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Abstract

In this thesis a parametric study of various broadband microstrip patch antennas and a
dual band patch antenna is investigated. The broadband patch antennas studied in this
thesis are: a rectangular microstrip patch antenna with a U—shaped slot, a rectangular
microstrip patch antenna with a circular arc slot, a circular patch antenna with a circular
arc slot and a circular patch antenna with a circular arc slot and L—shaped probe. The
feed for these antennas is a coaxial probe feed. Different parameters such as probe
radius, probe location, substrate height, width of the slot and location of the slot are
considered in the parametric study. The resonance behavior of a rectangular patch
antenna with a U—slot and a rectangular patch antenna with a circular arc slot is also
investigated. The radiation patterns, gain patterns and the return loss of the broadband
antennas are also discussed.

For dual band operation, a new coaxially—fed microstrip patch antenna with two
asymmetric U—shaped slots is discussed in this thesis. Two approximate equations for the
resonant frequencies based on the surface current distribution are presented. The
simulation results of the radiation patterns, gain patterns and the return loss of the antenna
are presented.

In addition, a single U—slot patch antenna, a rectangular microstrip patch antenna with
a circular arc slot, and dual U—slots patch antenna are fabricated and tested in the Antenna
Laboratory at the University of Manitoba. The simulation and experimental results are

then compared.
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Chapter 1

Introduction

1.1 Preface

The concept of microstrip antennas was first introduced by Deschamps as early as
1953 [1]. However, the first practical microstrip antenna was designed by Howell and
Munson in the early 1970’s [2—3]. Since then, extensive research has been devoted to the
study and further development of the concept of microstrip antennas. Microstrip antennas
have many advantages such as light weight, low volume, low profile, low cost and
compatibility with integrated circuits. The advantages of microstrip antennas make them
popular in many applications that require a low profile and light weight antenna. Some of
these applications are in mobile radio, satellite communications, radars, biomedical
radiators and reflector feeds. They can be made very thin and easily mounted on missiles,
rockets and satellites. However, microstrip antennas also have some disadvantages
compared to conventional microwave antennas such as narrow bandwidth, high loss,
limitations on the maximum gain and lower power handling capability [4].

Microstrip patch antennas come in many different shapes such as rectangular, square,
circular and ring configuration. The rectangular patch is the most commonly used
microstrip antenna. It is characterized by its length and width. The far field radiation
pattern, resonance frequency, input impedance and bandwidth of rectangular microstrip
patch antennas are well documented and reported in [5, 6]. The other configuration that is

widely used is the circular microstrip patch antenna. The geometry of the circular patch is



characterized by the radius of the patch. The expression for the far field radiation pattern,
resonance frequency, input impedance and bandwidth of the circular patch antenna have
also been documented and reported by Bahl and Bhartia [4] and Shafai and Antoskiewicz
[7]. The annular ring patch antenna was first studied by Bergman and Schultz [8]. It has
been shown that the annular ring patch antenna can be used in medical applications [9].

For many practical designs, the advantages of microstrip antennas far outweigh their
disadvantages. Due to the increasing demand for these antennas, many efforts have been
made to reduce their disadvantages. The narrow bandwidth of the microstrip antenna is a
major obstacle for using it in today’s communication systems. During the last decade, an
extensive amount of research has been devoted to bandwidth—widening techniques of
microstrip antennas. The use of parasitic patches either in another layer of a stacked
geometry [10] or in the same layer of a coplanar geometry [11] has been suggested to
increase the bandwidth of microstrip antenna. However, the stacked geometry has the
disadvantage of increasing the thickness of the antenna while the coplanar geometry has
the disadvantage of increasing the lateral size of the antenna. Therefore, it would be very
beneficial if a single—layer single—patch broadband microstrip patch antenna could be
developed.

Recently, Huynh and Lee presented an experimental study of a new kind of broadband
microstrip patch antenna with a U—shaped slot, in which two different but close resonant
frequencies in a single patch are combined to give a wideband operation [12]. The first
resonance is assumed to be generated by the microstrip patch, while the second one by the
U-—shaped slot. This single—layer single—patch wideband microstrip antenna maintains

the thin profile and small size characteristics. Bandwidths in the range of 30% are



obtained using the single layer probe fed patch antenna with a U—shaped slot. Even
though the wideband characteristics of a microstrip patch antenna with a single U—shaped
slot has been confirmed by many published results [12—22], no information is provided
on the resonance behavior of this antenna, which is the essential point in obtaining the
wideband operation of this antenna.

In this study, the resonance behavior of the microstrip patch antenna with a single U—
shaped slot is studied. Two approximate equations for the resonance frequencies are
derived based on the surface current distribution analysis. Along with the microstrip
patch antenna with a single U—shaped slot, the design of microstrip patch with dual U

slots is also given which provides dual band operation.

1.2 Objective of the thesis

The purpose of this research is to study various types of broadband patch antennas and
a dual band microstrip patch antenna. The resonance behavior of the microstrip patch
antenna with a single U-shaped slot is studied. Two approximate equations for the
operating frequencies are derived based upon the analyses of the surface current
distribution on the patch. These equations are used to compute the resonance frequencies
of the microstrip patch antenna with a single U—shaped slot. The computed results are
compared with the simulated results of moment method solution using the Ansoft
ENSEMBLE software and they are found to be accurate within 5%.

A new type of broadband rectangular microstrip patch antenna with a circular arc
shaped slot is also studied in this thesis. A parametric study is performed on this
rectangular microstrip patch with a circular arc slot. This thesis also investigates the

3



properties of another new type of circular microstrip patch antenna with a circular arc
shaped slot. Through the parametric study, it is found that the rectangular microstrip
patch with a circular arc shaped slot has wideband characteristics, while the bandwidth of
the circular microstrip patch with a circular arc shaped slot is slightly lower. The
resonance properties of the rectangular microstrip patch with a circular arc slot are also
investigated. Based upon the surface current distribution analyses, two equations are
proposed for the resonance frequencies of this antenna. The accuracy of the proposed
equations is justified by small percentage errors.

Another new type of broadband circular microstrip patch antenna with a circular arc
shaped slot and L—shaped probe is studied. Earlier it has been shown that a circular
microstrip patch antenna with a L—shaped probe has a bandwidth of 24% [23]. By cutting
a U—shaped slot on the circular patch with L—probe feeding, the bandwidth increases to
38% with a gain value of 6.8 dBi [24]. In this thesis, it is demonstrated that this new
broadband circular microstrip patch antenna with a circular arc shaped slot and L—probe
feeding provides a bandwidth of 40% and a higher gain value of 9.0 dBi. Therefore, the
new broadband circular patch antenna with a circular arc slot and L-probe feeding gives
better results from both the high bandwidth and high gain standpoint.

For dual band operation, a new coaxially—fed microstrip patch antenna with two
asymmetric U—shaped slots is discussed in this thesis. The optimum ratio of the two
frequencies is found to be £ / fi = 1.57. Two approximate equations for the resonant
frequencies based on the surface current distribution are presented. The computed results
of the resonance frequencies using the proposed equations are compared with the

simulated results of the Ansoft ENSEMBLE software. The two proposed equations are



accurate within 2.3%.

1.3 Thesis Outline

This thesis is organized into different sections in order to give the reader a better
understanding of the work done. Chapter | gives an introduction to microstrip antennas,
the objective of the thesis and an outline of the thesis. In Chapter 2, the background
theory of rectangular microstrip patch antenna and circular microstrip patch antenna is
discussed. This chapter also covers the different types of broadband patch antennas.
Chapter 3 discusses the simulation results of the different applications of the broadband
patch antennas such as a rectangular microstrip patch with a single U—shaped slot, a
rectangular microstrip patch antenna with a circular arc shaped slot, a circular microstrip
patch antenna with a circular arc shaped slot and a circular microstrip patch antenna with
a circular arc shaped slot and [.—shaped probe. The parametric study of these antennas is
also presented in Chapter 3. In Chapter 4, the simulation results of the rectangular
microstrip patch antenna with dual U—shaped slots are discussed. Chapter 5 covers the
experimental results of the fabricated antennas measured in the Anechoic Chamber
Antenna Laboratory at the University of Manitoba. Finally, a conclusion of the thesis is

given in Chapter 6.



Chapter 2

Background Theory

2.1 Introduction

Microstrip patch antenna is a type of open wave guiding structure, which consists of a
radiating patch on one side of a dielectric substrate and a ground plane on the other side
[4]. The radiating patch may be rectangular, square, circular, ring, elliptical, triangular or
any other shape. Rectangular, square and circular shapes are the most common because
of their radiation characteristics with low cross—polarization and ease of analysis and
fabrication. Linear and circular polarizations can be achieved with either single elements
or arrays of microstrip antennas [4]. This chapter covers the background theory of both

rectangular and circular microstrip patch antennas.

2.2 Rectangular microstrip patch antenna
The geometry of a rectangular microstrip patch antenna is shown in Figure 2.1. A
rectangular patch of dimensions L x W is separated from the ground plane with a

dielectric substrate with dielectric constant &, and height A. A rectangular patch antenna
can be considered to be an open—ended section of transmission line of length L and width

W. A rectangular patch antenna behaves as a one—dimensional resonator, and its width #

at resonance is equal to one half wavelength, 1/2A.s. A coaxial probe is used to feed the

rectangular patch, as shown in Figure 1. In this feeding method, the center conductor of a



coaxial probe is connected to the patch [25].
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Figure 2.1: Geometry of a rectangular microstrip patch antenna.

For small A, the electric field under the patch is normal to the patch (vertical E), as

shown in Figure 2.2. The fringing fields at the two open ends are accounted for by adding

equivalent lengths AL at both ends. The expression for AL is given in equation 2.1 [25].
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Figure 2.2: Patch enlargement due to Fringing Fields.



The parameter €. in equation 2.1 is the effective dielectric constant of the dielectric

substrate, which is given by equation 2.2 [25].

—_ =1
o 2 leF (e 1)(1+10-h)—2— 2.2)

¢ 2 2 W

For a rectangular patch, the first resonance occurs when the effective length of the
patch L. shown in Figure 2.3 is equal to L. = A,/2. The effective length of the patch is
obtained from the patch enlargement due to fringing fields and is equal to L. =L + 2 AL.

As a result, Ay =2 (L + 2 AL), where A; = A,/ Ve. and A, = c / f{25]. Consequently, an

equation for the resonance frequency can be written and is shown in equation 2.3 [25].

c_ - ¢ c=velocity of light (2.3)

fr= (A,Ve,) (2(L+2AL)Ve,)

Feed

Figure 2.3: Rectangular patch effective length.



The bandwidth of a microstrip patch antenna is the range of frequencies within which
the performance of the antenna conforms to a specific standard [26]. In the case of the
microstrip patch antenna, the bandwidth is usually the variation of impedance, which
limits the standard of performance. If the antenna impedance is matched to the
transmission line at resonance, the mismatch off resonance is related to the VSWR. The
specified value of the VSWR then defines the bandwidth of the microstrip patch antenna.
For VSWR < §, the usable bandwidth of a microstrip patch antenna is given by equation

2.4 [26].

Bandwidth = loo(i‘—ll (2.4)
(Q,Vs)

The quality factor O, in equation 2.4 is defined as the ratio of the resonance frequency

/- of the antenna and the frequency band Af over which the reflected power is not more
than one ninth (VSWR < 2) of that absorbed at resonance. An expression for quality
factor @, is given in equation 2.5 {26].

f
— r 2.5
0, ——( A7) (2.5)

The total radiated fields of a rectangular microstrip patch antenna, shown in Figure 2.3,
can be found by treating the patch, ground plane and the dielectric substrate as a cavity.
The field equations of a rectangular microstrip patch antenna are given by equations (2.6)

and (2.7). These far field equations are obtained using the cavity model [26].

JEWV e__j::e,'(xw Y+Z)]COS (d))[cos(x)W] (2.6)

™ r

E,=|[




jkwo E‘zej(x-#l'-bZ)]cos(s) sin(¢)[cos(X) (SinY(Y))] (2.7)

E =
"’[rrr

The variable V. in equations 2.6 and 2.7 is the applied voltage at the feed and the

expressions for variables X, Y, Z are given by the following equations [26]

X= k—lzi‘—sin(s)cos(cb) 2.8)
Y = k%’-sin(S)sin(cp) (2.9)
zZ= k—;-cos(9) (2.10)

2.3 Circular microstrip patch antenna

Other than the rectangular patch, the next popular configuration that is most commonly
used is the circular microstrip patch antenna. It has received much attention not only as a
single element, but also in arrays. The geometry of the circular microstrip patch antenna
is shown in Figure 2.4. The circular patch is characterized by its radius R [26].
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Figure 2.4: Geometry of a circular microstrip patch antenna.
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As with a rectangular patch, the modes that are supported by a circular patch with

small substrate height (h << A) are TM* modes with z being perpendicular to the circular
patch. The resonant frequencies of a circular microstrip patch antenna for the TM?% g0

modes can be written as follows [26]:

an
R

_ 1
(f o 2rvae) ) 2.11)

In equation 2.11, ) = represents the zeros of the derivative of the Bessel function J.(x)

and they determine the order of the resonant frequencies. The first four values of X . are

[26]
X, = 1.8412
X,, = 3.0542
: (2.12)
X, = 3.8318
X, = 4.2012

Based on the values of ) . , the first four modes are TM? 0 , TM%10 , TM010 , and
TM?, [26]. The dominant mode of the circular microstrip patch antenna is the TM? o

whose resonant frequency can be written as [26]

(fr)lm: 1.8412 = 1.8412-¢ , c=velocity of light (2.13)
(2 RVue) (ZT'I’R\[G—r)

The resonant frequency of equation 2.13 does not take the fringing fields into account.
As was shown for a rectangular patch, the fringing fields make the patch look slightly
larger and a length correction factor was used to take the fringing fields into account.
Similarly, for the circular microstrip patch a correction factor is introduced for the
effective radius R, to replace the actual radius R in equation 2.13. The expression for R.
in terms of the antenna parameters is given equation 2.14 [26].
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R = R[1+ 2-h [In( Tr'R)+1.7725]} (2.14)
¢ ( Re,) (2-h)

Hence, the resonant frequency in equation 2.13 of the circular microstrip patch antenna

for the dominant mode TM? o becomes [26]

1.8412-c
(f ) 1o = ———=—=—, c=velocity of light (2.15)
110 (2R, [—)

As discussed earlier, the bandwidth of a microstrip patch antenna is considered to be
the range of frequencies within which the performance of the antenna conforms to a
specific standard. For a circular microstrip patch antenna, the bandwidth of the antenna is
limited by its impedance. If the antenna impedance is matched to the transmission line at
resonance, the mismatch off resonance is related to the VSWR. The bandwidth of the
microstrip patch antenna is then defined by the acceptable value of the VSWR [26]. The

bandwidth of a circular microstrip patch antenna for VSWR < S is given by equation 2.16

. (s—1) /. (2.16)
Bandwidth = 100 ~——== \[_) ,Q, = a7

where QO is the quality factor [26].

As with the rectangular patch, the total radiated fields of a circular microstrip patch
antenna can be found by treating the patch, ground plane and the dielectric substrate as a
cavity [26]. Using the cavity model, the radiated far field equations for a circular
microstrip patch antenna operating in the dominant mode TM?;, can be written as
follows

E =0 (2.17)
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r
Joo = Jo (ko R,sin(9)) — J,(k, R, sin(9)) (2.20)
Joo = Jo(ky R_sin(9)) + J,(k, R,sin(9)) | .21)

where R. is the effective radius of the circular patch and V, = hE,Ji(kR.) is the edge
voltage at ¢ = 0° [26].
The fields in the principle planes are reduced to

E—plane (¢ = 0°, 180°, 0° <0 < 90°) [26]

(K, R, Voe_j )
=—J

s 2r

(T2} (2.35)

E =0 (2.36)

E,=0 Q.37

k,R Ve ™"
E¢=j( 2 ezoe ){cos(S)Joz} (2.38)
-

2.4 Broadband and dual band microstrip patch antennas

The major drawback of the conventional microstrip patch antennas (rectangular and
circular patch antennas) is their narrow bandwidth. A technique used to widen the

bandwidth of resonant circuits is to couple several resonators with very close resonance
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frequencies. In order to understand the role of coupled resonators to enhance the
bandwidth, an equivalent circuit can be used, as shown in Figure 2.5. This circuit consists
of two coupled parallel resonant circuits, standing for two patches or one patch and a slot.
Each resonant circuit has its own resonance frequencies and bandwidth. If these two
resonance frequencies are close enough to each other, the total circuit seems to have a
bandwidth equal to the sum of the two individual ones. However, if these two resonance

frequencies are far apart from each other, then a dual band operation can be obtained [27].

M

/2

h A

Figure 2.5: Equivalent circuit to model two coupled resonators.

One way of improving the bandwidth of a microstrip patch antenna to 10 — 20% is to
use parasitic elements in the same layer [11]. In this coplanar geometry, the parasitic

elements (dipoles) are placed next to the main radiating patch with slightly different
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lengths, as shown in Figure 2.6. The side parasitic elements are excited by coupling from
the main radiating patch. The parasitic elements must be placed symmetrical on both
sides of the central patch so that the radiation maximum is normal to the antenna plane
and the crosspolarization level is low [27]. The parasitic elements and the main radiating
patch resonate at different frequencies that are very close to each other and they merge

together to increase the bandwidth of the antenna.

h3l_

Figure 2.6: Geometry of a patch antenna with parasitic elements.

Even if bandwidth enhancement of a microstrip patch antenna can be achieved with
the coplanar geometry, this geometry has many disadvantages. The coplanar geometry
increases the lateral size of the antenna, hence increasing the cost of the antenna and
making the fabrication process more difficult.

Another way of increasing the bandwidth of the microstrip patch antenna is to use two
or more electromagnetically coupled patches that are placed on top of one another or

stacked [10]. Figure 2.7 shows the geometry of stacked microstrip patches used to
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increase the bandwidth. Because the surroundings of the two microstrip patches in a
stacked geometry are slightly different, the resonant frequencies of the two patches are
also slightly different, and they merge together to increase the frequency bandwidth. One
can select different sizes of the two patches to increase the frequency bandwidth or to
obtain dual band operation of the antenna [27]. In the stacked configuration, the lower
patch 1s fed using one of the feeding methods, while the upper patch is
electromagnetically coupled. The bandwidth of a microstrip patch antenna can also be
increased by increasing the thickness of the double—layer structure or the single—layer
geometry. However, the use of the thicker substrate leads to the excitation of the surface

waves, which in not desired [27].

hl { srl
h, €,

Figure 2.7 : Geometry of a stacked microstrip patch antenna.

Nevertheless, the stacked geometry has the disadvantage of increasing the thickness of
the antenna and the coplanar geometry has the disadvantage of increasing the size of the
antenna. Therefore, it would be of considerable interest if a single-layer single—patch
wideband microstrip antenna could be designed. Such a microstrip antenna would still

have its thin profile characteristics.
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Lately, an experimental study was done on a new kind of broadband microstrip patch
antenna with a U—shaped slot by Huynh and Lee [12]. In this single—layer single—patch
microstrip antenna two different but close resonant frequencies are combined to a give a
wideband operation [12]. Based on an assumption, it is presumed that the first resonance
is generated by the microstrip patch, while the second resonance is excited by the U—
shaped slot. This single—layer single—patch wideband microstrip antenna maintains its
thin profile and small size characteristics. It has been confirmed by many published
results that the bandwidths in the range of 30% can be obtained with the microstrip patch
antenna with a U—shaped slot [12—22]. Even if the wideband characteristics of a
microstrip patch antenna with a single U—shaped slot has been confirmed by many
published results, no information is given on the resonance behavior of this antenna,
which is the key point in obtaining the wideband operation of this antenna.

In the present work, the resonance behavior of the microstrip patch antenna with a
single U—shaped slot is studied extensively. Two approximate equations for the
resonance frequencies of the microstrip patch antenna with a single U—shaped slot are
derived based on the surface current distribution analysis, which will be discussed in the
next chapter along with other applications of broadband patch antennas and a dual band

patch antenna.

2.5 Summary

In this chapter the background theory of a rectangular microstrip patch and a circular
microstrip patch antenna was given. The formulas for the resonant frequency, input

impedance, impedance bandwidth, quality factor and far field radiation were discussed for
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both the rectangular patch and the circular patch microstrip antennas.

The background theory behind the broadband patch antennas was also discussed.
Different ways of increasing the bandwidth of a conventional microstrip patch antenna
were described; these are the use of coplanar geometry or stacked geometry. It was
shown that the coplanar geometry has the disadvantage of increasing the size of the
antenna while the stacked geometry increases the volume of the antenna. As opposed to
the coplanar and stacked geometry, a single—layer single—patch microstrip antenna with a
single U—shaped slot was introduced. As earlier mentioned, many published papers have
confirmed the wideband characteristics of the microstrip patch antenna with a single U—
shaped slot. However, no information has been provided on how the wideband operation
of this antenna is achieved. This thesis project studies the resonance phenomena of the
rectangular microstrip patch antenna with a U—shaped slot. As well as, some other
broadband microstrip patch antennas and a dual band microstrip patch antennas are

studied.
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Chapter 3
Analysis of different Broadband Microstrip Patch

Antennas

3.1 Introduétion

In this thesis four different single—layer single—patch broadband microstrip antennas
are studied. Since it has already been shown by many published results that the
rectangular microstrip patch with a single-U shaped slot exhibits broadband
characteristics [12—22], it is the first broadband patch antennas which is studied
extensively in this thesis. The simulation results of this antenna for the resonance
frequencies, impedance bandwidth, radiation pattems and surface current components are
discussed in the first section. A bandwidth in the range of 30% can be achieved with this
antenna. Even though many published papers have confirmed the broadband
characteristics of this antenna, no study has been done on its resonance properties. This is
investigated here. Two approximate equations are derived, which are based on the
surface current distribution analysis on the microstrip patch.

A new type of broadband patch antenna is designed by making a significant change to
the rectangular patch with a U-shaped slot. The U—shaped slot is replaced with a circular
arc slot. The resonance frequencies, impedance bandwidth, radiation patterns and surface
current components are presented for the rectangular patch with a circular arc shaped slot.
This broadband patch antenna also provides a bandwidth in the range of 30%.

Approximate equations for its two resonance frequencies are also developed, based on the
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surface current distribution analyses.

The third configuration is obtained by changing the rectangular patch antenna with a
circular arc slot to a circular patch. However, this new antenna does not have very
broadband characteristics, and its bandwidth is limited to about 18%. Its simulation
results are shown and discussed. As a fourth configuration, this chapter discusses the
simulation results of another new type of broadband circular patch antenna with a
circular arc shaped slot and L—shaped probe.  Earlier, it has been shown by Guo, Luk
and Lee that the circular patch antenna with a U—shaped slot and L—shaped probe
demonstrate broadband properties with a bandwidth of 38% and gain of 6.8 dBi [24]. The
new broadband circular patch antenna with a circular arc slot and L—shaped probe has a

higher bandwidth and gain of 40% and 9.0 dBi, respectively.

3.2 Analysis of Antenna 1

Figure 3.1 shows the geometry of Antenna 1, which is the rectangular microstrip patch
antenna with a single U—shaped slot. The rectangular patch of dimensions L x W is
separated from the ground plane with a foam substrate of €. = 1.0006, and the U slot is
located in its center. The location of the U—slot on the patch can be specified by
parameters a and 4. The width and the length of the two arms of the slot are denoted by
W, and L,, while the thickness of the U slot is indicated by the parameter . The
rectangular patch is fed using a 50Q coaxial probe with the inner diameter of 1.27 mm.

The coaxial probe is located slightly below the center of the patch along the y—direction.
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Figure 3.1: Geometry of the microstrip antenna with a single U~shaped slot.

3.2.1 Resonance frequencies and impedance bandwidth

Recently Lee et al. presented an extensive study on the U-slot rectangular patch
antenna [13]. In order to study the characteristics of this antenna, the same dimensions as
given in reference {13] are considered and will be referred to as Antenna 1. A rectangular

patch with dimensions L x W = 35.5 mm x 26 mm is considered, which is separated from

the ground plane with a foam substrate with €. = 1.0006 and thickness of # = 5.0 mm.
The U—shaped slot with dimensions L; x #; = 19.5 mm x 12 mm is placed in the middle
of the patch such that 2 = 3.2 mm and 4 = 3.3 mm. The ground plane is assumed to be
infinite and the patch is fed using a coaxial probe at (x,, y,) = (0 mm, —2 mm) with the
inner probe diameter of 1.27 mm, where (0, 0) is the center of the patch. Extensive
computations are carried out to obtain the characteristics of this antenna.

The two resonance frequencies of Antenna | occur at f; =4.16 GHz and /> = 5.28 GHz;
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thus, the antenna is dual band, as shown in Figure 3.2. By lowering the location of the
U—shaped slot so that a = 4.2 mm and b = 2.3 mm, the first resonance frequency increases
from f; = 4.16 GHz to f; = 4.24 GHz and the second resonance frequency decreases from
f:=5.28 GHz to f; = 5.0 GHz. The simulation results from software Ansoft ENSEMBLE
of this antenna for different locations of the U—shaped slot are shown in Figure 3.2.

(o]

Magnitude of Return Loss (dB)
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== g=42mmandb =23 mm
_20 ) X fi1- t‘ 4 N 1 1 L
3 35 4 45 5 55 6 6.5 7
Frequency (GHz)

Figure 3.2: Return Loss of Antenna 1 for different a and b values with dimensions L =
355, W=26, L =195 W;=12,t=2.1 F=15 h=35.0. All dimensions in mm.

As the U slot is lowered on the patch, the antenna becomes broadband and the —10 dB
bandwidth of the antenna increases to 30.98% and then drops down to 28.33%.
Therefore, the best result for the —10 dB bandwidth is obtained with a = 3.7 mm and 6 =
2.8 mm, where f; =4.2 GHz and ;= 5.16 GHz.

The effect of various values of W, (horizontal arm of the U-shaped slot) on the
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resonance frequencies is investigated next. Figure 3.3 shows that by decreasing the value
of W, from 12 mm to 11.8 mm, the frequency f; stays the same at f; = 4.2 GHz and f
increases from f; = 5.16 GHz to /; = 5.2 GHz. With W, = 12.2 mm, the frequency f; still
occurs at f; = 4.2 GHz, however f; decreases from f; = 5.16 GHz to f; = 5.12 GHz.
According to the results in Figure 3.3, the antenna becomes dual band with the decrease
in W, from 12 mm to 11.8 mm, while the bandwidth is slightly decreased with the
increase in W; from 12 mm to 12.2 mm. Hence, the best value of W, is equal to 12 mm,

where f; =4.2 GHz and /> = 5.16 GHz.

o] T T T T T T

-10}

Magnitude of Return Loss (dB)
i
o

=20}
1 -—= Ws = 11.8 mm
— WE - 12 mm
== Wg = 12.2 mm
-25 1 i ] 1 1 1 1
3 3.5 4 4.5 S 55 6 65 7

Frequency (GHz) ’
Figure 3.3: Return Loss of Antenna 1 for different values of W; with dimensions L = 35.5,

W=26L;=195a=37b=28t=21 F=15 h=235.0. All dimensions in mm.

It is observed that by changing the value of L. (length of the two vertical arms of the
U-slot) from 19.5 mm to 19.0 mm, f; stays the same and f; increases, while the —10 dB

bandwidth decreases. By changing L, from 19.5 mm to 20 mm, f; stays fixed and both f
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and —10 dB bandwidth decrease. From this observation, it can be seen that L; = 19.5 mm
gives better results than the other two values of L;.

Next, some observations are made when the width of the U—shaped slot ¢ is varied.
When the width of the U—shaped slot 7 is decreased from 2.1 mm to 2.0 mm, f; stays the
same and f; is decreased. As ¢ is increased from 2.1 mm to 2.2 mm, f; does not change
and f; increases. From the high bandwidth standpoint, # = 2.1 mm gives the best results.

The effect of different values of W on the resonance frequencies is also studied. The
results are shown in Figure 3.4. As the width of the patch W is decreased from W = 26
mm to 25 mm, f; increases from 4.2 GHz to 4.36 GHz, however f; does not change. The
—10 dB bandwidth seems to decrease from 30.98% to 29.98% as the width of the patch is
decreased. On the other hand, when the width of the patch W is increased from 26 mm to
27 mm, the frequency f; decreases from 4.2GHz to 4.04 GHz and /: is increased from 5.16
GHz to 5.2 GHz, while the —10 dB bandwidth decreases from 30.98% to 10.22%.
Therefore, with the increase in the width of the patch W the frequency f; decreases and the
frequency f; increases slightly. Consequently, the width of the patch W =26 mm is near
the optimal value since it gives the highest value of impedance bandwidth of 30.98%.

Next, the effect of different values of L is considered on the bandwidth of the antenna.
Figure 3.5 shows that when L is changed from 35.5 mm to 37.5 mm, f; stays fixed and f:
decreases slightly. However, the bandwidth decreases slightly and the matching gets
better. From the high bandwidth and good matching standpoint, L = 37.5 mm is chosen

as the best value, where f; =4.2 GHz and f>; = 5.12 GHz.
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Figure 3.4:Return Loss of Antenna 1 for different values of W with dimensions L = 35.5,
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It is observed that by increasing the height of the foam substrate from 2 = 5.0 mm to
5.5 mm and 6.0 mm, both frequencies f; and /> decrease, but the best result of —10 dB
bandwidth of 32.7% is obtained with 2= 5.5 mm, where f; =4.12 GHz and f; = 5.08 GHz.

This is demonstrated in Figure 3.6.
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Figure 3.6: Return Loss of Antenna [ for different values of h with dimensions L = 37.5,
W=26,L, =195 W.=12,a=37b=281t=21 F=15. All dimensions in mm.

3.2.2 Radiation patterns and gain patterns

The E and H plane radiation patterns of Antenna | with the optimal dimensions are
shown in Figure 3.7. Like a simple rectangular patch, the rectangular patch with a single

U-shaped slot also has a broad radiation pattern. Figure 3.7 shows the computed results
of £y and E, in ¢ =0 plane and ¢ = 90 plane at f; = 4.12 GHz. The copolarization results
shown in Figure 3.7 in ¢ = 0 plane and ¢ = 90 plane appear to come from the TMo; mode

since they have a maximum in the broadside direction. The crosspolarization level in ¢ =
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0 plane seems to come from another mode due to the null at @ = 0 and it is below —13 dB.

On the other hand, it is below —35 dB in ¢ = 90 plane for f;, which is very low.

Figure 3.7:(a) Radiation patterns in ¢ = 0 plane of Antenna 1 with optimized dimensions
at f; = 4.12 GHz. (b) Radiation patterns in ¢ = 90 plane of the Antenna 1 with optimized
dimensions at f; = 4.12 GHz.
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The computed results of Ey and E, in ¢ =0 plane and ¢ = 90 plane at f> = 5.08 GHz are

shown in Figure 3.8. Figure 3.8 shows that the crosspolarization level in ¢ = 0 plane for

f» = 5.08 GHz is slightly higher than the crosspolarization level at f; = 4.12 GHz. In

contrast, it is still below —35 dB in ¢ = 90 plane for f> = 5.08 GHz.

®)

Figure 3.8:(a) Radiation patterns in ¢ = 0 plane of Antenna 1 with optimized dimensions
at f = 5.08 GHz. (b) Radiation patterns in ¢ = 90 plane of Antenna I with optimized
dimensions at > = 5.08 GHz.
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The computed gain patterns of the antenna by Ansoft Ensemble software at f; = 4.12
GHz in ¢ = 0 plane and ¢ = 90 plane are shown plotted in Figure 3.9. Figure 3.10 shows

the computed gain pattemns in ¢ = O plane and ¢ = 90 plane at />, = 5.08 GHz. It can be

seen that both resonance frequencies have similar gain patterns and the same polarization.
The broadside gain of the antenna at f; =4.12 GHz in ¢ = O plane and ¢ =90 plane is 8.78

dBi. By observing the gain patterns in Figure 3.10 at f; = 5.08 GHz in ¢ = 0 plane and ¢ =

90 plane, it can be seen that the broadside gain of 8.19 dBi is achievable with this
antenna. The crosspolarization level in ¢ = O plane for f; = 4.12 GHz is below —13 dB.
However, the crosspolarization level in ¢ = O plane for f> = 5.08 GHz is slightly higher.

In ¢ = 90 plane, the crosspolarization level for both f; and £ is below —35 dB, which is

very low.
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Figure 3.9: (a) Gain patterns in ¢ = 0 plane of Antenna | with optimized dimensions at

J1 = 4.12 GHz. (b) Gain patterns in ¢ = 90 plane of Antenna | with optimized dimensions
atf; =4.12 GHz.
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Figure 3.10:(a) Gain patterns in ¢ = 0 plane of Antenna 1 with optimized dimensions at f>
= 5.08 GHz. (b) Gain patterns in & = 90 plane of Antenna | with optimized dimensions at
f2=5.08 GHz.

3.2.3 Surface current components and current distribution analysis

In this section, the resonance behavior of the rectangular patch antenna with a singie
U-shaped slot is discussed. Approximate equations for the operating frequencies of this
antenna are presented based on the surface current distribution analysis on the microstrip
patch. They are found to be accurate within 2.36%.

Figure 3.11 (a) shows the surface current distribution of Antenna 1 with the optimum
dimensions at the frequency f; = 4.12 GHz. This current distribution is that of the TMo,
mode, but is strongly affected by the U slot. The surface currents originate behind the U
slot and are strong on the patch outside the slot. Due to the presence of the U slot, the

surface currents of the TMy mode at f; = 4.12 GHz are forced to travel around it. Noting
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that for this mode the resonance occurs when the current path length is equal to one half
wavelength an approximate equation for f; can be derived. This condition is enforced on
the average current path—length, which from Figure 3.11 (b) is the sum of two
components 4 and B. Note that this average current path length includes the effect of

fringing fields. Recall that the fringing fields at the two open ends are accounted for by

adding equivalent lengths AW at both ends. The components of the current path length

can be found from Figure 3.1, in terms of the antenna parameters as 4 = W./2 and B=W
+ 2 AW — (b + AW)/2. The sum of these two components isequaltoA;/2=A4A+B=W,/2

+ W+ 3/2AW — b/2. An approximate equation for f; can then be written as
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Figure 3.11: (a) Surface current distribution on microstrip patch at f; = 4.12 GHz. (b)
Surface current—line path on the patch at f; = 4.12 GHz.
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As it was shown in Chapter 2, the expression for AW in equation 3.1 can be written as

(e,+0.3)-(£+0.264)
AW =0412h h (3.2)
((62—0.258)-(£+ 0.8))

where €. 1s the effective dielectric constant and is given by equation 2.2.

The situation is somewhat different at the second resonance f; = 5.08 GHz. The
surface current distribution is strong at the patch center and immediate vicinity outside
slot as shown in Figure 3.12 (a). It originates at the same level as probe location P,
circulates around the arms of the U slot, and eventually terminates at the center point
behind the slot. By inspection, one distinct path length in terms of the wavelength can be
identified, which is shown in Figure 3.12 (b). It is the average distance between the probe
and mid—point P’ behind the slot. This current path length which is the sum of

components M, N, O and Q appears to be equal to one wavelength. Noting that these
components can be written in terms of the antenna parameters as M = L/4, N = (W+2AW)
—(a+AW)2 —(b+AW)2,0O=L/4— (W.—-21)/4 and Q = (F + AW) — (a + AW)/2. The

sum of these components is equalto A, =M+ N+ O+ Q=L/2+ W+ 32 AW — W,/4 +

F—a—b/2+ /2. An approximate equation for /> can be written as

f = ¢ (3‘3)
L 3 4 bt [~

—+W+=AW—-——+F—a—=+-

((2 2 4 4 2 2) €

where AW is the effective path length and is given by equation 3.2.
These two equations are used to compute the resonance frequencies of Antenna 1 for

various antenna parameters that were considered in this section. Table 3.1 compares the
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single U—slot microstrip patch resonance frequencies computed by Ansoft ENSEMBLE

software and Equations (3.1) to (3.3) for different values of antenna parameters @ and 5 in

Figure 3.2.

(@)
Figure 3.12: (a) Surface current distribution on microstrip patch at f; = 5.08 GHz. (b)
Surface current—line path on the patch at f; = 5.08 GHz.
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Table 3.1: Comparison of Antenna 1 resonance frequencies computed
by ENSEMBLE software and Equations (3.1) to (3.3) for a and b values in Figure 3.2.

U-slot Computed using | Calculated by Equations Error between
ENSEMBLE (B.D)to (3.3) computed and

Location calculated values
(mm) fr S S S Afi Afs
(GHz) (GHz) (GHz) (GHz) (%) (%)
a=3.2,b=3.3 4.16 5.28 4.19 5.23 0.72 0.95
a=3.7, b=2.8 4.2 5.16 4.17 5.25 0.71 1.74
a=4.2,b=23 4.24 5 4.17 5.28 2.36 5.6

Table 3.1 shows that the computed results of the resonance frequencies using Ansoft
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ENSEMBLE and equations 3.1 and 3.3 are very close to each other. Next, the computed

results of the patch resonance frequencies by Ansoft ENSEMBLE and Equations (3.1) to

(3.3) are compared for different values of W; in Figure 3.3 and similar observations are

made. The results are shown in Table 3.2.

Table 3.2: Comparison of Antenna 1 resonance frequencies computed
by ENSEMBLE software and Equations (3.1) to (3.3) for values of W; in Figure 3.3.

Horizontal Computed using | Calculated by Equations Error between
ENSEMBLE (3.1)to (3.3) computed and
arm of U—slot calculated values
(mm) Jr Sz S S Afi Afs
(GHz) (GHz) (GHz) (GHz) (%) (%)
W.=11.8 42 5.2 4.18 5.25 0.48 0.96
w.=12 4.2 5.16 4.17 5.25 0.71 1.74
W,=12.2 4.2 5.12 415 5.26 1.19 2.73

Similarly, Table 3.3 and Table 3.4 compare the simulated values of the patch

resonance frequencies with the calculated values for different # values in Figure 3.4 and

different L values in Figure 3.5, respectively.

Table 3.3: Comparison of Antenna 1 resonance frequencies computed
by ENSEMBLE software and Equations (3.1) to (3.3) for values of W in Figure 3.4.

Width of the Computed using | Calculated by Equations Error between
ENSEMBLE (3.1)to (3.3) computed and

patch calculated values
(mm) Ji S Si S Afi Afs
(GHz) (GHz) (GHz2) (GHz) (%) (%)
W=25 4.36 5.2 428 5.35 1.83 2.88

35




Width of the Computed using | Calculated by Equations Error between
ENSEMBLE G3.D)to(3.3) computed and
patch calculated values
(mm) /i S Si fo Afi Af
(GHz) (GHz) (GHz) (GHz) (%) (%)
W =26 42 5.16 4.17 5.25 0.71 1.74
w=217 4.04 5.16 4.05 5.16 0.25 0

Table 3.4: Comparison of Antenna 1 resonance frequencies computed
by ENSEMBLE software and Equations (3.1) to (3.3) for values of L in Figure 3.5.

Length of the Computed using | Calculated by Equations Error between
ENSEMBLE (3.1)t0 (3.3) computed and

patch calculated values
(mm) /i Sz fi S Afi Af>
(GHz) (GHz) (GHz) (GHz) (%) (%)
L =355 42 5.16 4.17 5.25 0.71 1.74
L=36.5 4.2 5.12 4.17 5.21 0.71 1.76
L =375 4.2 5.12 4.17 5.16 0.71 0.78

Table 3.5 compares the computed results of the resonance frequencies of Antenna 1 by
the equations 3.1 and 3.3 and Ansoft ENSEMBLE for various values of substrate height
h, as shown in Figure 3.6. As the substrate height 4 is increased, both f; and /> decrease,

this is due to the fringing fields on the microstrip patch. Equations 3.1 and 3.3 are
function of AW, which is due to the fringing fields.

parameter AW is a function of substrate height 4. Therefore, as the substrate height 4 is
varied, the frequencies f; and f: also vary. The results shown in Table 3.5 demonstrate

that the simulated values of the resonance frequencies are in good agreement with the
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Equation 3.2 shows that the




calculated values. Small percentage errors of the calculations shown in Table 3.1 to Table

3.5 confirm the accuracy of the selected equations and the selected resonant length of

currents on the patch.

Table 3.5: Comparison of Antenna | resonance frequencies computed
by ENSEMBLE software and Equations (3.1) to (3.3) for values of /4 in Figure 3.6.

Substrate Computed using | Calculated by Equations Error between
ENSEMBLE (3.1)to (3.2) computed and

height calculated values
(mm) Ji f2 fi 12 Afi Af
(GHz2) (GHz) (GHz) (GHz) (%) (%)
h=5.0 42 5.12 4.17 5.16 0.71 0.78
h=5.5 4.12 5.08 4.1 5.11 0.49 0.59
h=6.0 4.04 5 4.04 5.07 0 i.4

3.2.4 Antenna synthesis and parametric study of Antenna 1

In this section, the antenna synthesis of the single U slot patch antenna is studied. By
doubling the dimensions of the antenna, the resonant frequency of the antenna is reduced
by half, however the operation bandwidth remains the same. This is applied to Antenna 1
with dimensions L =40 mm, W =26 mm, L; = 19.5 mm, W, =12 mm, a =3.7mm, b =

28 mm, t =2.1 mm, F = 15mm, # =5.5 mm, & = 1.03 and R, = 0.635 mm (radius of

probe), as shown in Figure 3.1. The & = 1.03 is used to do this study because that is the
only foam substrate material available to fabricate the antenna. With these dimensions,
the operating frequencies of Antenna 1 occur at f; = 4.12 GHz, f; = 5.0 GHz, f; = 3.92

GHz and f; = 5.4 GHz, as shown in Figure 3.13, where the —10 dB bandwidth is 31.76%.
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Figure 3.13: Return Loss of Antenna 1 with dimensions L = 40, W =26, Ls = 19.5, Ws =
12a=37,b=28t=2.1, F=15 h=35.5, R, =0.635. All dimensions in mm.

The same operation bandwidth of 31.76% can be obtained at the lower frequencies by
adjusting the dimensions of the antenna. For example, if the antenna dimensions in
Figure 3.13 are doubled, such that L = 80 mm, # = 52 mm, L; = 39 mm, W, =24 mm, a
=74mm, b=56mm,z=42mm, F=30mm, =11 mm, &=1.03 and R,= 1.27 mm
then the operating frequencies are reduced by half. This is demonstrated in Figure 3.14
where the operating frequencies of Antenna 1 occur at f; = 2.06 GHz, f/; = 2.5 GHz, f; =
1.96 GHz and f; = 2.7 GHz and the —10 dB bandwidth is equal to 31.76%. Note that the
frequencies f; to f: shown in Figure 3.14 are exactly half of the frequencies f; to f; in

Figure 3.13, while the —10 dB bandwidth of 31.76% remains the same.
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Figure 3.14: Return Loss of Antenna 1 with dimensions L = 80, W = 52, L, = 39, W, =

24, a=74,b=56,t=4.2, F=30 h=1I1 Rr=127. All dimensions in mm.

-35

Next the parametric study of the synthesized single U slot microstrip patch antenna is
presented which has the dimensions as in Figure 3.14. Figure 3.15 shows the effect of
different probe radii on the impedance bandwidth, for various substrate heights while the
rest of the antenna dimensions are the same as in Figure 3.14. The probe radius R, = 1.27
mm gives the best impedance bandwidth of 31.76% at # = 11 mm. On the other hand, R,
= 0.635 mm gives slightly lower —10 dB bandwidth in the upper range of substrate
heights, while it gives higher bandwidth values in the lower range. The bandwidth values
around 5% to 12% are achieved with R, = 2.0 mm, which are extremely low, which is due
to antenna becoming dual band. Similarly, the effect of changing the probe location on
the antenna bandwidth for various values of substrate heights is shown plotted in Figure

3.16.
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Figure 3.15: Effect of different values of R, on the impedance bandwidth with L = 80, W
=52, L; =39, W.=24,a=74,b=56,t=42 F =30. All dimensions in mm.
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Figure 3.16: Effect of different values of F on the impedance bandwidth with L = 80, W =
52,L; =39, W.=24,a=74,b=56,t=4.2, R, = 1.27. All dimensions in mm.
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Figure 3.16 shows that the highest bandwidth is obtained with F =30 mm. In contrast,
F = 28 mm produces a bit lower bandwidth in upper substrate height range and slightly
higher bandwidth in the lower substrate height range. The probe location F = 32 mm
gives the lowest impedance bandwidths for all values of substrate heights, again due to
antenna becoming dual band.

Next the vertical arm length L; and the horizontal arm W, of the U slot is varied to
observe the effect on the impedance bandwidth of the antenna. From Figure 3.17, it can
be seen that the bandwidth increases as the substrate height is increased. The best
bandwidth is achieved with L; =39.0 mm at # = 1 1 mm. The bandwidth results obtained

with L; =41.0 mm are also good.
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Figure 3.17: Effect of different values of L, on the impedance bandwidth with L = 80, W
=52, Wi=24,a=74,b=5.6,t=4.2 F =30, R, = 1.27. All dimensions in mm.
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It can be seen from the results shown in Figure 3.18 that the similar impedance
bandwidths are obtained for three different values of W;. The bandwidth increases as the
substrate height increases. Three different values of W; give good bandwidth results in

the higher range of the substrate heights.
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Figure 3.18: Effect of different values of W, on the impedance bandwidth with L = 80, W
=52,L;=39,a=74,b=56,t=4.2, F=30, R, = 1.27. All dimensions in mm.

In a similar manner, the plots of impedance bandwidth vs. substrate height /4 are
produced for different values of a and 5. Figure 3.19 shows the bandwidth curves for
three different values of a and 4. They give similar bandwidth results in the lower range
of substrate height, but in the higher range, a = 7.4 mm and b = 5.6 mm give the best
bandwidth results. Figure 3.20 displays the plots of bandwidth vs. A for various ¢ (width

of the U slot) values.
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Figure 3.19: Effect of different values of a and b on the impedance bandwidth with L =
80, W=152,L;=39 W,=24,t=4.2, F =30, R, = 1.27. All dimensions in mm.
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Figure 3.20: Effect of different values of t on the impedance bandwidth with L = 80, W =

52,L; =39, W, =24,a=74,b=356, F=30,R, = 1.27. All dimensions in mm.
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Similar observations can be made from the results shown in Figure 3.20. In the lower
range of 4, the bandwidth results are very similar for three different ¢ values. As the
substrate height increases more than 9 mm, the bandwidth increases smoothly with = 4.0
mm. On the other hand, there is a sharp change in the impedance bandwidth with r = 4.2

mm and 4.4 mm.

3.3 Analysis of Antenna 2

In the previous section, the broadband characteristics of the single U-slot patch
antenna were verified. The bandwidths in the range of 30% to 32% were achieved. In
this section, a new type of broadband patch antenna is studied. In this new configuration,
the U-slot is replaced with a circular arc slot. This new antenna also demonstrates
broadband characteristics. The obtainable bandwidth with this antenna is also in the
range of 30%. The parametric study of this new broadband antenna is presented in the
following sections.

The geometry of the rectangular microstrip patch antenna with a circular arc shaped

slot is shown in Figure 3.21. The rectangular patch of dimensions L x W is separated

from the ground plane with a foam substrate of height 4 and &, = 1.0006, and a circular arc
shaped slot is located in its center. The center point of the two circular arcs is given by
(xc, yc), as shown in Figure 3.21. The end points of the first and second arcs are given by
(as, br) and (a2, b), respectively. The position of the circular arc slot on the rectangular
patch can be specified by the parameter d, while the width of the circular arc slot is
indicated by the variable ¢. The patch is fed using a 50Q coaxial probe at (x,, y,) with the
inner diameter of 1.27 mm. The coaxial probe is located slightly below the center of the
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patch along the y—direction. To study the characteristics of this antenna, extensive

computations are performed, and discussed below.

< —

Figure 3.21: Geometry of the microstrip patch antenna with a circular arc shaped slot.

3.3.1 Resonance frequencies and impedance bandwidth

To begin with, the optimized dimensions of the rectangular patch antenna with a U—
shaped slot are applied to the rectangular patch with a circular arc slot. The two
resonance frequencies of the circular arc slot antenna with the dimensions, L x W = 37.5
mm X 26 mm, (x., y.) = (0, 1 mm), (a;, b;) =(5.5 mm, 7.5 mm), (a>, &) =(7 mm, 9 mm), ¢
= 2.12 mm, (x,, ¥,) = (0, —2 mm) such that ¥ =15 mm and # = 5.5 mm, occur at f; = 3.56
GHz and f; = 5.16 GHz. The —10 dB bandwidth of the patch antenna with these
dimensions is calculated to be 12.4%. This means that the dimensions of the rectangular
patch antenna with a circular shaped slot needs to be optimized to obtain wide impedance

bandwidth. By changing the thickness of the circular arc slot to # = 2.83 mm, the —10 dB
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bandwidth increases to 15.2% but then drops back to 13.0% with 7 = 3.18 mm. As the
thickness of the circular arc slot is increased, both frequencies f; and f: increase. The
computed results are shown in Figure 3.22. Since ¢ = 2.83 mm gives the highest

bandwidth in Figure 3.22, it seems to be near the optimal value.
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Figure 3.22: Return Loss of Antenna 2 for different values of t with antenna dimensions
of L =37.5 W=26, (x.,, y) = (0, 1), (a1, b)) = (5.5, 7.5), (a:, b)) = (7, 9), d = 3.37, (x,,
) =(0, =2), F= 15, h=35.35. All dimensions in mm.

By carrying out several computations, it is observed that in order to obtain wide
bandwidths with this antenna, the size of the patch must be increased and the location of
the arc slot must be lowered. Accordingly, the new dimensions of the antenna are
computed with the Ansoft ENSEMBLE, where L x W = 54 mm x 27 mm, (x., y.) = (0,
~1.5 mm), (a;, b;) = (5.0 mm, 4.5 mm), (a;, b>) = (7 mm, 6.5 mm), ¢ = 2.83 mm, (x,, }p) =
(0, —1.5 mm) such that F = 15 mm and 4 = 5.5 mm. With these dimensions, the two

resonances occur at f; = 3.76 GHz and /> = 4.68 GHz, as shown in Figure 3.23. However,
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the —10 dB bandwidth is still not very broad with 6.32% in the first band and 15.5% in the
second band. Figure 3.23 also shows the effect of changing the width of patch A on the
two resonance frequencies and —10 dB bandwidth. It can be seen from Figure 3.23 that as
the width of the patch is increased, both f; and f> decrease. The —10 dB bandwidth in the

first band increases and thus the probability of obtaining a wide bandwidth increases.
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Figure 3.23: Return Loss of Antenna 2 for different values of W with antenna dimensions
of L =54, (x, yo) = (0, —1.5), (a1, b)) = (5, 4.5), (as, by) = (7, 6.5), t = 2.83, (x,, y,) = (0,
—2), h =5.5. All dimensions in mm.

Next, the size of the patch is increased further and the location of the circular arc slot
in lowered more to observe the effect on the bandwidth. The —10 dB bandwidth of 30.1%
is achieved with the following dimensions of the antenna: L x W = 55.5 mm x 29 mm,
(xc, yo) = (0, —=2.5 mm), (a;, b;) = (5.0 mm, 3.5 mm), (a3, b;) = (7 mm, 5.5 mm), t = 2.83
mm, d = 1.37 mm, (x,, y,) = (0, —1.5 mm) such that F = 16 mm and the foam substrate

height 4 =5.5 mm. With this configuration, the first resonance f; appears at f; = 3.64 GHz
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and the second one at f; = 4.44 GHz, as shown in Figure 3.24. The simulation results
obtained from the software Ansoft Ensemble for the return loss, and different probe feed
locations, are shown in Figure 3.24. According to these results, as the probe position is
lowered (i.e. as F increases) the frequency f; does not change, while the second resonance
/> increases with the —10 dB bandwidth. However, if the probe position is lowered any
further so that the value of F increases more than 16 mm, the antenna looses its broad

bandwidth characteristics.
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Figure 3.24: Return Loss of Antenna 2 for different values of F with antenna dimensions
of L = 55.5, W=29, (x., y) = (0, ~2.5). (a;, b)) = (5. 3.5). (a2 b)) = (7, 5.5),t =283, d
= [.37, h = 5.5. All dimensions in mm.

3.3.2 Radiation patterns and gain patterns

According to the results in Figure 3.24, the dimensions of Antenna 2 near optimum
values give 30.1% impedance bandwidth and the two resonances occur at f; = 3.64 GHz
and f> = 4.44 GHz. The E and H plane radiation patterns obtained from Ansoft Ensemble
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at f; = 3.64 GHz are shown in Figure 3.25. The rectangular patch with a circular arc slot
also has a broad radiation pattern. Figure 3.25 shows the computed results of £y and E, in

¢ = 0 plane and ¢ = 90 plane at f; = 3.64 GHz.

(%)

Figure 3.25:(a) Radiation patterns in ¢ = 0 plane of Antenna 2 with optimized

dimensions at f; = 3.64 GHz. (b) Radiation patterns in ¢ = 90 plane of Antenna 2 with
optimized dimensions at f; = 3.64 GHz.
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In Figure 3.25, the copolarization patterns in ¢ = 0 and ¢ = 90 planes seem to come
from the TM,, radiating mode, while the crosspolarization in ¢ = 0 plane is due to another
radiating mode. Figure 3.25 shows that the crosspolarization level in ¢ = 0 plane for f; =

3.64 GHz is below —13 dB, while in ¢ = 90 plane its level for f; is extremely low.
Figure 3.26 displays the computed results of £ and £, in ¢ = 0 plane and ¢ = 90 plane

at f> = 4.44 GHz. When comparing Figure 3.25 with Figure 3.26, at f: = 4.44 GHz the
crosspolarization level in ¢ = 0 plane is a little higher than the crosspolarization level at f

=3.64 GHz. Nevertheless, it is below —35 dB in ¢ = 90 for f> as well.

(@)
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Figure 3.26: (a) Radiation patterns in ¢ = 0 plane of Antenna 2 with optimized
dimensions at f> = 4.44 GHz. (b) Radiation patterns in & = 90 plane of Antenna 2 with
optimized dimensions at f> = 4.44 GHz.

The gain patterns of the antenna at f; = 3.64 GHz in ¢ = O plane and ¢ = 90 plane are
plotted in Figure 3.27. Figure 3.28 shows the computed gain patterns at f; = 4.44 GHz in
¢ = 0 plane and ¢ = 90 plane. While comparing the gain patterns of both f; = 3.64 GHz
and /> = 4.44 GHz, it can be seen that both resonance frequencies have similar gain

patterns and the polarization is also similar. The broadside gain of the antenna at f; = 3.64
GHz in ¢ = O plane and ¢ = 90 plane is 9.45 dBi, while at f; = 4.44 GHz the broadside

gain of 9.53 dBi can be achieved. The crosspolarization level in ¢ = O plane at f; = 3.64

GHz is below —13 dB, however it is slightly higher at /; = 4.44 GHz in the same plane. In

¢ = 90 plane, the crosspolarization level for both f; and f: is extremely low.
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Figure 3.27:(a) Gain patterns in ¢ = 0 plane of Antenna 2 with optimized dimensions at f;
= 3.64 GHz. (b) Gain patterns in ¢ = 90 plane of Antenna 2 with optimized dimensions at
f1=3.64 GHz.
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3.3.3 Surface current components and current distribution analysis

As was done with the rectangular patch with a U—shaped slot, the resonance behavior
of the rectangular patch antenna with a circular arc slot is also studied. The surface
current distribution at the frequency f; = 3.64 GHz is shown in Figure 3.29 (a). The
surface currents originate behind the circular arc slot and are strong on the patch outside
the slot. Due to the presence of the circular arc slot on the microstrip patch, the surface
currents of the TMo, mode are forced to travel around it. Recall that for the TMy mode,
the resonance occurs when the current path length is equal to one half wavelength an
approximate equation for f; can be derived. This condition is implemented on the current
path—length, which is the sum of two components 4 and B as shown in Figure 3.29 (b).
Note that this average current path length includes the effect of the fringing fields on the

microstrip patch, and the fringing fields at the two open ends are accounted for by adding
equivalent lengths AW at both ends. The current path length components can be found
from Figure 3.21, in terms of the antenna parameters as 4 = R; and B = (W + 2 AW) —
(AW + d)/2, where R, is the radius of the first arc and is given by R, = V(a; — x)* + (b; —

yo)>. The component AW is the equivalent length due to fringing fields and its expression

is shown in equation 3.2. An approximate equation for f; can then be written as

fi= < , c=Velocity of light

(2(R+(W+24 W)—(A";—“’))\/e_)

(3.4)

The expression for the effective dielectric constant €. is given by equation 2.2.
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Figure 3.29:(a) Surface current distribution on microstrip patch at f

Surface current—line path on the patch at f;

3.64 GHz. (b)
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The surface current distribution is very different at the second resonance £, = 4.44

te surroundings outside slot as
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It is very strong at the patch center and prox

GHz.

t a point just behind the slot and

egin al

shown in Figure 3.30 (a). The surface currents b

circulate around the arc slot, and finally stop at the center point P’ behind the slot. One
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distinct path length in terms of the wavelength is identified by examination of the current
distribution, it is shown in Figure 3.30 (b). It is the average distance between the probe
and mid—point P° behind the slot. This current path length is the sum of components M,
N, O and Q and it is about one wavelength. Note that the parameter M is equal to one
fourth of the patch length and N is the average distance between the two non—radiating

edges of the patch. The expressions for the components M, N, O and Q can be written as
M=LIA N= (W+2AW)— (AW + F — R)[2 — (AW +d)/2,0=L/4 —R,/2 and Q= (F +
AW) — (AW + F — R:)/2, where R; is the radius of the second arc and is given by R: = V(a;
— x;)° + (b: — y)’. The sum of these components is equal toA; =M+ N+ O+ Q=L/2 +
Wi2 +3/2 AW+ R)2 + F—d/2. An approximate equation for /> can be given by

c @3.5)

f=
S L W3 R, d
222 aw+ 2+ F-%) e
(G353 2 y) Ve

D e Tl T I ettt e R

N f v v e creem - =ewa~ . A P it il i S

P i e i A

e em e o= .
-

e .
L

LLEY S S

Ll i T o UL U,
LI I = I T

e I

- - P e e B B B B e Bm be b e oy
TR B e e g e A S e e S s P e e vy . e =

e o b he g o g

...................

-

56



AW

Aw 3

()

Figure 3.30:(a) Surface current distribution on microstrip patch at f: = 4.44 GHz. (b)
Surface current—line path on the patch at > = 4.44 GHz.

These derived equations are used to calculate the resonance frequencies of the

microstrip patch antenna with a circular arc slot for different values of # shown in Figure

3.23.

Table 3.6 compares the calculated results of the resonance frequencies from

equations 3.4 and 3.5 with the simulated results of moment method solution using the

Ansoft ENSEMBLE for various values of W in Figure 3.23.

Table 3.6: Comparison of Antenna 2 resonance frequencies computed by ENSEMBLE
software and Equations (3.4) to (3.5) for various values of # in Figure 3.23.

Width of the Computed using | Calculated by Equations Error between
ENSEMBLE (3.4) to (3.5) computed and
patch calculated values
(mm) S S fi S Af: Afs
(GHz) (GHz) (GHz2) (GH2z) (%) (%)
W=270 3.76 4.68 3.74 4.51 0.53 3.63
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Width of the Computed using | Calculated by Equations Error between
ENSEMBLE (3.4)to (3.5) computed and
patch calculated values
(m) 5 2 I I Afi | Af
(GHz) (GHz) (GHz) (GHz) (%) (%)
W =275 3.72 4.64 3.71 4.49 0.27 3.23
W =280 3.68 4.6 3.67 4.47 0.27 2.83

By utilizing the equations 3.4 and 3.5, the resonance frequencies of Antenna 2 are also
calculated for the three different probe locations shown in Figure 3.24. Table 3.7 shows
the calculated results of the resonance frequencies from these equations, simultaneously
with the computed results of moment method solution using the Ansoft ENSEMBLE.
The accuracy of the derived equations and the selected resonant length of the currents on

the rectangular patch with a circular arc slot are confirmed by small percentage errors of

the calculations, as shown in Table 3.6 and 3.7.

Table 3.7: Comparison of Antenna 2 resonance frequencies computed by ENSEMBLE
software and Equations (3.4) to (3.5) for various values of F in Figure 3.24.

Probe Feed Computed using | Calculated by Equations Error between
ENSEMBLE (3.4)t0 (3.5) computed and

Location calculated values
(am) s s /i s afi | ar
(GHz2) (GHz) (GHz) (GHz) (%) (%)
F=15.0 3.64 432 3.56 442 2.2 231
F=15.5 3.64 4.36 3.56 4.39 2.2 0.69
F=16.0 3.64 444 3.56 4.36 2.2 1.8
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3.3.4 Parametric study of Antenna 2
In this section, the effect of different parameters of the circular arc slot antenna on the

impedance bandwidth is studied. It is shown in Chapter 5 that to fabricate the antennas,

the available foam substrate material has er = 1.03. The antenna dimensions used to
perform the parametric study of the circular arc slot antenna are taken to be the same as
the fabricated antenna dimensions. These dimensions are: L = 62 mm, W = 29 mm, (x.,
ve) = (0, 2.5 mm), (@, b;) = (5 mm, 3.5 mm), (a:, b;) =(7 mm, 5.5 mm), t =2.83 mm, d
= 1.37 mm, F = 16 mm and &, = 1.03. Figure 3.31 shows the effect of different values of
the R, on the —10 dB bandwidth for various substrate heights. R, = 1.27 mm seems to
give the best —10 dB bandwidth for the higher end of 4, whereas R, = 0.635 mm gives
higher bandwidth values in the middle range. The lower bandwidth values around 5% to

10% are achieved with R, = 0.3 mm, due to the antenna becoming dual band.

35 T T T T T T
30 4
~.25F
2
—
b
T 20
v
[~
o]
@
Q
S 15 .
o]
b=l
D
Q.
[ *
= 10 -1
L —~t— Rp = 0.3 mm <
—e— Rp = 0.635 MM
-o— Rp - 127 mm

0 A 2 1 L 1
2 3 4 S 6 7 8 9

Substrate height h (mm)

Figure 3.31: Effect of different values of R, (probe radius) on the impedance bandwidth
with L = 62, W =29, (x., y) = (0, —2.5), (a1, b)) = (5, 3.5), (a2 b)) = (7, 5.5), t = 2.83. d
= .37 and F = 16. All dimensions in mm.

59



Similarly, the effect of changing the probe location on the antenna bandwidth for
various values of substrate heights is shown plotted in Figure 3.32. In the lower end of
substrate heights, all three values of F give similar bandwidths, as shown in Figure 3.32.
F =15 mm seems to dominate in the middle range of substrate heights. As the substrate
height # increases more than 6.5 mm, the best bandwidths are achieved with = 16 mm.

Next the slot location, which is identified by the parameter d, is varied to observe the
effect on the bandwidth. The plot of impedance bandwidth vs. substrate height 4 is

shown in Figure 3.33 for three different values of 4.
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Impedance Bandwidth (%)
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5 S o o R —~— F-15mm
—o— F « 16 mm
—— F =17 mm
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Figure 3.32: Effect of different values of F (probe location) on the impedance bandwidth
with L = 62, W =29, (x., y) = (0, —2.5), (a;, b)) = (5, 3.5). (a2, bz) = (7, 5.5), t = 2.83, d
= ]1.37 and R, = 1.27. All dimensions in mm.
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Figure 3.33: Effect of different values of d (slot location) on the impedance bandwidth
with L =62, W =29, (x., yJ) = (0, —2.5), (a, b)) = (5, 3.5), (as, b3) = (7, 5.5),t = 2.83, F
=16, and R, = 1.27. All dimensions in mm.

Three different values of d give fairly small bandwidths with substrate heights lower
than 4.0 mm. For the substrate heights between 4.0 mm to 6.0 mm, the value of d = 0.37
mm gives higher bandwidths than the other two slot locations. The best bandwidth results
are achieved with 4 = 1.37 mm as A increases more than 6.0 mm. The similar study is
done on the antenna bandwidth by varying the width of the circular arc slot, which is
given by the parameter . Figure 3.34 shows the plot of impedance bandwidth vs.

substrate height /4 for three different values of .
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Figure 3.34: Effect of different values of t (slot width) on the impedance bandwidth with
L=62W=29 (x,y)=(0,-2.5) (a. b)) = (5, 3.5), (a2, b)) =(7,5.5).d =137, F= 16
and R, = 1.27. All dimensions in mm.

From Figure 3.34 it can be seen that ¢+ = 2.12 mm provides the highest bandwidth
values for substrate heights more than 4.0 mm. The highest bandwidth value of 31.31%
is obtained at £ = 8.0 mm with = 2.12 mm. On the other hand, the bandwidth results are
very similar for all three ¢ values for the heights lower than 4.0 mm.

The results shown in Figure 3.31 to Figure 3.34 present the parametric study of the
circular arc slot antenna. Figure 3.31 shows the highest bandwidth value of 30.03% is
achieved with the probe radius R, = 1.27 mm at # = 7.5 mm. From Figure 3.32 and
Figure 3.33, it can be deduced that F = 16.0 mm and d = 1.37 mm give the best result of
30.03% bandwidth at A = 7.5 mm. While Figure 3.34 gives even better bandwidth value

of 31.31% with t =2.12 mm at 4 = 8.0 mm. In order to confirm that, R, = 1.27 mm, F =
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16.0 mm, d = 1.37 mm and ¢ = 2.12 mm, are the optimized antenna dimensions, the —10
dB antenna bandwidth is calculated at a fixed substrate height of # = 8.0 mm for various
values of R,, F, d and ¢. Figure 3.35 shows the plot of bandwidth vs. probe radius. Other
antenna dimensions are shown in Figure 3.35. It can be seen from Figure 3.35 that the
maximum occurs when R, = 1.27 mm and therefore it is taken to be near the optimum
probe radius value. In Figure 3.35, the sharp change in the bandwidth occurs due to the

antenna being dual band.
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Figure 3.35: Effect of different values of R, (probe radius) on the impedance bandwidth
with L = 62, W =29, (x., y;) = (0, —2.5), (a1, b)) = (5, 3.5), (a2 b)) =(7,5.5),d=137, F
=16, t = 2.83 and h = 8.0. All dimensions in mm.

Likewise, Figure 3.36 shows the plot of bandwidth vs. probe location at # = 8.0 mm
with the other antenna dimensions as listed in Figure 3.36. From Figure 3.36, it is
obvious that the maximum bandwidth occurs with F = 16.0 mm. As F is increased from

16.0 mm to 16.5 mm, the major drop in the bandwidth occurs due to the split in the return
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loss curve at the —10 dB line.
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Figure 3.36: Effect of different values of F (probe location) on the impedance bandwidth
with L = 62, W =29, (x., y;) = (0. =2.5), (a;, b)) = (5, 3.5), (az, b3) = (7, 5.5), d = 1.37,
R, =127, t=283, and h = 8.0. All dimensions in mm.

Similarly, the bandwidth results shown in Figure 3.37 are used to observe whether or
not 4 = 1.37 mm is the optimized value. The antenna dimensions used to obtain this
curve are shown in Figure 3.37. It shows that the highest bandwidth value occurs when d
= 1.37 mm and remains high when the slot location is below d = 1.37 mm. However, the
major drop in the bandwidth occurs when 4 increases 1.37 mm due to the split in the sl 1
curve. Therefore, the optimized location of the circular arc slot is achieved with d = 1.37

mim.
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Figure 3.37: Effect of different values of d (slot location) on the impedance bandwidth
with L = 62, W =29, (x., yJ) = (0, —2.5), (a;, b)) = (5. 3.5), (a2, b:) =(7,5.5), F =16, R,
= 1.27,t = 2.83 and h = 8.0. All dimensions in mm.

In a similar manner, the results shown in Figure 3.38 are used to obtain the optimized
width of the circular arc slot. Figure 3.38 shows the plot of bandwidth vs. slot width at
the substrate height of # = 8.0 mm. It was shown earlier that the bandwidth of 31.31%
can be obtained with £ = 2.12 mm and the antenna dimensions as in Figure 3.38.
However, the results in Figure 3.38 show that ¢+ = 2.12 mm is not the optimized value
since the maximum bandwidth of 32.6% is obtained when ¢ = 1.4]1 mm. Because of the
split in the s11 curve, the sharp decline in the bandwidth happens when ¢ is changed from
1.41 mm to 1.06 mm and from 2.83 mm to 3.18 mm. Hence, the optimized slot width is_

equal to 1.41 mm.
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Figure 3.38: Effect of different values of t (slot width) on the impedance bandwidth with
L =62 W=29 (x, y) =(0 -25), (a,, b)) = (5, 3.5), (az, bx) = (7, 5.5). F =16, R, =
1.27, d = 1.37 and h = 8.0. All dimensions in mm.

3.3.5 Simulation results of Antenna 2 matched with a tuning stub
Initially the optimized dimensions of the rectangular patch antenna with a U slot were
applied to the rectangular patch antenna with a circular arc slot to observe its bandwidth is
achievable with this configuration or not. It was observed that it was not possible to
achieve broad bandwidth with those dimensions. Therefore the rectangular patch
dimensions with a circular arc slot were optimized to obtain its wide impedance
bandwidth. Here, a stub tuning matching technique is used instead of optimizing the

dimensions of the patch. According to the stub tuning matching method, any impedance

which has resistive component can be matched at any frequency to a 50€2 transmission
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line [25]. In this section, the simulation results of the rectangular patch antenna with a
circular arc slot, which is matched using a tuning stub are presented.

Figure 3.39 shows the return loss of the rectangular patch with a circular arc slot
without the stub tuning matching. The antenna dimensions used to obtain this resuit are L
x W=37.5 mm x 26 mm, (x., y) = (0, | mm), (a,, b;) = (5 mm, 7 mm), (az, b:) = (7 mm,
9 mm), ¢ = 2.83 mm, (X, y») = (0, —2 mm) such that F= 15 mm and A = 5.5 mm. The two
resonance frequencies with these dimensions occur at f; = 3.64 GHz and /- = 5.36 GHz

where the —10 dB bandwidth value is equal to 15.2%.
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Figure 3.39: Return Loss of Antenna 2 with antenna dimensions of L = 37.5, W = 26, (x..
Yo =(0, 1), (a1, by) =(5,7), (a2, b)) = (7, 9). t =2.83,d = 3.37, (x. yo) = (0, —2), F = 15,
h =5.5. All dimensions in mm.

The corresponding impedance locus on the Smith chart is shown in Figure 3.40. The

potential bandwidth of the antenna calculated using the loop on the Smith chart is 43.8%.
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In order to obtain this broad bandwidth, the loop on the Smith chart must be moved, so

that it comes closer to the circle 1 on the Smith chart. One can match the impedance
locus loop using a S0Q transmission lines with a stub of length L,;, which is located a
distance L, from a 50Q via position. Since the tuning stub is fed with a microstrip

transmission line, a 50Q coaxial probe is replaced with a S0Q via. Its geometry is shown

in Figure 3.41.

Figure 3.40: Smith chart plot of Antenna 2 with antenna dimensions of L = 37.5, W = 26,
(e ) = (0. 1), (a;, by) =(5,7), (@2, b)) =(7, 9). t =2.83,d =337, (x5, yo) = (0, =2), F =
15, h =5.5. All dimensions in mm.
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Figure 3.41: Geometry of Antenna 2 matched using the stub tuning matching method.

Simulation studies were conducted on the antenna with dimensions shown in Figure
3.39. The rectangular patch with an arc slot is placed on top of a foam substrate with
height A; = 5.5 mm over the ground plane. On the other side of the ground plane, the

single stub matching network is situated on a substrate with €, = 2.5 and A, = 0.46 mm.

The single stub matching network is fed at the port, as shown in Figure 3.41, with a 50Q

transmission line. The signal is sent to the patch through the single stub matching
network using a 50Q via. The widths of the 50Q transmission lines used in the stub
matching network are #; = W>= 1.31 mm. The utilized length of the stub is L, = 18.25
mm and it is located a distance of L; = 4.83 mm from the 50Q2 via. Figure 3.42 shows the

computed results for the return loss of Antenna 2 matched with the stub tuning method.
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Figure 3.42: Return Loss of Antenna 2 matched using the tuning stub with antenna
dimensions: L = 37.5, W= 26, (x., y) = (0, 1), (a1, b)) = (5. 7), (az, b)) = (7, 9), t = 2.83,
d=337 (x,y)=(0 —2),hy =55 h:=046, Wi=W,=131, L,=1825andL,=4.83.
All dimensions in mm.

By comparing the results shown in Figure 3.39 and Figure 3.42, it can be seen that the
impedance bandwidth of Antenna 2 increases from 14.13% to 26.64% with the utilization
of the stub tuning matching method. Figure 3.42 shows that the first resonance occurs at
fi = 4.7 GHz and the second resonance at /> = 5.57 GHz. The impedance locus on the
Smith chart of the rectangular patch antenna with a circular arc slot with the stub
matching network is shown in Figure 3.43. While comparing the smith chart plots shown
in Figure 3.40 and Figure 3.43, it can be seen that the antenna is matched well to the 50Q2

transmission line using the stub tuning matching method.
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Figure 3.43: Smith chart plot of Antenna 2 matched using the tuning stub with antenna
dimensions: L = 37.5, W =26, (x., y)) = (0, 1), (a;, b)) = (5. 7), (a2 b)) =(7,9), t = 2.83,
d=337(x,v)=(0,—2),hy =55 h:=046, W,=W>= 131, L,=1825and L,=4.83.
All dimensions in mm.

Figure 3.44 shows the computed results of £ and £, in ¢ = 0 plane and ¢ = 90 plane at

fi = 4.7 GHz. The radiation pattern plots in the ¢ = 0 plane and ¢ = 90 plane at f; = 4.7

GHz exhibit good broadside radiation and crosspolarization levels. Similarly, for f; =

5.57 GHz the results of E and £, in ¢ = 0 plane and ¢ = 90 plane are shown plotted in

Figure 3.45. These results of the radiation patterns also demonstrate good broadside

radiation characteristics with a slightly higher crosspolarization level in ¢ = 0 plane.
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Figure 3.44: (a) Radiation patterns in ¢ = 0 plane of Antenna 2 matched using the tuning
stub at f; = 4.7 GHz. (b) Radiation patterns in ¢ = 90 plane of t Antenna 2 matched using

the tuning stub at f; = 4.7 GHz.
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Figure 3.45: (a) Radiation patterns in ¢ = 0 plane of Antenna 2 matched using the tuning

stub at f> = 5.57 GHz. (b) Radiation patterns in ¢ = 90 plane of Antenna 2 matched using
the tuning stub at f> = 5.57 GHz.

Figure 3.46 and Figure 3.47 display the gain patterns of Antenna 2 matched with the
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stub tuning matching technique at f; = 4.70 GHz and f; = 5.57 GHz. The antenna has the
broadside gain of 9.62 dBi at f; = 4.70 GHz in the ¢ = 0 plane and ¢ = 90 plane. The
gain patterns show that the antenna has good crosspolarization level in ¢ = O plane and ¢

= 90 plane, but it is a little higher in the ¢ = O plane. The antenna also has backward
radiation due to the stub matching network, which is shown in the gain pattern plots in
Figure 3.46. Similarly, it can be seen from Figure 3.47 that the broadside gain of the

rectangular patch antenna with a circular arc slot matched with the stub tuning at f> = 5.57
GHz is equal to 8.48 dBi. The crosspolarization level in the ¢ = 0 plane for /> = 5.57
GHz is higher than f; = 4.70 GHz, while it is comparable in the ¢ = 90 plane for both f; =
4.70 GHz and f; = 5.57 GHz. The backward radiation is also similar in the ¢ = O plane

and ¢ = 90 plane for both f; and f-.
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Figure 3.46: (a) Gain patterns in ¢ = 0 plane of Antenna 2 matched using the tuning stub
at f; = 4.7 GHz. (b) Gain patterns in ¢ = 90 plane of Antenna 2 matched using the tuning
stub at f; = 4.7 GHz.
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Figure 3.47: (a) Gain patterns in ¢ = 0 plane of Antenna 2 matched using the tuning stub
at f> = 5.57 GHz. (b) Gain patterns in ¢ = 90 plane of Antenna 2 matched using the
tuning stub at f> = 5.57 GHz.

3.4 Analysis of Antenna 3

As shown in the previous section, the bandwidth of 30% can be achieved with the
rectangular patch antenna with a circular arc shaped slot. One can observe the effect on
the bandwidth of the rectangular patch antenna with circular arc slot if a rectangular patch
is replaced with a circular patch, which is the third configuration studied in this thesis.
By replacing the rectangular patch with the circular patch, it is found that the impedance
bandwidth of the antenna decreases. This section presents the design simulation results of
the circular microstrip patch antenna with a circular arc shaped slot.

The geometry of Antenna 3 is shown in Figure 3.48. The circular patch with diameter
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C. is separated from the ground plane with a foam substrate of height A, and a circular arc
shaped slot is located in its center. The parameters (x., y.) denote the center point of the
two circular arcs, as shown in Figure 3.48. The end points of the first and second arcs are
given by (a;, b;) and (a:, b:), respectively. The parameter 4 is used to indicate the

position of the circular arc slot on the circular patch and the thickness of the arc slot is

given by the variable . The patch is fed using a 50Q coaxial probe at (x, y,) with the
inner diameter of 1.27 mm, which is located slightly below the center of the patch along

the y—direction.

v

Figure 3.48: Geometry of a circular patch antenna with a circular arc shaped slot.

An extensive amount of computations are performed to study the characteristics of
Antenna 3. Through these computations it is observed that the circular patch antenna
with a circular arc slot does not have as broadband characteristics as compared to the
rectangular patch antenna with a circular arc slot. The circular patch antenna with a
circular arc slot give —10 dB bandwidth values only in the range of 18% — 20%, which is

not as high as 30.1%, obtained by the rectangular patch with a circular arc slot. The next
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section presents its simulation results for the return loss, radiation patterns and gain

patterns.

3.4.1 Design simulation results

The dimensions of Antenna 3 are: C, = 41 mm, (x., y;) =(0, —7.5 mm), (a;, b;) =(3.78
mm, —1.28 mm), (a, b2) = (5.9 mm, 0.85 mm), z=3.01 mm, (x,, v,) =(0, —3.25 mm), F =
23.75 mm, & = 1.0006 and # = 5.5 mm. Figure 3.49 shows the computed results of the
return loss by Ansoft ENSEMBLE. With these dimensions, the two resonance
frequencies occur at f; = 3.25 GHz and f; = 3.653 GHz. The —10 dB bandwidth of the
circular patch antenna with a circular arc slot with the above mentioned dimensions is

18.3%, which is not very broad.

0 I

Magnitude of Return Loss (dB)
[
3 &
T T

A
[4,]
T

1

o

29, 25 3 35 4 45 5
Frequency (GHz)

Figure 3.49: Return Loss of Antenna 3 with dimensions C; = 41, (x., y)) = (0, —7.5), (a..
b) = (3.78, —1.28), (a> b;) = (5.9, 0.85), t = 3.01, (x,, y,) = (0, —3.25),d = 1.40, F =
23.75, R, = 0.635 and h =5.5. All dimensions in mm.
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It is apparent from the radiation pattern plots shown in Figure 3.50 that the acceptable

crosspolarization level is obtained in both ¢ = 0 plane and ¢ = 90 plane at f; =3.25 GHz.

This also applies for the second resonance f> = 3.65 GHz, which can be observed from the

radiation pattern plots shown in Figure 3.51 in ¢ = O plane and ¢ = 90 plane. The two

resonance frequencies have similar radiation characteristics and similar polarization.
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Figure 3.50: (a) Radiation patterns in ¢ = 0 plane of Antenna 3 with optimized
dimensions at f; = 3.25 GHz. (b) Radiation patterns in ¢ = 90 plane of Antenna 3 with
optimized dimensions at f; = 3.25 GHz.
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Figure 3.51: (a) Radiation patterns in ¢ = 0 plane of Antenna 3 with optimized

dimensions at f> = 3.65 GHz. (b) Radiation patterns in ¢ = 90 plane of Antenna 3 with
optimized dimensions at f> = 3.65 GHz.
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Similarly, the gain patterns plots of Antenna 3 in Figure 3.52 show that the
crosspolarization level of —13 dB is achieved in ¢ = 0 plane at f; =3.25 GHz. Whereas it
is very low in ¢ = 90 plane at f; = 3.25 GHz. The antenna has a broadside gain of 8.98
dBi at the first resonance frequency f; = 3.25 GHz. The gain patterns of the antenna at the

second resonance f> = 3.65 GHz are very similar to the patterns at f; = 3.25 GHz, as can

be seen from Figure 3.53. The circular patch antenna with a circular arc slot has the
crosspolarization level below —13 dB in ¢ = 0 plane at /> = 3.65 GHz. It is extremely low

in ¢ = 90 plane at /> = 3.65 GHz. Both resonance frequencies exhibit similar radiation

characteristics and similar polarization.
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Figure 3.52: (a) Gain patterns in ¢ = 0 plane of Antenna 3 with optimized dimensions at
fi = 3.25 GHz. (b) Gain patterns in ¢ = 90 plane of Antenna 3 with optimized dimensions
atfi = 3.25 GH:z.
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Figure 3.53: (a) Gain patterns in ¢ = 0 plane Antenna 3 with optimized dimensions at f>
= 3.65 GHz. (b) Gain patterns in ¢ = 90 plane of Antenna 3 with optimized dimensions at
f>=3.65 GHz.

3.4.2 Parametric study of Antenna 3

In this section, a parametric study on the effects of different parameters of Antenna 3 is
presented. The effect of various antenna parameters on the impedance bandwidth is
investigated. To perform the parametric study, a slight change is made in the dielectric
constant of a foam substrate since for fabrication purpose the available foam substrate
material has & = 1.03. The antenna dimensions used to perform the parametric study are
taken to be the same as in Figure 3.49. Once again, these dimensions are: C; = 41.0 mm,

(%, yo) = (0, —7.5 mm), (a;, ;) = (3.78 mm, —1.28 mm), (a>, b2) = (5.9 mm, 0.85 mm), ¢

= 3.0l mm, (x, ¥,) = (0, —3.25 mm), d = 1.40 mm, F = 23.75 mm, R, = 0.635 mm &, =
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1.03 and 2 = 5.5 mm. Figure 3.54 shows the effect of different R, values (probe radius)
on the —10 dB bandwidth as the substrate height is varied. The maximum bandwidth of
19.51% is obtained with R, = 1.27 mm at A = 7.5 mm. Also, R, = 1.27 mm gives the best
results of —10 dB bandwidth for substrate heights more than 4.0 mm. However, R, =
0.635 mm seems to give a little higher values of the bandwidth than R, = 1.27 mm
between A = 5.0 mm and 6.0 mm. Overall, the best bandwidth results are realized with R,
= 1.27 mm for most substrate heights. As shown in Figure 3.54, the bandwidth values are

lower than 8% with R, = 0.3 mm for most of the substrate heights.
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Figure 3.54: Effect of different values of R, (probe radius) on the impedance bandwidth
with Cqs = 41.0, (x., yJ) = (0. —=7.5), (a;, b)) = (3.78, —1.28), (az, b)) = (5.9, 0.85), t =
3.01, (x5, yo) = (0, —3.25),d = 1.40, F = 23.75 and h = 5.5. All dimensions in mm.

Similarly, the effect of changing the probe location on the antenna bandwidth for

various substrate heights is plotted in Figure 3.55. From Figure 3.55, it can be seen that
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the probe location with F = 23.75 mm provides the highest bandwidths for substrate
heights more than 3.0 mm, whereas the results obtained with F = 22.75 mm are slightly
lower. The peak value of bandwidth occurs at # = 7.5 mm with F = 23.75 mm. On the
other hand, the antenna characteristics with F' = 24.75 mm become very narrowband, as

depicted in Figure 3.54.
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Figure 3.55: Effect of different values of F (probe location) on the impedance bandwidth
with C4 = 41.0, (x;, ;) = (0, —7.5), (a;, b)) = (3.78, —1.28). (a» by) = (3.9, 0.85), t =
3.01, (x5, y,) = (0, —3.25).d = 1.40, R, = 1.27 and h = 5.5. All dimensions in mm.

To observe the effect on the bandwidth, the next antenna parameter that is varied is the

circular arc slot location, which is identified by the variable d. The plot of impedance

bandwidth vs. substrate height 4 is shown in Figure 3.56 for three different values of d.
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Figure 3.56: Effect of different values of d (slot location) on the impedance bandwidth
with Cy = 41.0, (x,, yo) = (0, —=7.5), (a;, b)) = (3.78, —1.28), (a: b3) = (5.9, 0.85), t =
3.01, (xp, yp) = (0, —3.25), F = 23.75, R, = 1.27 and h = 5.5. All dimensions in mm.

Clearly, Figure 3.56 shows that the best bandwidth results are realized with d = 1.40
mm where the peak bandwidth value of 19.51% occurs at 2 = 7.5 mm. The bandwidth
results with d = 2.40 mm are a bit lower, while the slot location 4 = 0.40 mm gives
undesirable bandwidth values. Therefore, the optimum slot location is near d = 1.40 mm.
The similar study is done on the antenna bandwidth by varying the width of the circular
arc slot, which is given by the variable . Figure 3.57 shows the plot of impedance
bandwidth vs. substrate height & for three different values of . From Figure 3.57 it is
very clear that slot widths + = 2.83 mm and ¢ = 3.01 mm give very similar bandwidth

results for all substrate heights.
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Figure 3.57: Effect of different values of t (slot width) on the impedance bandwidth with
Ca=41.0, (x., y) = (0, ~7.5), (a; b)) = (3.78, —1.28), (a:, bz) = (5.9, 0.85), d = 1.40,
(Xp, yo) = (0, —3.25), F =23.75, R, = 1.27 and h = 5.5. All dimensions in mm.

According to the results shown in Figure 3.57, the slot width of ¢ = 3.54 mm does not
provide very promising results of —10 dB bandwidth. The highest bandwidth value in
Figure 3.57 is attained with = 3.01 at A = 7.5 mm. Considering that the slot widths of r =
2.83 mm and 3.01 mm provide good bandwidth results for all substrate heights, then the
optimum slot width must be near these two values. Since the results in Figure 3.54 to
Figure 3.57 have a maximum bandwidth of 19.51% at A = 7.5 mm, it is presumed that the
optimized antenna dimensions may be: R, = 1.27 mm, F = 23.75 mm, d = 1.40 mm and ¢
= 3.01 mm. In order to confirm that R, = 1.27 mm, F =23.75 mm, d=1.40 mm and ¢ =

3.01 mm are the optimized antenna dimensions, the —10 dB bandwidth of the antenna is
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calculated at the substrate height of 4 = 7.5 mm for various values of R, , F, d and ¢.
Figure 3.58 shows the plot of bandwidth vs. probe radius. The other antenna dimensions
are shown in Figure 3.58. As the probe radius is increased, the bandwidth of the antenna
also increases. The peak value is obtained when the probe radius is equal to 1.27 mm,

this makes R, = 1.27 mm the optimized probe radius value.
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Figure 3.58: Effect of different values of R, (probe radius) on the impedance bandwidth
with Ca = 41.0, (x., y) = ( 0, —7.5), (a;, by) = (3.78, —1.28), (as, b3) = (5.9, 0.83), t =
3.01, (x5 yp) = (0, —3.25),d = 1.40, F = 23.75 and h = 5.5. All dimensions in mm.

In addition, Figure 3.59 shows the plot of bandwidth vs. probe location at # = 7.5 mm
with the other antenna dimensions as listed in Figure 3.36. From Figure 3.59, it is clear
that the maximum bandwidth occurs with F = 23.75S mm. The bandwidth increases
smoothly when F is changed from 22.75 mm to 23.75 mm and then drops slightly with F’

=24.0 mm. The major drop in the bandwidth occurs due to the split in the sl1 curve at
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the —10 dB line as F is increased from 24.0 mm to 24.25 mm. Nonetheless, F = 23.75

mm is the optimum value of the probe location, as shown in Figure 3.59.
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Figure 3.59: Effect of different values of F (probe location) on the impedance bandwidth
with C4 = 41.0, (x,, y) = (0, =7.5), (a;, b)) = (3.78, —1.28), (as, b;) = (5.9, 0.85), t =
3.01, (x,, yo) = (0, —3.25).d = 1.40, R, = 1.27 and h = 5.5. All dimensions in mm.

Similarly, the bandwidth results shown in Figure 3.60 are used to verify whether or not
d = 1.40 mm is the optimum value. Obviously, Figure 3.60 shows that the highest
bandwidth value does not occur when d = 1.40 mm, but instead it occurs when 4 = 1.65
mm. The peak value of the bandwidth with d = 1.65 mm is 21.15%. Therefore, the
optimum location of the circular arc slot on the patch is with d = 1.65 mm. The split in
the sl1 curve at the —10 dB line causes the large drop in the bandwidth when d is

increased more than 1.65 mm.
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Figure 3.60: Effect of different values of d (slot location) on the impedance bandwidth
with C4 = 41.0, (x., yo) = (0, —7.5), (a;, b)) = (3.78, —1.28), (a:, by) = (5.9, 0.85), t =
3.01, (xp. yp) = (0, —3.25), F=23.75, R, = 1.27 and h = 5.5. All dimensions in mm.

In a like manner, the results shown in Figure 3.61 are used to optimize the width of the
circular arc slot. Figure 3.61 shows the plot of bandwidth vs. slot width at the substrate
height of # = 8.0 mm. The impedance bandwidth increases smoothly when ¢ is increased
from 2.12 mm to 3.01 mm. Because of the split in the s11 curve, the sharp decline in the
bandwidth happens when ¢ is changed from 3.01 mm to 3.18 mm. From Figure 3.61, it
can be seen that the maximum bandwidth value is realized with ¢+ = 3.01 mm. Hence, the

optimized value of the slot width is equal to 3.01 mm.
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Figure 3.61: Effect of different values of t (slot width) on the impedance bandwidth with
Ci=41.0, (xo yo) =(0, =7.5), (a1, b)) = (3.78, —1.28), (a:, by) = (5.9, 0.85), d= 1.40, (x,,
Vo) = (0, =3.25), F = 23.75, R, = 1.27 and h = 5.5. All dimensions in mm.

3.4.3 Simulation results of Antenna 3 matched with a tuning stub

Since the Antenna 3 does not have very broadband characteristics, the stub tuning
matching technique is also implemented on this antenna to increase its impedance
bandwidth. The return loss of Antenna 3 without the stub tuning matching network is
shown in Figure 3.62 with the antenna dimensions: C, = 31 mm, (x., y.) = ( 0, =2 mm),
(a:, b)) =(5 mm, 4 mm), (az, b2) = (7 mm, 6 mm), ¢ = 2.83 mm, (x,. y,) = (0, -2 mm), F =
17.5 mm, R, = 0.635 mm, A = 5.5 mm. Figure 3.39 shows that the Antenna 3 resonates
near two resonance frequencies at f; = 3.52 GHz and /> = 5.04 GHz. The —-10 dB

impedance bandwidth is calculated to be 10.28%, which is not very large. Figure 3.63
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shows the Smith chart plot of the impedance of Antenna 3, which has the potential

bandwidth of approximately 39.68%. To achieve this broad bandwidth, the impedance
locus loop on the smith chart can be matched using S0€2 transmission lines with a stub of

length L,, which is located a distance L; from the 50Q via position. The geometry of the
circular patch antenna with a circular arc slot matched using the stub tuning matching

method is shown in Figure 3.64.
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Figure 3.62: Return loss of Antenna 3 with antenna dimensions of C; = 31, (x., y) = ( 0,
-2),(a, b)) =(5.4), (az, b3) = (7.6), t =283, (x5, yp) = (0, —2mm), F = 17.5mm, R, =
0.635, h = 5.5 mm. All dimensions in mm.
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Figure 3.63: Smith chart plot of Antenna 3 with antenna dimensions of Cs= 31, (x., yo) =
(0, —2), (a, b)) = (5. 4). (az, b)) = (7, 6), t = 2.83, (xp, yp) = (0, —2 mm), F = 17.5 mm,
R, =0.635, h = 5.5 mm. All dimensions in mm.
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Figure 3.64: Geometry of Antenna 3 matched using the stub tuning matching method.
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As shown in Figure 3.64, the Antenna 3 with dimensions C; =31 mm, (x., y.) =(0, —2
mm), (a;, b;) =(5 mm, 4 mm), (a2, b;) =(7 mm, 6 mm) and ¢ = 2.828 mm is matched with
the stub tuning matching technique. The patch is situated on top of a foam substrate with
height #; = 5.5 mm over the ground plane. The single stub matching network is placed on
the other side of the ground plane on a substrate with €, = 2.5 and #; = 0.46 mm, which is
fed using a 50€2 transmission line at the position denoted as the port in Figure 3.64. The

signal is sent through a 50Q via to the circular patch from the single stub matching

network. In the stub matching network, the widths of the S0 transmission lines are W, =

W>= 1.31 mm and the length of the stub is L; = 19.4 mm, which is located a distance of

L:=4.53 mm from the 50Q via.

The simulated results for the return loss of this antenna using the software Ansoft
ENSEMBLE are plotted in Figure 3.65. It can be seen from Figure 3.65 that it resonates
near f; = 4.82 GHz and f; = 5.45 GHz. After matching, the —10 dB impedance bandwidth
is increased from 10.28% to 23.17%. This increase in the impedance bandwidth is also
verified by the Smith chart plot of the impedance of the antenna, which is shown in
Figure 3.66. If the two smith chart plots of the antenna impedance shown in Figure 3.63

and Figure 3.66 are compared, it can be seen that the loop on the Smith chart in Figure

3.66 is matched well to 50K, which increases the impedance bandwidth of the Antenna 3.
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Figure 3.65: Return loss of Antenna 3 matched using the tuning stub with dimensions: Cy4
=31, (xo yo) =(0,—=2), (a1, by) = (5, 4), (az, b)) = (7,6), t = 2.83, (x,, ) = (0. =2), h; =
5.5 h=046 W, =W>=131,L,=19.4and L,=4.53. All dimensions in mm.

Figure 3.66: Smith chart plot of Antenna 3 matched using the tuning stub with
dimensions: Ca= 31, (xe yo) = (0, =2 ), (a1, bi) = (5, 4), (a2, b3) = (7, 6), t = 2.83, (x., y)
= (0, —2), h[ = 5.5, hz = 0.46, W[ = FVz= 1.31, L[ =194 ansz =4.53. All dimensions in

mm.
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The radiation pattern plots in the ¢ = O plane and ¢ = 90 plane at f; = 4.82 GHz show
that the antenna has good broadside radiation and crosspolarization levels, which are

shown in Figure 3.67.

Al N e et '/

(®)

Figure 3.67: (a) Radiation patterns in ¢ = 0 plane of Antenna 3 matched using the tuning
stub at f; = 4.82 GHz. (b) Radiation patterns in ¢ = 90 plane of Antenna 3 matched using
the tuning stub at f; = 4.82 GHz.
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Similarly, Figure 3.68 shows that for f> = 5.45 GHz the resuits of the radiation patterns

also demonstrate good broadside radiation characteristics, however, the crosspolarization

level in ¢ = 0 plane is a bit higher.

(®)

Figure 3.68: (a) Radiation patterns in ¢ = 0 plane of Antenna 3 matched using the tuning
stub at f> = 5.45 GHz. (b) Radiation patterns in ¢ = 90 plane of Antenna 3 matched using
the tuning stub at f> = 5.45 GHz.
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It is evident from the gain patterns plots of the antenna shown in Figure 3.69 that the
antenna has good broadside radiation characteristics and crosspolarization levels at the

two operating frequencies. The antenna has broadside gain of 9.20 dBi at the first

resonance frequency f; = 4.82 GHz in the ¢ = 0 plane and ¢ = 90 plane, as shown in
Figure 3.69. The backward radiation shown in the gain patterns plots in Figure 3.69 is
due to the stub matching network. Likewise, Figure 3.70 shows that the broadside gain of

Antenna 3 matched with the stub tuning at /5 = 5.45 GHz is equal to 8.05 dBi. Figure
3.70 demonstrates that the crosspolarization level in the ¢ = O plane for f» = 5.45 GHz is

higher than f; = 4.82 GHz, however, it is very similar in the ¢ = 90 plane for both f; and
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Figure 3.69: (a) Gain patterns in & = 0 plane of Antenna 3 matched using the tuning stub
at f; = 4.82 GHz. (b) Gain patterns in ¢ = 90 plane of Antenna 3 matched using the

tuning stub at f; = 4.82 GHz.
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Figure 3.70: (a) Gain patterns in & = 0 plane of Antenna 3 matched using the tuning stub
at f> = 5.45 GHz. (b) Gain patterns in ¢ = 90 plane of Antenna 3 matched using the
tuning stub at > = 5.45 GHz.
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3.5 Analysis of Antenna 4

Earlier it has been shown by Luk et al. that an L—shaped probe is an excellent feed for
thick circular patch antennas [23]. With this antenna, an impedance bandwidth of 24%
and an average gain of 7.5 dBi are achieved [23]. Later on, it was shown by Guo et al.
that a single U—slot circular patch antenna with a L—probe feeding has broad bandwidth in
the range of 38% and a gain of 6.8 dBi [24]. A new configuration of a broadband patch
antenna is studied in this thesis using the similar idea, where the slot has been replaced
with a circular arc shaped slot. This new broadband antenna gives a bandwidth of 40%
and high gain value of 9.0 dBi. The parametric study of this antenna is given in this
section.

Figure 3.71 shows the geometry of this antenna. The circular patch with diameter C, is

separated from the ground plane with a foam substrate of €. = 1.0006, and a circular arc
shaped slot is cut in the center of the patch. The center point of the two circular arcs is
given by (x., y.), as shown in Figure 3.71. The parameters (a,, b,) and (a:, b:) denote the
end points of the first and second arc, respectively. The width of the circular arc slot is
indicated by the variable ¢. The patch is proximity fed by an L—shaped coaxial probe.
The position of the L—shaped probe with respect to the patch is specified by the parameter
D. The parameters used to designate the dimensions of the L—shaped probe are indicated
on Figure 3.71. The height of the foam substrate separating the patch and the ground
plane is denoted by H. The parameters L, and L, represent the vertical and horizontal
height of the L—shaped probe respectively, as shown in Figure 3.48. The width of the L—

shaped probe is given by 2R.
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Figure 3.71: Geometry of a circular patch with a circular arc slot and L—shaped probe.

3.5.1 Resonance frequencies and impedance bandwidth

Extensive computations are performed to study the characteristics of this antenna. The
effect of different parameters of the antenna on the resonance frequencies and impedance
bandwidth is presented in this section. The following dimensions of the antenna are
considered: C; = 34 mm, (x., y.) =(0, I mm), (a, 1) =( 5 mm, 8 mm), (a2, b2) =(7 mm,
10 mm), t=2.83mm, L,=14.5mm, L,=5.5mm,R=1 mm, D=3 mm and /=9 mm.
With these dimensions, the frequency f; occurs at 3.7 GHz and f> at 4.95 GHz, as shown
in Figure 3.72. The —10 dB bandwidths in the first and second bands are 17.6% and
16.15%, respectively. Figure 3.72 also shows the effect of changing the location of the
circular arc slot on the impedance bandwidth. As the circular arc slot is moved up, the
frequency f; increases from 3.7 GHz to 3.75 GHz, while f; stays fixed at 4.95 GHz. The

location of the arc slot has a significant effect on the —10 dB bandwidth. The two bands
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merge together and the bandwidth of 39.77% is achieved with the center of the circular

arc slot at (x., y.) = (0, 1.75 mm), as shown in Figure 3.72. Accordingly, the optimized

location of the circular arc slot has its center point at (x., y.) = (0, 1.75 mm).
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Figure 3.72: Return Loss of Antenna 4 for different (x. y.) values with antenna
dimensions: C4=34,t =283, Ly,=14.5,L,= 5.5, R= 1, D = 3, H = 9.0. All dimensions
in mm.

Various values of L. (the vertical length of the L—shaped probe) are simulated to

observe the effect on the —10 dB bandwidth. The other antenna dimensions are C; = 34
mm, (x., y.) =(0, 1.75 mm), (ai, b:) =( S mm, 8.75 mm), (a2, b2) = (7 mm, 10.75 mm), ¢t =
283 mm, L; = 14.5mm, R=1 mm, D =3 mm and # =9.0 mm. Figure 3.73 shows the
computed results of the return loss of the antenna for different values of L.. As the length

L. is increased from 5.0 mm to 5.5 mm, the frequency f; decreases and f> increases, while

the —10 dB bandwidth increases from 34.76% to 39.77%. However, by increasing the
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parameter L. to 6.0 mm, the antenna loses its broadband characteristics. This is illustrated

in Figure 3.73.
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Figure 3.73: Return Loss of Antenna 4 for different L. values with antenna dimensions:
Cy = 34, (x., o) = (0, 1.75), (a;, b)) = (5, 8.75), (a:, by) = (7, 10.75), t = 2.83, L, = 14.5,

R=1 D=3 H=9.0. All dimensions in mm.

The next parameter to be studied is L, that is the horizontal length of the L—shaped
probe. The computed results for the return loss of the antenna for different values of L
are shown in Figure 3.74. It can be seen from Figure 3.74 that as the horizontal length of
the L—shaped probe L, is increased from 14.0 mm to 15.0 mm, the frequencies f; and f;
both decrease as well as the —~10 dB bandwidth of the antenna. Consequently, the length
Lr = 14.0 mm gives the best result of 40% for the impedance bandwidth of the antenna,

where f; = 3.8 GHz and /> = 5.0 GHz. Therefore, the horizontal length of the L—shaped

probe L, = 14.0 mm is considered to be the optimized length.
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rigure 3.74: Return Loss of Antenna 4 for different L, values with antenna dimensions:
Cs= 34, (x, yo) = (0, 1.75), (a1, by) = (5, 8.75), (a>, b)) = (7, 10.75),t =2.83, L, = 5.5, R
= [, D =3, H=9.0. All dimensions in mm.

Figure 3.75 presents the simulated results of the return loss for different values of ¢,
which is the thickness of the circular arc slot. The considered values of the slot thickness
are: £ =2.48 mm, r=2.83 mm and r = 3.18 mm. As ¢ is increased from 2.48 mm to 2.83
mm, the frequency f; tends to increase from 3.75 GHz to 3.8 GHz, while f; stays constant.
With this increase in ¢, the —10 dB bandwidth of the antenna increases from 39.55% to
40%. However, if ¢ is increased from 2.83 mm to 3.18 mm, f; stays constant but f
increases from 5.0 GHz to 5.05 GHz and —10 dB bandwidth decreases from 40% to

39.78%. Therefore, t = 2.83 mm gives the best result of the impedance bandwidth.
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Figure 3.75: Return Loss of Antenna 4 for different t values with antenna dimensions: Cy
= 34, (x., ¥ = (0, 1.75), (a:;, b;) = (5, 8.75), (a>, by) = (7, 10.75), L, = 14, L, = 5.5, R =
1, D=3, H=9.0. All dimensions in mm.

The location of the L—shaped probe which is specified by the parameter D also has a
significant effect on the impedance bandwidth of the antenna. By increasing D from 2.5
mm to 3.0 mm, the frequencies f; and f; stay fixed but the —10 dB bandwidth of the
antenna increases from 39.55% to 40%, as shown in Figure 3.76. If the value of D is
increased from 3.0 mm to 3.5 mm, there is a considerable change in the impedance
bandwidth of the antenna. The antenna becomes dual band, this is shown in Figure 3.76.

The results of the return loss shown in Figure 3.76 make D = 3.0 mm the optimized value.
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Figure 3.76: Return Loss of Antenna 4 for different values of D with antenna dimensions:
Ca =34, (xc. yo) = (0, 1.75), (a;, b)) = (5, 8.75), (az b)) = (7, 10.75), t = 2.83, Ly = 14, L.
= 5.5, R =1, H=9.0. All dimensions in mm.

By varying the diameter of the circular patch from C, = 34 mm to 33 mm with the
other antenna dimensions of (x., y.) = (0, 1.75 mm), (a;, ;) = ( 5 mm, 8.75 mm), (a2, b:) =
(7 mm, 10.75 mm), t=2.83 mm, L, = 14 mm, L. =55mm, R=1 mm, D=3 mm and #
= 9 mm, it is observed that the impedance bandwidth does not change from 40%.
However, if C; is increased from 34 mm to 35 mm, the antenna loses its broadband
properties. Therefore, C; = 34 mm with the above mentioned antenna dimensions gives
the best result of the impedance bandwidth of 40%. With these optimized dimensions, the
two resonance frequencies of the antenna occur at f; = 3.8 GHz and f; = 5.0 GHz, as

shown in Figure 3.77.
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Figure 3.77: Return Loss of Antenna 4 for different values of Cai with antenna
dimensions: (x., y) = (0, 1.75), (a1, b;) = (5. 8.75), (az, bz) = (7, 10.75), t = 2.83, Ly = 14,
L.=55 R=1 D=3, H=9.0. All dimensions in mm.

3.5.2 Radiation patterns and gain patterns

The results shown in Figure 3.77 show that the optimized dimensions of Antenna 4
give impedance bandwidth of 40%. The two resonance frequencies of this antenna with
the optimized dimensions occur at f; = 3.8 GHz and f> = 5.0 GHz. Figure 3.78 shows the
E and H plane radiation patterns computed by Ansoft Ensemble at f; = 3.8 GHz.

According to these results, it can be seen that Antenna 4 also demonstrates broad
radiation characteristics. The computed results of £, and E, in ¢ = O plane and ¢ = 90
plane at f; = 3.8 GHz are shown plotted in Figure 3.78. The crosspolarization level in ¢ =

0 plane at f; = 3.8 GHz is below ~13 dB and it is negligible in ¢ = 90 plane.
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Figure 3.78: (a) Radiation patterns in ¢ = 0 plane of Antenna 4 with optimized
dimensions at f; = 3.8 GHz. (b) Radiation patterns in ¢ = 90 plane of Antenna 4 with
optimized dimensions at f; = 3.8 GHz.

Figure 3.79 shows the computed results of £y and £, in ¢ =0 plane and ¢ =90 plane at

f>=15.0 GHz. The crosspolarization level in ¢ = 0 plane at /> = 5.0 GHz is slightly higher
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than at f; = 3.8 GHz. The radiation pattern in ¢ = 90 plane for f> = 5.0 GHz is different

from f; = 3.8 GHz, it is more broader at f; = 3.8 GHz. Nonetheless, the crosspolarization

in ¢ =90 plane for both f; and £: is extremely low.

(b)

Figure 3.79: (a) Radiation patterns in ¢ = 0 plane of Antenna 4 with optimized
dimensions at [ = 5.0 GHz. (b) Radiation patterns in & = 90 plane of Antenna 4 with
optimized dimensions at f> = 5.0 GHz.
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Figure 3.80 shows the gain pattems of Antenna 4 at f; = 3.8 GHz in ¢ = 0 plane and ¢
= 90 plane. Similarly, the computed gain patterns of this antenna at /2= 5.0 GHzin ¢ =0

plane and ¢ = 90 plane are plotted in Figure 3.81. By comparing the gain patterns of both

f1=3.8 GHz and f; = 5.0 GHz, it can be seen that both resonance frequencies have similar

gain patterns in the ¢ = O plane, while they are a bit different in the ¢ = 90 plane. The

polarization is the same for both resonance frequencies. The broadside gain of the
antenna at f; = 3.8 GHz in ¢ = O plane and ¢ = 90 plane is 7.93 dBi and 8.52 dBi at f, =
5.0 GHz. Figure 3.80 and 3.81 show that the crosspolarization level is below —13 dB in ¢
= 0 plane at f; = 3.8, but it is slightly higher at f> = 5.0 GHz in the same plane. In ¢ =90

plane, the crosspolarization level for both f; and f: is very low.
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Figure 3.80: (a) Gain patterns in ¢ = 0 plane of Antenna 4 with optimized dimensions at

fi = 3.8 GHz. (b) Gain patterns in ¢ = 90 plane of Antenna 4 with optimized dimensions
at f; = 3.8 GHz.
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Figure 3.81: (a) Gain patterns in ¢ = 0 plane of Antenna 4 with optimized dimensions at
JSf> = 5.0 GHz. (b) Gain patterns in ¢ = 90 plane of Antenna 4 with optimized dimensions
atf = 5.0 GHz.

3.5.3 Parametric study of Antenna 4
As it was done for the other broadband patch antennas, a parametric study of Antenna
4 is also presented. The effect of various antenna parameters on the impedance

bandwidth is studied thoroughly. The dielectric constant of the foam substrate has been

changed to & = 1.03 to do the parametric study on the circular patch antenna with an arc
slot and L—shaped probe. The following antenna dimensions are used to perform the
parametric study: C; = 34 mm, (x., y.) = (0, 1.75 mm), (a;, b;) = (5 mm, 8.75 mm), (a.,
b)) =(7Tmm, 10.75mm), r =283 mm, L,=14mm, L, =55mm, R =1 mm, D =3 mm,

H =9.0 mm. Figure 3.82 illustrates the impact that different values of 2R (width of L—
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shaped probe) have on the —10 dB bandwidth as the substrate height is varied. For
substrates heights smaller than 8.5 mm, all three values of 2R give small bandwidth
results. At A = 9.0 mm, the two resonances seem to merge together to form a wideband.
It is clear from Figure 3.82 that the peak bandwidth of 40.0% is obtained with 2R = 2.0
mm at /= 9.0 mm. The L—shaped probe width of 2R = 1.5 mm also produces similar
results to 2R = 2.0 mm. As Figure 3.82 shows, 2R = 2.5 mm does not give broad
bandwidth at £ = 9.0 mm. In general, the best bandwidth results are realized with 2R =
2.0 mm for most substrate heights. Therefore, 2R = 2.0 mm is considered to be the

optimum value of L—shaped probe width.
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Figure 3.82: Effect of different values of 2R (width of L—shaped probe) on the impedance
bandwidth with C; = 34, (x., y) = (0, 1.75), (a;, b)) = (5. 8.75), (a b3) = (7, 10.75), t =
2828, Ly,=14,L.= 5.5, D =3, H= 9. All dimensions in mm.
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Next, the effect of various horizontal lengths of the L—shaped probe on the antenna
bandwidth is studied. The plot of impedance bandwidth vs. substrate height for three L,
(horizontal length of an L—shaped probe) values is shown in Figure 3.83. With L, = 13
mm, the antenna does not attain its broadband characteristics. Again, the maximum
bandwidth of 40% is achieved at A = 9.0 mm with L, = 14 mm. Similar bandwidth

results are obtained when L, = 15 mm, with a slightly lower bandwidth value at # = 9.0

mim.
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Figure 3.83: Effect of different values of L, (horizontal length of L—shaped probe) on the
impedance bandwidth with C; = 34, (x., yJ) = (0, 1.75), (a.. b)) = (5, 8.75), (a: b3) = (7.
10.75),t = 2.828, L, = 5.5, 2R = 2.0, D = 3, H = 9. All dimensions in mm.

A similar parametric study is done with the vertical length of the L—shaped probe. The

effectiveness of dissimilar lengths of L. on the antenna bandwidth for different substrate
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heights is shown plotted in Figure 3.84. Substrate heights from 6.0 mm to 8.5 mm, L, =
5.5 mm and 5.75 mm, give very similar results. With L, = 5.5 mm, the peak bandwidth of
40% takes place at H = 9.0 mm, whereas the bandwidth of 39.87% is obtained with L. =
5.75 mm at A =9.5 mm. From Figure 3.84 it can be seen that the L. = 5.0 mm produces a

little lower bandwidth results.
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Figure 3.84: Effect of different values of L. (vertical length of L—shaped probe) on the
impedance bandwidth with C; = 34, (x., vo) = (0, 1.75), (a;, b)) = (5, 8.75), (a2 by = (7,
10.75), t =2.828, L, = 14.0, 2R = 2.0, D = 3, H = 9. All dimensions in mm.

The next antenna parameter that is studied is the L—shaped probe location, given by
the variable D. According to the results in Figure 3.85, all three values of D give narrow
bandwidths from A = 6.0 mm to 8.5 mm. The location of an L—shaped probe with D =

3.0 mm gives the best bandwidth result of 40.0% at A = 9.0 mm. The D = 2.0 mm also
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produces good results, while the results obtained with D = 4.0 mm are not as good.

Therefore, the optimum location of the L—shaped probe is realized with D = 3.0 mm.
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Figure 3.85: Effect of different values of D (location of L—shaped probe) on the
impedance bandwidth with C4 = 34, (x., y;) = (0. 1.75), (a1, b)) = (5, 8.75), (a2, bs) = (7,
10.75),t = 2.828, L, = 14.0, L, = 5.5, 2R = 2.0, H = 9. All dimensions in mm.

The location of the circular arc slot on the patch is also an important parameter, which
is studied next. By changing its center from (x., y.) = (0, 1.75 mm) to (x., y) = (0, 2.75
mm), similar bandwidth results are produced. Nonetheless, the peak bandwidth of 40.0%
still occurs at H = 9.0 mm with (x., y.) = (0, 1.75 mm). Clearly, Figure 3.86 shows that
narrow bandwidths are achieved with (x., y) = (0, 0.75 mm) for most H values. Hence,

the optimum slot location is with (x, y.) = (0, 1.75 mm).
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Figure 3.86: Effect of different values of (x., y.) (location of arc slot) on the impedance
bandwidth with C; = 34, t = 2828, L, = 14.0, L. = 5.5, D = 3.0, 2R = 2.0, H = 9. All
dimensions in mm.

Similarly, the effect of different values of ¢ (width of circular arc slot) on the antenna
bandwidth is displayed in Figure 3.87. The plot in Figure 3.87 illustrates very clearly that
all three values of £ = 2.12 mm, 2.83 mm and 3.54 mm have a very similar impact on the
impedance bandwidth for all substrate heights. Once again, the maximum bandwidth of
40% is achieved at A = 9.0 mm. This peak value of bandwidth is attained with ¢ being
equal to 2.83 mm. Consequently, the width of the circular arc slot is optimum when it is

equal to 2.83 mm.
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Figure 3.87: Effect of different values of t (width of circular arc slot) on the impedance
bandwidth with Cy = 34, (x., y;) = (0, 1.75), (a;, b)) = (5. 8.75), (a;, by) = (7, 10.75), L, =
14.0, L. = 5.5, D =3.0 2R = 2.0, H=9. All dimensions in mm.

3.6 Summary

This chapter discussed a conventional and three new designs of broadband microstrip

patch antennas, which were

1. A rectangular microstrip patch antenna with a U—shaped slot.

2. A rectangular microstrip patch antenna with a circular arc slot.

3. A circular patch antenna with a circular arc slot.

4. A circular patch antenna with a circular arc slot and L—shaped probe.

The characteristics of these antennas were studied in terms of their resonance
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frequencies and impedance bandwidth. The effect of various antenna parameters on the
two resonance frequencies and bandwidths were studied extensively for each antenna. It
was found that Antenna 1 and Antenna 2 have broadband characteristics. The impedance
bandwidth of 30% were achievable with both of these antennas. However, Antenna 3 did
not exhibit very broadband properties. The stub tuning matching technique was applied
to increase the impedance bandwidth of this antenna, which increased the bandwidth from
[0.28% to 23.17%. The stub tuning matching method was also implemented on the
rectangular patch with a circular arc slot. The other broadband patch antenna that was
studied greatly was Antenna 4. The impedance bandwidth of 40% was calculated with
the optimized dimensions, which is very broad. The far field radiation patterns of these
antennas had good crosspolarization levels. Approximate equations for the operating
frequencies were derived by analyzing the surface current distribution on the patch for the
Antenna 1 and Antenna 2. Their results were compared with Ansoft ENSEMBLE

computations for different probe locations and found to be accurate within 3.63%.
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Chapter 4

Dual band Microstrip Patch Antenna

4.1 Introduction

The microstrip patch antenna with a single U—shaped slot has broadband characteristic
[12—-22], in which two close resonant frequencies are combined to give a wideband
operation. If the resonant frequencies are far apart, a dual—frequency operation can be
achieved. Recently, several dual—frequency designs of single—feed slotted rectangular
microstrip antennas have been reported [28—32]. The two operating frequencies of such
dual-band slot—loaded rectangular patch antennas are of the similar polarization and
broadside radiation patterns. In such dual-band designs, different frequency ratios for the
two operating frequencies can be obtained. The frequency ratios are within 1.6-2.0 for
the antennas {28, 29, 31], 1.43—1.6 for the antenna [30] and 1.12—1.27 for the antenna
[32]. However, the —10 dB bandwidths of such dual-band antennas [28—32] are very
narrow, in the range of 1-2% in each operating ba;nd. In this thesis, a new type of dual—
band antenna has been designed, which has a frequency ratio of f; / fi = 1.57 and a
bandwidth of 6.16% in the first band and 9.49% in the second band of operation. This
makes the proposed dual-band antenna more suitable for dual frequency applications
where a frequency ratio of 1.57. and wide bandwidths are required.

The new dual-band microstrip patch antenna consists of two asymmetric U—shaped
slots. The results for the resonance frequencies, bandwidth and radiation patterns are

discussed in this chapter. The resonance properties of this antenna are also studied.
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4.2 Rectangular microstrip patch antenna with dual U slots

Figure 4.1 shows the geometry of the new dual-band microstrip patch antenna with

two asymmetric U—shaped slots. Two U—shaped slots are cut on a rectangular microstrip
patch of dimensions L x W, which is separated from the ground plane with a foam

substrate of height 4 and €, = 1.0006. The position of the inner and outer U slots on the
rectangular patch are indicated by two parameters a; and b,, and a: and b, respectively.
The lengths of the horizontal arm and the vertical arms of the inner U slot are denoted by
parameters W, and L, respectively. The width of the inner U slot is indicated by the
parameter ¢;. Similarly, the parameters W and L,: identify the lengths of the horizontal
arm and the vertical arms of the outer U slot, respectively. The parameter ¢; defines the

width of the outer U slot. The rectangular microstrip patch is fed at a point (x,, v,) using a

50Q coaxial probe with the inner diameter of 1.27 mm, as shown in Figure 4.1. The 50Q2
coaxial probe is located slightly below the center of the patch along the y—direction. The
variable F is used to define the distance between the probe location (x,, y,) and the top
edge of the microstrip patch.

In this thesis, a parametric study of this new dual-band microstrip patch antenna is
done, which is shown in the following section. The effect of various parameters on the

impedance bandwidth of the antenna is shown.
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Figure 4.1: Geometry of the microstrip patch antenna with two asymmetric U slots.

4.2.1 Resonance frequencies and impedance bandwidth

To study the properties of the rectangular patch antenna with two U slots, the
following dimensions are considered initially: L x W =385 mm x 28 mm, Ly x W;; =
195mmx 12 mm, Lo x We:=24 mm x 20 mm, a; = 1.5 mm, b, =7.0 mm, ¢, = 2.1 mm,
a:= 1.0 mm, b =3.0 mm, £, = 2.1 mm, F = 14 mm, foam substrate height # = 5.5 mm.
Figure 4.2 shows that the two resonance frequencies of the antenna with the above
mentioned dimensions occur at f; = 3.96 GHz and f> = 6.2 GHz. The computed —10 dB
bandwidth of the antenna in the first band is 7.56% and 0% in the second band. Hence,
the dimensions of the antenna must be optimized to realize dual band operation. The
effect of various values of W, is also displayed in Figure 4.2. It can be seen from the
results in Figure 4.2 that as W, is decreased f; increases, while f; stays the same. The two
frequencies move close together with the decrease in ;. On the other hand, the —10 dB

bandwidth decreases from 7.56% to 0% in the first band and it increases in the second
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band from 0% to 6.45%. The value of W,;= 12 mm gives the best result in Figure 4.2 for

good matching and high bandwidth in the first band.
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Figure 4.2: Return Loss of antenna in Figure 4.1 for different values of W;; with antenna
dimensions of L = 38.5, W =28, Ly =195, L, =24, W2 =20, a, = 1.5 b;=7.0, ¢, =
21,a:=10,b:=3.0,t:=21, F=14,h =5.5. All dimensions in mm.

Following that, the effect of various values of L,; on the —10 dB bandwidth in the two
bands is studied. The computed results of the return loss of the antenna with L;, = 19.5
mm, 18.5 mm and 17.5 mm are shown in Figure 4.3. According to these results, as the
length L, is decreased from 19.5 mm to 17.5 mm, the frequency f; does not change but
the matching gets worse, while f; increases from 6.2 GHz to 6.24 GHz with better
matching. By observing the —10 dB bandwidth in the two bands in Figure 4.3, it can be
viewed that it decreases in the first band and seems to increase in the second band.
Despite the fact that the bandwidth is increasing in the second band with the decrease in
L, the value of L;; = 19.5 mm is chosen to be best value due to better matching in the
first band.
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Figure 4.3: Return Loss of antenna in Figure 4.1 for different values of L;; with antenna
dimensions of L = 38.5, W =28 W, =12, L;;=24, W:2=20,a; =15 b,=7.0,t;, =21,
a>=1.0,b:=3.0t,=21 F=14,h=235.5. All dimensions in mm.

It is observed that by lowering the inner and outer U slots so that the parameters a,, b;,
a;, b, change to a; = 2.5 mm, b, = 6.0 mm, a: = 2.0 mm, b. = 2.0 mm while keeping the
rest of the antenna dimensions same as the initial dimensions, the frequency f; stays the
same and the matching improves, however the frequency f>seems to disappear. Similarly,
when the widths of the inner and outer U slots are changed to ¢ = 2.0 mm with the rest of
the antenna dimensions as the initial values, f; stays fixed and f: disappears. Therefore, the
dual band operation of the antenna is not possible when these changes are made to the
antenna dimensions. The various lengths of W, (width of the outer U slot) are also
simulated with the Ansoft ENSEMBLE to examine the properties of the patch antenna
with two U slots. The computed results of the return loss for various lengths of W;; are

shown in Figure 4.4. By inspecting the results in Figure 4.4, it is obvious that as W.: is
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increased from 20 mm to 24 mm while keeping everything else the same as the initial
values, f; remains at 3.96 GHz with good matching and f: decreases from 6.2 GHz to 5.92
GHz with improved matching. The two resonance frequencies f; and /> move closer to
each other as the width of the outer U slot is increased, hence the frequency ratio f>/ f; can

be controlled by varying W..
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Figure 4.4: Return Loss of antenna in Figure 4.1 for different values of W;: with antenna
dimensions of L = 385, W =28, L, =195, W;, =12, L,=24,a, =15, b, =70t =
2.1, a:=1.0 b:=30t:=21 F=14, h=235.5. All dimensions in mm.

Figure 4.4 shows that the —10 dB bandwidth in the first band decreases slightly but it
improves in the second band of operation with W.: = 24 mm. Since W;. = 24 mm gives
the highest value of the —10 dB bandwidth in the second band in Figure 4.4, it is chosen
to be the best value of W...

The other parameter that has a significant effect on the —10 dB bandwidths of the

antenna in the two bands is the probe position. Figure 4.5 displays the simulation results
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of the return loss of the antenna for three different probe locations.

dimensions are shown in Figure 4.5. By lowering the coaxial probe position from (x,, y,,)
= (0, —1 mm) with F =15 mm to (x,, y,) = (0, —2 mm) with F = 16 mm, f; decreases from
3.92 GHz to 3.88 GHz and f; increases from 6.0 GHz to 6.08 GHz. While —10 dB

bandwidth in the first band reduces slightly from 6.65% to 6.16%, it rises from 8.64% to

9.49% in the second band.
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Figure 4.5: Return Loss of antenna in Figure 4.1 for different feed locations with L
385, W=28 Ly =195 Wy =12, L;; =24, W =24,a,=15.b,=70,t, =21, a:
1.0, b: = 3.0, t; = 2.1, Foam substrate height h = 5.5. All dimensions in mm.

The configuration with ¥ = 16 mm and the antenna dimensions shown in Figure 4.5
gives the best results in terms of good matching and —10 dB bandwidth in the two bands.
The optimum ratio of the two frequencies for this configuration is calculated to be 2 / f; =

1.57. Since the bandwidth in the second band is improved with this configuration, a small

reduction in the bandwidth of the first band is tolerable.
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4.2.2 Radiation Patterns and Gain Patterns

The far field radiation patterns of the rectangular patch with two asymmetric U—shaped
slots with the optimal dimensions are discussed in this section. According to the previous
section, the two resonance frequencies of the optimized rectangular patch with dual U

slots occur at f; = 3.88 GHz and f> = 6.08 GHz. Figure 4.6 shows the computed resuilts of
Eo and E, in ¢ =0 plane and ¢ = 90 plane at f; = 3.88 GHz. The crosspolarization level in

& = O plane for f; = 3.88 GHz is lower than —13 dB and in ¢ = 90 plane it is below —35

dB.
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®)

Figure 4.6:(a) Radiation patterns in ¢ = 0 plane of the antenna in Figure 4.1 with
optimized dimensions at f; = 3.88 GHz. (b) Radiation patterns in ¢ = 90 plane of the
antenna in Figure 4.1 with optimized dimensions at f; = 3.88 GHz.

The radiation patterns in ¢ = 0 and ¢ = 90 plane at /> = 6.08 GHz in Figure 4.7 show
that the crosspolarization level in ¢ = 0 plane is a lot higher compared to f; = 3.88 GHz.

But in ¢ = 90 plane the crosspolarization level for /> = 6.08 GHz is also below —35 dB,

which is negligible.

el

(a)

129



(b)

Figure 4.7:(a) Radiation patterns in ¢ = 0 plane of the antenna in Figure 4.1 with

optimized dimensions at f> = 6.08 GHz. (b) Radiation patterns in ¢ = 90 plane of the
antenna in Figure 4.1 with optimized dimensions at f> = 6.08 GHz.

In Figure 4.8, the gain patterns of the antenna at f; = 3.88 GHz in ¢ = 0 plane and ¢ =
90 plane are shown. Figure 4.9 displays the computed gain patterns in the two principle
planes ¢ = 0 and ¢ =90 at f> = 6.08 GHz. The results in Figure 4.8 and 4.9 demonstrate
that the gain patterns are very similar at both f; and ;. The polarization is also the same at
both resonance frequencies. At the first resonance f; = 3.88 GHz, the broadside gain of
the antenna is 9.09 dBi, while it is a bit lower at the second resonance f> = 6.08 GHz with

the value of 7.7 dBi. While comparing the crosspolarization levels at two resonances f;
and f; in ¢ = 0 plane, Figure 4.8 and 4.9 show that /> has higher crosspolarization level

than f;. On the other hand, in ¢ = 90 plane, the crosspolarization level for both f; and f; is

very small.
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Figure 4.8: (a) Gain patterns in ¢ = 0 plane of the antenna in Figure 4.1 with optimized
dimensions at f; = 3.88 GHz. (b) Gain patterns in ¢ = 90 plane of the antenna in Figure
4.1 with optimized dimensions at f; = 3.88 GHz.
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4.2.3 Surface Current Components and current distribution analysis

The surface current distribution on the microstrip patch at f;= 3.88 GHz is displayed in
Figure 4.10 (a). The two U slots have a strong affect on this current distribution of the
TMo, mode. The surface currents originate behind the two U slots, are strong in between
them and are forced to travel around them. The resonance for this mode occurs when the
current path length is equal to one half wavelength. This resonant condition near f; is
implemented on the average current—line path length consisting of two components 4 and
B, as shown in Figure 4.10 (b). This current path length also accounts for the fringing
fields on the patch. Note that the component 4 is equal to one half of the horizontal arm
of the inner U slot and B is the average distance between the two non—radiating edges of

the patch. The components 4 and B can be obtained from Figure 4.1, in terms of the

antenna parameters as A = W;,/2 and B = (W + 2AW) — (b: + AW)/2.
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Figure 4.10: (a) Surface current distribution on microstrip patch at f; = 3.88 GHz.
(b) Surface current—line path on the patch at fi = 3.88 GHz.
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The sum of these components is set equal to one half wavelength as, A,/ 2 = W, /2 + W +
3AW/2 — bx/2. An approximate equation for f; can then be written as

fi= < , c=velocity of light

w 3 b,
2(—=+W+=AW—-=)Ve
( (2 3 2) )

4.1

The resonant condition is very different at the second frequency /> = 6.08 GHz. The
surface current distribution is strong behind the outer U slot and at the patch center, as
shown in Figure 4.11 (a). However, it circulates around the arms of the inner U slot, and
terminates at the probe location P. One current—line path in terms of the wavelength can
be identified, as shown in Figure 4.11 (b), which also accounts for the fringing fields on
the patch. This path is the average current—line path length, which consists of
components M, N, O and Q. Note that the sum of these components appears to be equal

to one wavelength. These components in terms of the antenna parameters can be written
asM=W 2+ 1R2(W:/2 — 65—~ Wy 12), N=Ls+ (by — b: — )2 + (a; + AW)/2), O =

V2(Wr (2 — ty— Wiy [2) + t, + (Wa —2t/) | 4 and Q = F + AW — (a,; + AW)/2, where AW is

given by equation 3.2. An approximate equation for f; can then be written as

f= c “4.2)
W, W b b, t, 3
gy 24 ] pF+2—24d 2L AW)Ve
(( 4 2 sl 2 2 2 2 ) z)
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Figure 4.11:(a) Surface current distribution on microstrip patch at fi = 6.08 GHz. (b)
Surface current—line path on the patch at f; = 6.08 GHz.

Using equations 4.1 and 4.2, the calculated resonance frequencies of the antenna
shown in Figure 4.1 are compared with the simulated resonance frequencies shown in
Figure 4.2 to Figure 4.5. Table 4.1 shows the calculated results of the two resonance
frequencies utilizing equations 4.1 and 4.2, together with the computed results of the
software Ansoft ENSEMBLE for the different values of W;; in Figure 4.2. According to
the simulated results, the frequency f; increases as W, is decreased, which is in agreement
with the computed results of equations 4.1 and 4.2. However, a small discrepancy can be
observed for the results obtained for the frequency f; in Table 4.1. Even though, the
results for the frequency f in Table 4.1 demonstrate a dissimilarity, the results obtained
using equations 4.1 and 4.2 are still accurate around 5%. In a similar manner, Table 4.2

compares the computed results of equations 4.1—4.2 with the simulated results from
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Ansoft ENSEMBLE for the values of L,; shown in Figure 4.3. The simulated and
calculated values of f; do not change as L,; is varied and the frequency /> increases.

However, the error between the simulated and calculated values for the frequency f; is

slightly higher.

Table 4.1: Comparison of dual U—slot microstrip patch resonance frequencies computed
by ENSEMBLE software and Equations (4.1) and (4.2) for values of W, in Figure 4.2.

Wi Computed using Calculated by Error between computed and
(mm) ENSEMBLE Equations (4.1) and calculated values
“4.2)
Sfi S S S Afi Afs
(GHz) (GHz) (GH2) (GH2) (%) (%)
12 3.96 6.2 39 5.96 1.52% 3.87%
11 4 6.2 3.95 5.99 1.25% 3.39%
10 4.04 6.2 4 6.02 0.99% 2.90%

Table 4.2: Comparison of dual U-slot microstrip patch resonance frequencies computed
by ENSEMBLE software and Equations (4.1) and (4.2) for values of L,; in Figure 4.3.

Ly Computed using Calculated by Error between computed and
(mm) ENSEMBLE Equations (4.1) and calculated values
4.2)
Si Sz Ji VE Afi Af
(GHz) (GH2z) (GHz) (GHz) (%) (%)
19.5 3.96 6.2 3.9 5.96 1.52% 3.87%
18.5 3.96 6.24 3.9 6.08 1.52% 2.56%
17.5 3.96 6.24 3.9 6.2 1.52% 0.64%

Likewise, the calculated results of the resonance frequencies using equations 4.1 and
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4.2 are compared with the simulated results for the different cases shown in Figure 4.4

and Figure 4.5. They are shown in Table 4.3 and 4.4, respectively.

Table 4.3: Comparison of dual U—slot microstrip patch resonance frequencies computed
by ENSEMBLE software and Equations (4.1) and (4.2) for values of W;: in Figure 4.4.

Ws: Computed using Calculated by Error between computed and
(mm) ENSEMBLE Equations (4.1) and calculated values
4.2)
fi f2 Ji Sz Afi Af
(GHz) (GHz) (GHz) (GHz) (%) (%)
20 3.96 6.2 3.9 5.96 1.52% 3.87%
22 3.96 6.04 3.9 5.84 1.52% 3.31%
24 3.96 5.92 3.9 5.73 1.52% 3.21%

Table 4.4: Comparison of dual U-slot microstrip patch resonance frequencies computed
by ENSEMBLE software and Equations (4.1) and (4.2) for values of F in Figure 4.5.

F Computed using Calculated by Error between computed and
(mm) ENSEMBLE Equations (4.1) and calculated values
4.2)
Ji S S Sz Afi Af:
(GHz) (GH2) (GHz) (GHz) (%) (%)
15 3.92 6 3.9 5.62 0.51% 6.33%
15.5 3.88 6 3.9 5.57 0.52% 7.17%
16 3.88 6.08 3.9 5.52 0.52% 9.21%

By observing the results shown in Table 4.3, it is obvious that the simulated results of

the resonance frequencies match well with the calculated results.

According to the

simulated results shown in Table 4.3, the various values of W.. do not have any effect on
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the first resonance f; and the similar observation is made for the calculated results. As
W, is increased the values of /> decrease for the both cases of simulation and calculation.
The errors between the simulated and calculated results are within 4% for both f; and £, as
shown in Table 4.3. Table 4.4 shows that the calculated values of f; using equations 4.1
and 4.2 are very close to the simulated values for different probe positions. However, a
small discrepancy can be seen between the computed and-calculated values of f;, which
could be caused by the inductance of the probe. Small percentage errors shown in Table
4.1 to Table 4.4 justify the accuracy of the selected equations and the chosen resonant

length of currents on the microstrip patch.

4.3 Summary

In this chapter, dual band operation of a microstrip patch antenna with two asymmetric
U-—shaped slots was studied. The characteristics of the antenna in terms of resonance
frequencies and impedance bandwidth were examined. The effect of various antenna
parameters on the two resonance frequencies and —10 dB bandwidth were studied
extensively. The optimum ratio of the two frequencies is found to be £, / fi = 1.57. The far
field radiation pattems for the two frequencies showed similar pattens and same
polarization with good crosspolarization levels. The broadside gain of 9.09 dBi can be
achieved at f; = 3.88 GHz, while the gain value was shown to be a little lower at f> = 6.08
GHz. Two equations for the operating frequencies were derived by analyzing the surface
current distribution on the patch. Their results were compared with Ansoft ENSEMBLE

computations and found to be fairly accurate.
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Chapter 5

Antenna Fabrication Results

5.1 Introduction

[n this chapter the simulation results of Antenna 1 and Antenna 2 are compared with

their experimental results obtained in the Antenna Laboratory at the University of

Manitoba. A foam substrate material with € = 1.03 and height of 4 = 5.91 mm was
available to build these two antennas, which is different from the dimensions discussed in
Chapter 3. The size of the ground plane was taken to be 20 x 20 cm, which was large
enough for the patch size. For excitation, the feed points were accurately marked and

drilled through the structure.

Next the fabricated antennas were tested for the S parameters using the network
analyzer and the far—field radiation patterns using the equipment in the Far Field
Anechoic Chamber in the Antenna Laboratory. The experimental results for the S
parameters and the far field radiation patterns of the fabricated antennas are discussed in
the following sections. They are compared with their simulation results. It is found that a

good agreement is achieved between them.

5.2 Results of Antenna 1

For the fabrication purpose, the following dimensions of Antenna 1 are used: L = 40

mm, W=26mm, L;=195mm, W:=12mm,a=3.7mm, b=28mm, ¢t =2.1mm, F=
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15 mm, a foam substrate material with €, = 1.03 and A = 591 mm. The experimental
results for the return loss of this antenna with the above mentioned dimensions are shown
in Figure 5.1.
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Figure 5.1: Experimental results for the Return Loss of Antenna 1 with dimensions L =
40, W =26, L, =195 W.=12,a=37,b=28t=21 F=15and h = 591. All

dimensions in mm.

Figure 5.1 shows that the first resonance occurs at f; = 3.8 GHz and the second
resonance at f> = 4.67 GHz. According to the experimental results in Figure 5.1, the —10
dB bandwidth of this antenna is 32.6%. The simulation results for the return loss of
Antenna 1 with the above mentioned dimensions are displayed in Figure 5.2. Figure 5.2

shows that the first resonance appears at f; = 4.04 GHz, while the second resonance at f> =
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4.92 GHz, which are higher than the experimental values of f; = 3.8 GHz and f> = 4.672
GHz. This change in the resonance frequencies could be due to the change in the
dielectric constant, since a foam substrate material is glued on the ground plane using a
commercial glue. The —10 dB bandwidth of the antenna obtained from the simulation

results is calculated to be 32.0%, which is very close to the experimental value of 32.6%.

0 T T T T T
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| ]
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_40 n 1 I L 1,
3 3.5 4 4.5 5 55 6

fFrequency (GH2)

Figure 5.2: Simulation results for the Return Loss of Antenna | with dimensions L = 40,
W=26 L =195 W.=12,a=37b=281t=21 F=15and h = 591. All

dimensions in mm.

The smith chart plot of Antenna | obtained from the experimental results is shown in
Figure 5.3. Figure 5.3 shows that the loop on the smith chart is situated in the center,

which demonstrates the broad bandwidth characteristics of this antenna.
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Figure 5.3: Experimental results for the Smith Chart plot of Antenna I with dimensions L
=40, W=26L; =195 W,=12,a=37,b=28t=21 F=15and h=591. All
dimensions in mm.

The smith chart plot of the single U—slot microstrip antenna obtained from the
simulation is shown in Figure 5.4. By comparing the plots in Figure 5.3 and Figure 5.4, it
should be noted that experimental results of the smith chart are similar to the simulation
results. The results from Figure 5.1 to Figure 5.4 demonstrate that a good agreement is
achieved between the experimental results and simulation results for the return loss and

the smith chart plot of Antenna 1.
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Figure 5.4: Simulation results for the Smith Chart plot of Antenna 1 with dimensions [. =
40, W =26, L, =195 W, =12, a=37,b=28t=21 F=15and h = 591. All
dimensions in mm.

Next the gain patterns results of the fabricated antenna obtained from the Anechoic
Chamber in the Antenna Laboratory are discussed. As shown in Figure 5.1, the
experimental value of the first resonance frequency is f; = 3.8 GHz and the second

resonance occurs at f> = 4.672 GHz. Figure 5.5 shows the far—field radiation patterns in
the rectangular coordinates in the ¢ = O plane and ¢ = 90 plane at f; = 3.8 GHz. For
comparison, the simulation results of the gain patterns at f; = 3.8 GHz in the ¢ = 0 plane
and ¢ = 90 plane are shown plotted in Figure 5.6. The gain patterns in Figure 5.5 exhibit

that the crosspolarization level in ¢ = 90 plane is very small, while it is higherin ¢ = 0

plane.
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Similarly, the simulation results of gain patterns in Figure 5.6 show that the

crosspolarization level is high in ¢ = 0 plane and it is extremely low in ¢ = 90 plane.

The maximum peak obtained from the simulation results at f; = 3.8 GHz is 8.35 dBi
whereas the experimental results show a peak value of 8.77 dBi in ¢ = 0 plane and 8.81
dBi in the ¢ = 90 plane, which is very close to the simulated gain value.

In a similar manner, the experimental results of the gain patterns in the ¢ = 0 plane and
¢ = 90 plane at /> = 4.65 GHz are shown in Figure 5.7. In order to compare the
experimental results with the simulation results, Figure 5.8 displays the gain patterns in ¢

= 0 plane and ¢ = 90 plane at /> = 4.65 GHz obtained from the software Ansoft Ensemble.
At the second resonance frequency f> = 4.65 GHz, the broadside gain obtained from the

simulation results has a value of 8.91 dBi while the experimental results show a peak

value of 7.48 dBi in ¢ = 0 plane and 7.63 dBi in ¢ = 90 plane. The difference in the gain

1s due to the losses in the cables used to connect the antenna to the source. The
experimental results in Figure 5.7 show that the crosspolarization level in ¢ = O plane is

higher, while it is very low in ¢ = 90 plane. Similar observation can be made for the

simulation results shown in Figure 5.8. They also show that the crosspolarization level is

high in ¢ = 0 plane and it is negligible in ¢ = 90 plane.
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Figure 5.7: (a) Experimental results of Gain patterns in ¢ = 0 plane of Antenna 1 at f =
4.65 GHz. (b) Experimental results of Gain patterns in & = 90 plane of Antenna 1 at f> =

4.65 GHz.
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5.3 Results of Antenna 2

The dimensions used to fabricate the circular arc slot microstrip antenna are: L = 62
mm, W =29 mm, (x., y;) = (0, —2.5), (@ b)) =(5,3.5). (a;, b:) =(7,5.5). t =283, d=
1.37, (x5, yp) = (0, —1.5), F = 16 mm, foam substrate material with €. = 1.03 and & =5.91
mm. Figure 5.9 shows the results for the return loss obtained from the network analyzer

of Antenna 2 with these dimensions.
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Figure 5.9: Experimental results for the Return Loss of Antenna 2 with dimensions L =
62, W=29, (x. y.) = (0, —2.5), (a1, b)) = (35, 3.5), (a2, b3) = (7, 5.5),t =2.83,d= 137, F
=16and h = 5.91. All dimensions in mm.

As it can be seen from the experimental results in Figure 5.9, the first resonance of the

antenna occurs at f; = 3.448 GHz and the second resonance occurs at f> = 4.136 GHz. The
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—10 dB bandwidth of Antenna 2 is calculated to be 27.6%. For comparison, the
simulation results for the return loss of Antenna 2 are shown in Figure 5.10, which shows
that the first resonance appears at f; = 3.6 GHz and the second resonance at /> = 4.24 GHz.
These simulated values of f; and f: are higher than the experimental values of f; = 3.448
GHz and f;: = 4.136 GHz. The —10 dB bandwidth of the antenna obtained from the
simulation results is calculated to be 25.69%, which is slightly lower than the
experimental value of 27.6%. Overall, the experimental results are close to the
simulation results.
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Figure 5.10: Simulation results for the Return Loss of Antenna 2 with dimensions L = 62,
W =29, (x, y) = (0, —2.5), (a1, b)) = (5, 3.5), (a2, b)) = (7,5.5), t =283, d=137, F =
16 and h = 5.91. All dimensions in mm.

Figure 5.11 displays the experimental results of the smith chart plot of this antenna
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obtained using the network analyzer. Since the loop on the smith chart is situated close to

the center, this verifies the broad bandwidth characteristics of the antenna.
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Figure 5.11: Experimental results for the Smith Chart plot of Antenna 2 with dimensions
L =62 W=29 (x, y) = (0. =2.5), (a1, b)) = (5, 3.5), (a2, b)) = (7,5.5), t = 2.83,d =
1.37, F=16and h = 5.91. All dimensions in mm.

In a similar manner, Figure 5.12 displays the smith chart plot of Antenna 2 obtained
from the simulation, which is similar to the plot obtained from the experimental results, as
shown in Figure 5.11. In general, the results shown in Figure 5.9 to Figure 5.12
demonstrate that the experimental results and simulation results of Antenna 2 are in good

agreement with each other.
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Figure 5.12: Simulations results for the Smith Chart plot of Antenna 2 with dimensions L
=62, W=29, (x, y) = (0, —2.5). (a1, b)) = (5, 3.5). (a2, b)) = (7, 5.5), t = 2.828. d =
1.3698, F =16, €, = 1.03 and h = 5.91. All dimensions in mm.

Figure 5.9 shows that the experimental value of the first and second resonance

frequencies are f; = 3.448 GHz and /> = 4.136 GHz, respectively. The far—field radiation

patterns in the rectangular coordinates in the ¢ = O plane and ¢ = 90 plane at f; = 3.45

GHz are displayed in Figure 5.13. The simulation results of the gain patterns at f; = 3.45

GHz in the ¢ = O plane and ¢ = 90 plane are shown in Figure 5.14 for comparison. The

experimental results of gain patterns show that a good crosspolarization level is achieved
in ¢ = 90 plane and it is below —13 dB in ¢ = 0 plane. Likewise, the simulation results of
the gain patterns show that the crosspolarization level in ¢ = 90 plane is very small and it

is higher in ¢ = O plane.
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At f; = 3.448 GHz, the maximum peak obtained from the simulation results is 9.64 dBi
whereas the experimental results show a peak value of 9.2 dBi in ¢ = O plane and 8.93

dBi in the ¢ = 90 plane. The difference in the gain is due to the losses in the cables used
to connect the antenna to the source.

Similarly, the experimental results of the far—field radiation patterns in ¢ = 0 plane and
¢ = 90 plane at /> = 4.15 GHz are shown in Figure 5.15. Figure 5.16 displays the

corresponding simulation results of the gain patterns in ¢ = 0 plane and ¢ = 90 plane at f;
= 4.15 GHz for comparison purposes. At the second resonance frequency f> = 4.15 GHz,

the broadside gain obtained from the simulation results has a value of 9.6 dBi while the
experimental results show a peak value of 8.77 dBi in ¢ = O plane and 8.68 dBi in ¢ = 90
plane. Figure 5.15 and 5.16 show that the crosspolarization level in ¢ = O plane is higher

than f; = 3.448 GHz, while they are very low for both f; and f: in ¢ = 90 plane. Both

experimental and simulation gain patterns results demonstrate that the crosspolarization

levels are comparable in ¢ = 0 plane and ¢ = 90 plane.
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5.4 Summary

In this chapter the experimental results of the fabricated Antenna 1 and Antenna 2
obtained from the Antenna Laboratory were presented. The fabricated antennas were
tested for the S parameters using the network analyzer and the far—field radiation patterns
using the equipment in the Far Field Anechoic Chamber in the Antenna Laboratory. The
experimental results of the two fabricated antennas (single U slot antenna and circular arc
slot antenna) were compared with their simulation results. It was found that the

experimental results showed good agreement with the corresponding simulation results.
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Chapter 6

Conclusion

A study was conducted on four broadband microstrip patch antennas and a dual band
patch antenna. The broadband patch antennas studied exclusively in this thesis are
1. A rectangular microstrip patch antenna with a U-shaped slot
2. A rectangular microstrip patch antenna with a circular arc slot
3. A circular patch antenna with a circular arc slot
4. A circular patch antenna with a circular arc slot and L—shaped probe

The characteristics of these antennas were studied in terms of their resonance
frequencies and bandwidth. The effect of various antenna parameters on the two
resonance frequencies and —10 dB bandwidth were studied extensively for each antenna.
Other parameters such as substrate thickness also took part in this investigation.

It was found that Antenna 1 and Antenna 2 have broadband characteristics. The
bandwidth in the range of 30% were achievable with both of these antenna. Approximate
equations for the operating frequencies were derived by analyzing the surface current
distribution on the patch for both Antenna 1 and Antenna 2. Their results were compared
with Ansoft ENSEMBLE computations and found to be accurate within 3.63%. In
contrast, the circular patch antenna with a circular arc slot did not exhibit very broadband
properties. The stub tuning technique was applied to increase the bandwidth of this
antenna. The stub tuning method was also implemented on the rectangular patch with a

circular arc slot. The other broadband patch antenna that was studied extensively was the
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circular patch antenna with a circular arc slot and L-shaped probe. The impedance
bandwidths in the range of 40% was obtained with this antenna, which is very broad. The
far field radiation patterns of these antennas had good crosspolarization levels.

The dual band operation of a microstrip patch antenna with two asymmetric U—shaped
slots was also studied. The characteristics of the antenna in terms of resonance
frequencies and impedance bandwidth were examined. The optimum ratio of the two
frequencies is found to be f; / fi = 1.57. The far field radiation patterns for the two
frequencies showed similar patterns and same polarization with good crosspolarization
levels. The broadside gain of 9.09 dBi can be achieved at f; = 3.88 GHz, while the gain
value was shown to be slightly lower at /> = 6.08 GHz. Two equations for the operating
frequencies were derived by analyzing the surface current distribution on the patch. Their
results were compared with Ansoft ENSEMBLE computations and found to be fairly

accurate.

The experimental results of two fabricated antennas (rectangular patch antenna with a
single U-slot and rectangular patch antenna with a circular arc slot) obtained from the
Antenna Laboratory were presented. The fabricated antennas were tested for the S
parameters using the network analyzer and the far—field radiation patterns using the
equipment in the Far Field Anechoic Chamber in the Antenna Laboratory. The
experimental results of the fabricated antennas were compared with their simulation
results. It was found that the experimental results showed good agreement with the

corresponding simulation results.
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