fh)*Ju —0.065683exp(—8.7513u)  (3.18)

Where u =w /h.

p, =0.33622[1—exp(-0.03442¢, )] (3.19)
p, = 0.0363exp(—4.6 u) x{L—exp[—(fh/ 3.87)* ']} (3.20)

p, =1+2.751—exp[—(¢, /15.916)°T} (3.21)

3.4.3.1 Simulation Results of the Square Patch Antenna by using FEKO

The square patch antenna with multilayer proximity coupled microstrip antenna is
simulated by using FEKO software as shown in Figure 3.11. The operating
frequency is 7 GHz having equal side lengths L=W=13 mm. The feeding is
proximity stripline having length 6 mm and width 5 mm. Feed substrate has a
dielectric constant of 3.2 and thickness of 0.55 mm. For the antenna substrate, the

dielectric constant is 2.33 and thickness 0.35 mm. The two air gaps have heights of
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2.2 mm and each with the dielectric constant of 1.10 [14]. Ground plate is placed

below them with dimensions 26 X 23 mm.

Antenna substrate Air gap

Feed substrate

Air gap

(@)

.
s -

| (b)
Figure 3-11: (a) Substrate layers of proximity coupled antenna by FEKO (b)
Proximity coupled feed by FEKO [14]
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The value of the effective permittivity for substrates was calculated as 3.94 by using
the result of the resonant frequency obtained by FEKO which was equal to 7.03

GHz. The return loss of the square patch is shown in Figure 3.12.

S-parameters [dB]

-25

6.0 6.5 7.0 75 8.0

Frequency [GHz]
Figure 3-12: Return losses of square patch antenna by FEKO

By replacing the air gap layer with dielectrics having 1.2, 1.3, 1.4 and 1.5 the
resonant frequency will be decreased and return losses will be increased gradually as

shown in Figure 3.13 and Table 3.14.
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Figure 3-13: Return losses at different dielectric constants by FEKO

7.2 T4

78 2.0

Table 3-14: Return losses and resonant frequencies at different dielectric constants

Dielectric constant Resonant S11 (dB) BW (MHz)
frequency (GHz)
11 7.03 -22.07 1150
1.2 6.84 -20.84 1070
1.3 6.66 -20.09 990
1.4 6.50 -19.39 920

Also, we can observed from the above table that, the bandwidth value was reduced

gradually by increasing the value of dielectric constant.

3.5 Slot Antennas

Slot antennas are used to enhance the antenna performance like bandwidth, [15]. But

on the other hand due to fringing fields the study of the effective dielectric constant

Is required. In this section, the following procedure will be used to calculate & .
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The guide wavelength A, will be calculated by using the numerical experiment

formula as in Equation 3.22 [15], depending on the essential parameters w,, £ , h

and A, . By calculating the lowest frequency and using it to compute the wavelength

value, it is easy to calculate A, in order to find the value of & using the same

formula in Equation 3.1:

0.5

A :),0{0.9217—0.277|ngr+o.o322(""—fj- % _0435| —001n|
’ h [wfj Yl
h
o 4.6 365 ) (3.22)
&2 ["e [ 9,05 100
20 20

3.5.1 FEKO Simulation Results of a Printed Isosceles Triangular Slot

o

Triangular slot antenna is simulated in this section by using FEKO software. The
configuration of the antenna is shown in Figure 3.14. The geometry of antenna
consists of a triangular slot with a small rectangular slot with dimensions (L X W)

and the thickness of substrate is h=1.6 mm with dimensions 123 X 145 mm. A

microstrip feed line having a width w, =3 mm is used to feed aperture coupled patch

antenna. Table 3.15 demonstrates the design specifications of the antenna.
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Ground Plane

Feed Line
(a) (b)
Figure 3-14: Structures of triangular slot antenna (a) Side view (b) Top view by

FEKO [15]

Table 3-15: Design specifications of triangular slot antenna

W L Lfl Lf2 A Lb

7.6 mm 23.0 mm 28.5 mm 67.4 mm 63.9 mm 59.0 mm

Figure 3.15 shows the simulation result of the triangular slot antenna by using FEKO

software.

-10

S-parameters [dB]

T e Rt

-30

1.0 1.5 2.0 2.5 3.0
Frequency [GHZ]

Figure 3-15: Return losses of triangular slot antenna
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At the lowest frequency, all the results obtained by FEKO are compared with results

obtained by HFSS as shown in Table 3.16.

Table 3-16: Results of triangular slot antenna

—
“otvare | 0 ©@H) | Pemm | Ramm | B S
HFSS 1.82 164.84 131.68 1.567 35.6%
FEKO 1.85 162.162 129.435 1.5696 35.67%

The cell size (mesh) is important in each design, which affects the accuracy of the
results. Different cell sizes show the effect on the return losses and resonant

frequency on results in FEKO in Figure 3.16.

‘ — Lambda/6 — Lambda/7 Lambda/8 — Lambda/9 Lambda/10

B T

S-parameters [dB]

Y S S —— A——

-30

1.0 15 2.0 25 3.0

Frequency [GHz]
Figure 3-16: Return losses at different cell sizes
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3.5.2 FEKO Simulation Results for The Square Slot
After discussing the simplified formula in section 3.5, the same procedure will be

used, but in this case the square slot antenna is suggested instead of a triangular.

The primary goal is to increase the slot area, and see its effect on the effective

dielectric constant value of substrate.

A square slot antenna with dimensions L,=W,=63.9 mm as shown in Figure 3.17

is simulated instead of a triangular slot, which has the same dimensions of a small

rectangular slot and feed line in section (3.5.1). Substrate thickness is 1.6 mm.

Ground Plane

Feed Line

(a) (b)
Figure 3-17: Structures of square slot antenna (a) Side view (b) Top view by FEKO
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S-parameters [dB]

-30

1.0 1.5 2.0 2.5 3.0
Frequency [GHz]
Figure 3-18: Return losses of square slot antenna

By appling the same formula in Equation 3.22, it can be seen that the value of ¢ at

1.62 GHz will be reduced to 1.54 as a result of an increase in the slot area of the

antenna.
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3.6 Effects of Feed Techniques for The Patch Antennas

The feeding techniques and feed points may change the antenna performance. In this
study, different feed point positions and different feed techniques are discussed.

3.6.1 Probe Feed Varying in RMSA

First of all, different feed point positions are studied in rectangular patch antenna

which has dimensions (L X W) mm with substrate thickness (h) mm and dielectric
constant ¢, as shown in Figure 3.19. The S-parameter at resonant frequency 2.49

GHz is -14.35 dB [21] as shown in Figure 3.20.

Patch

Probe feed

Ground
(b)
Figure 3-19: Geometry of RMSA (a) Top view (b) Side view [21]
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S-parameters [dB]

1.0 1.2 1.3 1.5 1.7 1.8 2.0 22 2.3 25 2.7 2.8 3.0
Frequency [GHz]

Figure 3-20: S-parameters of RMSA at feed point (9, 18) mm from the edge of patch
antenna

Two cases are proposed to reduce return losses of antenna above. In the first case the
value of return loss reduced at the same resonant frequency by selecting different
feed points, while in the second case, dual bands was obtained and return losses
improved in the same time by selecting other feed points.

3.6.1.1 Case I: Single Band Frequency

The value of return loss increased in new feed point positions as shown in Figure
3.22. That is when the value of return loss at the feed point (10.245, 6.605) mm is (-
24.93 dB) while it is (-47.02 dB) at the feed point (10, 18) mm. Table 3.17 shows all

the results of S-parameter at the same resonant frequency.
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Figure 3-21: RMSA at different feed point (single band frequency)
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— (9,18) mm — (10.245,6.605) mm (10,18) mm
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Figure 3-22: S-parameters of RMSA at feed points (9, 18) mm, (10.245, 6.605) mm
and (10, 18) mm

Table 3-17: Results at different feed point (single band frequency)

Feed point (mm) Resonant S11 (dB) BW MHz
frequency (GHz)
(9, 18) 2.49 -14.35 30
(10.245, 6.605) 2.49 -24.93 30
(10, 18) 2.49 -47.02 30

3.6.1.2 Case II: Dual Band Frequency
The other study of feed position gives dual band frequency in (L-band) and (S-band)
as show in Figure 3.24 and this allows the antenna to be used in wide fields of

applications. Table 3.18 shows the S-parameter for the new position of feed.
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Figure 3-23: RMSA at different feed point (dual band frequency)
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— (10.245,15.605) — (10.245,14.605) (9.245,14.605)

-----------------------------------------------------

S-parameters [dB]

1.0 1.2 1.3 15 1.7 1.8 2.0 2.2 2.3 25 2.7 2.8 3.0
Frequency [GHz]

Figure 3-24: S-parameters of RMSA at feed points (10.245, 15.605) mm, (10.245,
14.605) mm and (9.245, 14.605) mm

Table 3-18: Results at different feed point (dual band frequency)

Feed point Band Resonant S11 (dB) BW MHz
(mm) frequency (GHz)
(10.245, 15.605) | L-band 1.95 -18 10
S-band 2.49 -24.92 20
(10.245, 14.605) | L-band 1.95 -16.95 10
S-band 2.49 -24.52 20
(9.245, 14.605) L-band 1.95 -17.13 10
S-band 2.49 -16.73 30

Table 3.19 shows the return loss and the resonant frequency for different feed

positions.
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Table 3-19: S11 and resonant frequency at some other feed positions

Feed point (mm) Resonant S11 (dB) BW MHz
frequency (GHz)
10, 18 2.49 -47.02 30
9,18 2.49 -14.35 30
8,18 2.49 948 | e
7,18 2.50 -71.25 | e
6,18 2.50 587 | e
5,18 2.51 5.06 | e
10.245, 6.605 2.49 -24.93 30
9.245, 6.605 2.48 -16.53 20
8.245, 6.605 2.49 -10.52 10
7.245, 6.605 2.49 771 | e
6.245, 6.605 2.49 -6.20 | e
10.245, 15.605 1.95 -18 10
2.49 -24.92 20
9.245, 15.605 1.94 -17.25 10
2.94 -17.22 40
8.245, 15.605 1.94 -17 10
2.49 -10.61 10
7.245, 15.605 1.94 -16.82 10
2.49 789 | e
10.245, 14,605 1.59 -17.01 10
2.49 -24.52 20
9.245, 14.605 1.95 -16.96 10
2.49 -16.71 30
8.245, 14.605 1.95 -17.54 10
2.49 -10.65 10
7.245, 14.605 1.95 -18.24 10
2.50 -788 | e
11.245, 13.605 1.95 -9.13 | -
2.48 -10.24 10
10.245, 13.605 1.95 -9.25 | e
2.49 -24.92 30
9.245, 13.605 1.95 942 | e
2.49 -16.60 40
8.245, 13.605 1.95 954 | e
2.49 -10.51 10
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3.6.2 Microstrip Line Feed Shifting in RMSA

The second type of RMSA feeding in this section is the microstrip feed line, which
demonstrates the affect of shifting the position of feed line along the x-axis of the
patch. The basic parameters of rectangular microstrip patch are shown in Figure 3.25

[22] with patch dimensions length (L) = 35.2535 mm and width (W) = 45.63 mm, cut

width = 5 mm and cut length = 10 mm, the length of feed line is L, = 32.815 mm

and width W, = 3.009 mm. The dielectric constant and thickness of substrate layer

are 4.4 and 1.6 mm respectively. D is the value of the shift from the center of the

patch and it was varied as shown in Table 3.20.
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Figure 3-25: Feed line shifting in Microstrip patch antenna
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The return loss is varied by changing the position of the feed line as shown in

Figures 3.26, 3.27, 3.28 and 3.29.

S-parameters [dB]

S-parameters [dB]

| — D=0 — D=tmm D=2mm — D=3mm D=4mm D=5mm
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Figure 3-26: S-parameters of RMSA at D = (0, 1, 2, 3, 4, 5) mm
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Figure 3-27: S-parameters of RMSA at D = (6, 7, 8, 9, 10) mm
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Figure 3-29: S-parameters of RMSA at D = (-6,-7,-8,-9,-10) mm



Table 3-20: Results at different feed line distance from the center of the patch

D (mm) Resonant frequency S11 (dB)
(GH2)

0 2.03 -16.24
1 2.05 -15.07
2 2.05 -16.41
3 1.34 -43.17
2.04 -17.65

4 1.34 -11.81
2.05 -16.33

5 1.35 -12.82
2.06 -16.45

6 2.05 -14.58
7 2.05 -12.18
8 2.05 -11.98
9 2.06 -13.50
10 2.06 -12.69
-1 2.04 -17.17
-2 2.04 -21.4
-3 1.33 -24.55
2.03 -17.35

-4 1.34 -11.41
2.05 -16.65

-5 2.04 -15.84
-6 2.04 -14.98
-7 2.05 -11.50
-8 2.05 -14.44
-9 2.05 -13.59
-10 2.05 -12.95

The optimum position is 3mm in +x direction from the center of the patch.
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Chapter 4

PATCH ANTENNA SIMULATIONS BY USING FEKO
AND IMPROVEMENTS IN THE RETURN LOSS, GAIN
AND BANDWIDTH

4.1 Introduction

The slot in antennas affects the antenna performance. S. Bhunia (2012) examined the
effect of rectangular slot loading on microstrip patch antennas [23]. The impact of
the slot on a resonant frequency, bandwidths and the return loss was investigated by

using a small slot load at one edge of the radiating patch antenna.

Also different slot shapes were applied on the circular patch to get an improvement
in the values of return loss, bandwidth and voltage standing wave ratio. Sachin S.
Khade and S.L.Badjate (2012) studied modeling and design of annular ring

microstrip antenna [24].

Surface waves are the drawback for patch antennas, this chapter focuses on solving
this problem by using defected ground structure (DGS) with different shapes of

ground apertures to improve the antenna gain.
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4.2 Effects of Triangular Slot Loading on Resonance Frequency of

Patch Antennas
The study of cutting a triangular slot from the one edge of the patch antenna is
proposed. It is compared with the traditional rectangular patch antenna as shown in
Figure 4.1. The resonance frequency value will be changed gradually by increasing

the area of the triangular slot.

e— W=32 MM —— — W=32mm ——

I

Ground plane Ground plane

30 mm —>
30 mm —>

<« L
«— L

(a)
Figure 4-1: (a) Antenna without slot (b) Antenna with trlangular slot [23]

Patch antenna simulated by using the FEKO software has dimensions W=38 mm and

L=30 mm, the thickness of substrate layer is 1.5875 mm with dielectric constant
& =2.4. The antenna is fed by a coaxial cable, which is located at 5 mm from the

center of the patch and having 0.5 mm as radius [23]. The patch and substrate are

placed over a ground plane with dimensions 47.525 X 39.525 mm.
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By cutting a triangular slot antenna at the edge of patch radiation with L, =5 mm

and W, is varied in the range 4 to 10 mm which increases the load on the patch
antenna and also the radiation at the edge of the antenna. The current length
obviously will be lengthened as you force the current lines to bend, which results in
an increase of the half wavelength resulting and by reducing the frequency as shown
in Figure 4.2. Table 4.1. The figure shows all the results of antenna for different

values of W .

— Without slot — Antenna 1 Antenna 2 — Antenna 3 Antenna 4

S-parameters [dB]

2.2 24 2.6 28 3.0 3.2 34 36 3.8 4.0 4.2
Frequency [GHZ]

Figure 4-2: Return losses of antennas at different value of W,

We can observed that, resonant frequency changes by the height of the triangular and
the optimum return loss is at W, =6mm for this particular design with the same

bandwidth.
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Table 4-1: Triangular slot loading effects on antenna parameters

Antenna W, mm Resonant S11 BW

frequency(GHz) | (dB) | (MHz)

at 10

dB

Without 0 3.022 -24.26 50
slot

Antenna 4 2.98 -30.89 50
1

Antenna 6 2.93 -36.31 50
2

Antenna 8 2.86 -19.81 30
3

Antenna 10 2.74 -12.44 20
4

4.3 Improvement Return loss, VSWR and Bandwidth in Circular

Patch Antenna
In this study, three cases will be considered to reduce the return loss and VSWR and
to improve the bandwidth of the proposed circular patch antenna by using FEKO

software. The patch is placed on a substrate of thickness h=2.87 mm and permittivity
&, =5.8. The size of the ground plane is considered infinity, as shown in Figure 4.3.

The radius of the proposed patch is kept at 11.8 mm. VSWR and return loss values
are presented in Figures 4.4 and 4.5 respectively. This design is fed by a coaxial
cable at the point (1.5, 8.282) mm from the ground to the patch and this point was

keep constant in the same position in all cases.
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Figure 4-3: Proposed circular patch antenna
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Figure 4-4: S-parameters of proposed circular patch antenna
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VSWR

84 8.5 8.6 8.7 8.8 8.9 9.0 9.1 9.2

Frequency [GHZ]
Figure 4-5: VSWR of proposed circular patch antenna

4.3.1 Case I: Annular Slot Patch Antenna
Considering the antenna in the previous section, the effect of the inner radius of the
microstrip antenna will be investigated in this case at the radius 5 mm [24]. Figure

4.6 shows the geometry of the antenna.

Figure 4-6: Annular microstrip patch antenna [24]
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The value of the return loss will be reduced in this part up to 27.16 dB, as shown in

Figure 4.7.
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Figure 4-7: S-parameters of annular patch antenna

In addition, the value of VSWR will be improved to (1.05) as shown in Figure 4.8.
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Figure 4-8: VSWR of annular patch antenna
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4.3.2 Case II: Inner Circular Slots Ring Shaped (cross shape within the ring)
In this section a multi circular slot had been cut from the patch as shown in Figure
4.9. Each slot has a radius of 1 mm, where the slots are arranged as a ring with cross

shape inside the patch.

Figure 4-9: Inner circular slots a ring shape with cross shape within the ring

Figures 4.10 and 4.11 shows the return loss and VSWR, which they have values of

27.29 dB and 1.06 respectively.
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— Reflection coefficient

S-parameters [dB]
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Figure 4-10: S-parameters of inner circular slots in a ring shape (with cross within

the ring)
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Figure 4-11: VSWR of inner circular slots in a ring shape (with cross within the ring)

4.3.3 Case Il1: Inner Circular Slots in a Square Shape
The same design in Figure 4.9 will be repeated, but in this case, the circular slots will

be represented as a square shape inside the circular patch as shown in Figure 4.12.
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Figure 4-12: Inner circular slots in a square shape

Return loss and VSWR are reduced when compared to the results of proposed

antenna as shown in Figures 4.13 and 4.14 respectively.
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Figure 4-13: S-parameters of inner circular slots with a square shape
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Figure 4-14: VSWR of inner circular slots with a square shape
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At resonant frequency of 8.73 GHz, return loss is 28.42 dB, while the VSWR value

at the same resonant frequency is 1.04.

All the results for the cases above are shown in Table 4.2.

Table 4-2: Improvement in the return loss, VSWR and bandwidth for different cases

Case Resonant S-parameter | VSWR | BW
frequency (dB) (MH2)
(GHz)

Proposed 8.75 -24.73 1.09 200

antenna
Case | 8.77 -27.16 1.05 210
Case Il 8.77 -27.29 1.06 220
Case 111 8.73 -28.42 1.04 210

It is observed that from the above table, the maximum bandwidth was achieved in
case I, which is equal to 220 MHz and both the return loss and voltage standing
wave ratio were improved in case Il which are equal to 28.42 dB and 1.04
respectively.

4.4 Rectangular Aperture Coupled Antenna and Gain Improvement

in Wireless Applications.
Rectangular aperture coupled antenna is investigated as shown in the Figures 4.15
and 4.16 with resonant frequency at 2.21 GHz. The parametric analysis is done for
each variable, antenna was simulated by FEKO software, with the evaluation of
various parameters’ effects on the optimization of design. The parameters are

analyzed one by one, with the particular effect on antenna performance
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Patch

Microstrip feed line J
Figure 4-15: Substrate parameters of rectangular aperture coupled antenna [25]

Patch
Slot

Microstrip line feed

Figure 4-16: Rectangular slot aperture coupled antenna [25]

All the dimensions are explored in Table 4.3 [25].
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Table 4-3: Design parameters of rectangular slot aperture coupled antenna

Design parameter value
L, = Length of the patch 30 mm
W , = Width of the patch 40 mm
w ,, = Rectangular aperture width 1.55 mm
L., = Rectangular aperture length 12 mm
L,= Length of the feed line 50 mm
W, = Width of the feed line 4.42 mm
L,, = distance between the center of slot 16 mm
and the edge of feed line
¢,,= Dielectric constant of the first 3.38
substrate
d, = Thickness of the first substrate 2.5mm
¢,,= Dielectric constant of the second 2.54
substrate
d, = Thickness of the second substrate 1.6 mm
Ground width 68 mm
Ground length 68 mm

4.4.1 Effect of Rectangular Aperture Width (w ) in Microstrip Antenna

The effect of the rectangular aperture is tested in this section by taking three different

values of w,; as shown in Figure 4.17.
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Figure 4-17: S-parameters at different values w

Return losses for each rectangular aperture width is listed as show in Table 4.4.

Table 4-4: Results at different values of w -

w,, mm | Resonant S11 (dB)
frequency
(GHz)
0.55 2.32 -15.68
155 231 -42.17
2.55 231 -28.02

4.4.2 Effect of Rectangular Aperture Length (L,,) in Microstrip Antenna

The second important parameter in rectangular aperture antenna is the length which

is studied by selecting three different values and keeping the value of width fixed at

1.55 mm. Figure 4.18 and Table 4.5 shows all the results computed for this case.
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Figure 4-18: S-parameters at different values of L

Table 4-5: Results at different values of Lap

L., mm | Resonant S11 (dB)
frequency
(GHz)
11 2.33 -17.73
12 2.31 -42.17
13 2.30 -22.13

It can be concluded from the results obtained in the above table that, by increasing

the length of rectangular aperture, the resonant frequency will be decreased [26].

4.4.3 Effect of Length Stub (L,,) in Microstrip Antenna

L., represents the distance between the center of slot and the edge of feed line. By

L,=12mm
L,=13mm
1.0 1.5 2.0 2.5 35
Frequency [GHz]

keeping the length and the width of the slot constant at 12 mm, 1.55 mm respectively

and varying L, value of the rectangular slot, S11 is obtained and resonant frequency

values are shown in Table 4.6.
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Figure 4-19: S-parameters at different values of L

Table 4-6: Results at different values of L,

L. mm | Resonant S11(dB)
frequency
(GHz)
15 2.31 -33.46
16 2.30 -42.17
17 2.31 -38.60

4.4.4 Gain Improvement by using Different Shapes of Aperture Slot Antenna

In this section, new loads of aperture slots have been proposed to improve the
performance of the antenna. i.e. the gain. One of the disadvantages of the patch
antenna is surface waves which are undesirable. During the radiation from the
radiating patch antenna, part of the total available radiated power becomes trapped

on the surface of the substrate.
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An increase in the side lobe level, limitations in gain and efficiency, increase in cross
polarization and limited bandwidth are the main disadvantages of surface waves.
Defected ground structures with different shapes are used to increase the value of the

gain. The gain of a rectangular aperture at four values of frequencies are shown in

Figure 4.20.

— Gainat 211 GHz — Gain at 2.25 GHz Gain at 2.38 GH=z

w
L
R

-

#*

180
Figure 4-20: Gain values for rectangular slot shape in x-y plane
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4.4.4.1 Phi-Shape Slot
In this section Phi-Shape cut will be considered from the ground plane as shown in
Figure 4.21. Gain was studied at frequencies 2.11 GHz, 2.25 GHz and 2.38 GHz as

shown in Figure 4.23.

Figure 4-21: Phi-shape slot
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Figure 4-23: Gain values for Phi-shape slot in x-y plane
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4.4.4.2 C-Shape Slot
The second shape cut from the ground plane is C-Shape, which consists of two
opposite C-shaped halves having a length equal to 12.275 mm and width equal to

2.275 mm as shown in Figure 4.24.

The gain was calculated as shown in Figure 4.26.

Figure 4-24: C-shape slot
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Figure 4-26: Gain value for C-shaped slot in x-y plane
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4.4.4.3 Plus-Shape Slot
Gain at frequencies 2.11, 2.25 GHz and 2.38 GHz was achieved by using the Plus-
Shape slot. The structure of the slot is explained clearly in Figure 4.27. Figure 4.29

shows the value of the gain at each frequency.

Figure 4-27: Plus-shaped slot
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All the results are listed in the Table 4.7:

Table 4-7: Gain at different shapes of ground aperture

Rectangular slot | Frequency (GHz) 2.11 2.25 2.38
Gain (dB) 2.4 4 2.7

Phi-shape slot Frequency (GHz) 2.11 2.25 2.38
Gain (dB) 4.3 3.6 2.5

C-shape slot Frequency (GHz) 2.11 2.25 2.38
Gain (dB) 4.2 3.6 2.2

Plus-shape slot Frequency (GHz) 2.11 2.25 2.38
Gain (dB) 0.1 4.2 2.8

It is observed that, the maximum gain at frequency 2.11 GHz was obtained by using
phi-shape slot which is equal to 4.3 dB, while the maximum gain at 2.25 GHz and
2.38 GHz were achieved by using plus-shape slot which are equal to 4.2 and 2.8

respectively.
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Chapter 5

PATCH ARRAY ANTENNA

This technological trend has focused much effort into the design of a microstrip
patch antenna. The objective of this study is to design, and simulate an inset fed
rectangular microstrip patch antenna based on FEKO software with four element
array. Patch array, consists of a number of patch elements which are combined with

transmission lines to improve the performance of the antenna.

Yahya S. H. Khraisat (January, 2012) designed a 4 element rectangular microstrip
patch antenna with high gain for 2.4 GHz applications [27]. In the beginning, he set
the antenna as a single patch, and after checked the results for antenna features; such
as return losses and gain, he turned it to 2 X 1 array. Finally, 4 X 1 array was
designed to have better antenna performance at element distances equal to24. All

the results of literature study are shown as in the Table 5.1.

Table 5-1: Literature results of a single patch, (2 X 1) array patch and (4 X 1) array

patch at 2.4 GHz
Case S-parameter (dB) Gain (dB)
Single -16.624 5.1877
2X1 array -9.5 9.186
4X1 array -22 13.2
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5.1 Analysis and Design of a Single Microstrip Patch Antenna

In this thesis, a new designs is suggested for at 2 GHz applications. The element
distances are reduced to 0.724. Figure 5.1 shows that the single patch at 2 GHz,

Transmission Line model is used to analyze the patch antenna which was designed
by using FEKO software with dimensions (L X W), the Relative permittivity (¢&,)
and substrate thickness (h). The infinity ground plane is applied in this design.

Microstrip line inset feed L, XW, is used to excite the antenna. Table 5.2 shows all

design parameters.

Table 5-2: Single patch antenna design parameters

Parameter Value
Operating frequency  (f,) 2 GHz
Patch width (W) 59.29 mm
Patch length (L) 49.78 mm
Feed line width W) 4.977 mm
Feed line length (L) 30 mm
Relative permittivity (&,) 2.2
Substarte thickness  (h) 1.65 mm
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Figure 5-1: Single patch antenna at 2 GHz in FEKO

From the output results of a single patch antenna, the value of a return loss at 2.01
GHz is -8.70 dB and the gain is 7.1 dB.

5.2 Patch Array (2 X 1)

In this case, two elements of patch antenna were used to improve the radiation
parameters as shown in Figure 5.2. A transmission line is used to connect the patches

as a network.
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Figure 5-2: Patch array (2 X 1) in FEKO

It is possible to observe that the value of the return loss is reduced to -26.78 dB at 2

GHz and the antenna gain is improved by 3.2dB.
5.3 Patch Array (4X 1)

Finally, four element array was used as shown in Figure 5-3.

Figure 5-3: Patch array (4 x 1) in FEKO
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Quarter wave transformer is used for matching the impedance between the

transmission lines which have the length equal to (/Ig /4), the impedance of this

transformer can be calculate by Equation 5.1:

z.=2.2, (5.1)

The width of microstrip line can be calculated using Equations 5.2-5-4 shown below:

z -0 |n(8H W )Q itV o<q (5.2)
Je. \w 4H L
z 1207 v ! v o itV (53
Je. (Hj+1.393+0.667ln(H+1.444j L

g +1 g -1 (5.4)

r

T2 +zﬂ/1+(10HN\/)

It can be observed from Figure 5.4 that, the return loss reduces gradually by

increasing the number of patch elements, all the results are shown in Table 5.3.
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Figure 5-4: S-parameters of a single patch, (2 X 1) patch array and (4 X 1) patch
array

A significant improvement was observed in the gain for 4X1 array elements as
shown by Figure 5.5. The gain is improved from 7.1dB to 13.1dB and the return loss

becomes -29.94 at 2 GHz. The results are summarized by Table 5.3.
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Figure 5-5: Antenna gain of single patch, (2 X 1) array patch and (4 X 1) array patch
in x-y plane

Table 5-3: Summary results of a single patch, (2 X 1) array patch and (4 X 1) array

patch at 2 GHz
Case Resonant S-parameter Gain (dB)
frequency (GHz) (dB)
Single 2.01 -8.70 7.1
2 X 1 array 2 -26.78 10.3
4 X 1 array 2 -29.94 13.1

Figures 5.6-5.8 demonstrates the 3D electric field patterns. The increase in the
directivity of the pattern can be observed when the number of elements were

increased.
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Figure 5-6: 3-D Radiation pattern of a single patch antenna

Figure 5-7: 3-D Radiation pattern of (2 X 1) array patch antenna
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Figure 5-8: 3-D Radiation pattern of (4 X 1) array patch antenna
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Chapter 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

In this thesis, microstrip patch antennas have been simulated in different structures
by using FEKO software. The effective dielectric constant concept has been
introduced, was simulated for different patch antenna structures. The resonant
frequencies, for a single and multi-substrate layers and different patch geometries
(circular, triangular and square) have been calculated based on the FEKO simulation
results and compared with the published results.

For study and improve the antenna performance, slot antennas were proposed. They
can be cut out of whatever surface they are to be mounted on. Triangular and square
shaped slot antenna were stimulated by FEKO, and after the evaluation, it can
observed that, the slot size was affected the value of effective permittivity, which
was close to the published result for the triangular slot.

The resonance frequency of a rectangular patch antenna decreased gradually when
the height of the triangular slot loading area at the one edge of radiating patch was
increased because the current was lengthen which forced the current lines to bend.
Also, different slot structures were applied inside the circular patch to improve the
return loss, voltage standing wave ratio and the bandwidth. It was observed that the
maximum bandwidth was 220 MHz and the return loss, voltage standing wave ratio
(VSWR) was improved to -28.42 dB and 1.04 respectively as the maximum values

compared to the conventional antenna.

93



Defected ground structure (DGS) is a technique used to solve the surface wave
problem. In a rectangular patch antenna, four shapes of ground apertures
(rectangular, phi-shape, c-shape and plus-shape) were considered to improve the
gain. It was noted that the maximum values of gain are (4.3, 4.2 and 2.8) dB at
resonant frequencies (2.11, 2.25 and 2.38) GHz respectively.

Due to the importance of the feed positions and types on the performance of
antennas, FEKO was used to simulate two rectangular patch antennas with two types
of feeding (coaxial cable and microstrip line feed). Single and dual band of
frequencies were achieved in both cases at different feed positions.

Patch array is a topology used to increase the gain. In this thesis rectangular patch
antenna was designed at 2 GHz based transmission line model, initially single patch
element was simulated by FEKO software and the value of the gain at this time 7.1
dB, after it was transformed to 2X1 patch array and 10.3 dB was achieved. Finally
the maximum value of the gain was realized in 4X1 patch array which was equal to
13.1 dB. It is concluded that the gain value increases when the number of patch
elements is increased due to an increase in the electrical size of the antenna. Also, it
is observed that in the study the value of return loss was improved gradually by

increasing the patch elements up to -29.94 dB.
6.2 Future Work

In future work, new designs of triangular and circular patches array will be simulated
and compared with the proposed design of rectangular patch array in this thesis to

show the effects on the gain, bandwidth, return loss and other radiation parameters.
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Appendix A: Band designations (Approximate)

Medium frequency 300 KHz to 3 MHz
High frequency (HF) 3 MHz to 30 MHz
Very high frequency (VHF) 30 MHz to 300 MHz
Ultra high frequency (UHF) 300 MHz to 3 GHz
L band 1-2 GHz
S band 2-4 GHz
C band 4-8 GHz
X band 8-12 GHz
Ku band 12-18 GHz
K band 18-26 GHz
Ka band 26-40 GHz
U band 40-60 GHz
V band 50-75 GHz
E band 60-90 GHz
W band 75-110 GHz
F band 90-140 GHz

101




Appendix B: Roots Derivatives of Bessel functions

m\n n=1 n=2 n=3 n=4 n=5
m=0 3.8317 7.0155 10.1734 13.3236 16.4706
m=1 1.8411 5.3314 8.5363 11.7060 14.8635
m=2 3.0542 6.7061 9.9694 13.1703 16.3475
m=3 4.2011 8.0152 11.3459 14.5858 17.7887
m=4 5.3175 9.2823 12.6819 15.9641 19.1960
m=5 6.4156 10.5198 13.9871 17.3128 20.5755
m=6 7.5012 11.7349 15.2681 18.6374 21.9317
m=7 8.5778 12.9323 16.5293 19.9418 23.2680
m=8 9.6474 4.1155 17.7740 21.2290 24.5871
m=9 10.7114 15.2867 19.0045 22.5013 25.8912
m=10 11.7708 16.4478 20.2230 23.7607 27.1820
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