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Abstract
1t1 this thesis a parametric study of various broadband microstrip patch antemas and a

dual band patch antema 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 dot, 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
antema with a U-slot and a rectangular patch antenna with a circular arc slot is also
investigated. The radiation patterns, gain patterns and the retum loss of the broadband
antennas are also discussedFor dual band operation, a new coaxially-fed microstrip patch antenna with two
asymrnetric U-shaped slots is discussed in this thesis. Two approximate equations for the
resonant tiequencies based on the surface current distribution are presented.

The

simulation results of the radiation patterns, gain patterns and the retum loss of the antenna

are presented.
In addition, a single U-slot patch antenna, a rectangular microstrip patch antenna with

a circular arc dot, and dual U-slots patch antenna are fabricated and tested in the Antema
Laboratory at the University of Manitoba. The simulation and experimental results are
then compared.
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Figure 3.69: (a) Gain pattems in @ = O plane of Antenna 3 matched using the tuning stub
at fi = 4.82 GHz. (b) Gain patterns in @ = 90 plane of Antenna 3 matched using the tuning
99

stub at fi = 4.82 GHz.

Figure 3.70: (a) Gain patterns in @ = O plane of Antenna 3 matched using the tunïng stub
at f 2 = 5.45 GHz. (b) Gain pattems in @ = 90 plane of Antenna 3 matched using the tuning
100

stub at f2 = 5.45 GHz.

Figure 3.7 1 : Geomeûy of a circular patch with a circular arc slot and L-shaped probe. 102
Figure 3.72: Return Loss of Antenna 4 for different (s,y,) values with antenna
dimensions: Cd= 34, t = 2.83, Lh = 14.5, L = 5.5, R = 1, D = 3, H = 9.0. Al1 dimensions
in mm.
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Figure 3.73: Retum Loss of Antenna 4 for different
Cd

=

= 34, (xc, y,) = (0,

L values with antenna dimensions:

1.75), (a,, bi) = (5, 8.75), (a2, bz) = (7, 10.75), t = 2.83, LI, = 14.5, R
104

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

Figure 3.74: Return Loss of Antenna 4 for different LI,
values with antenna dimensions:

xiv

Cs = 34, ( q , y,)

= (O,

1-75),(ai, bi) = (5,8.75), (a*, b2) = (7, 10.75), t = 2.83,

L = 5.5, R =

1, D = 3, H = 9.0. Ail dimensions in mm-
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Figure 3.75: Return Loss of Antema 4 for different t values with antenna dimensions: Ca
= 34,

(G,y=)= (O, 1-75),(ai, bi) = (5, 8-75), (az, b2) = (7, 10.75),

Lh = 14, Lv= 5.5, R = 1,

D = 3, H = 9.0. A11 dimensions in mm.
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Figure 3-76: Return Loss of Antema 4 for different values of D with antenna dimensions:

Cd = 34, ( q , y,)

= (O,

1-75),(al, br) = (5, 8.75), ( a ~bz)
, = (7, 10.75), t = 2.83, Lh = 14, L,=

5-5, R = 1, H = 9.0. Al1 dimensions in mm.
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Figure 3.77: Return Loss of Antema 4 for different values of Cawith antenna dimensions:
(x,, yc) = (0, 1-75),(ai, b ~=
) (5, 8.75), (a?, b2) =(7, 10.75), t = 2.83,

1, D = 3, H = 9.0. Al1 dimensions in mm.

Lh

= 14, L = 5.5,

R=
108

Figure 3.78: (a) Radiation patterns in @ = O plane of Antenna 4 with optimized dimensions

at fi

=

3.8 GHz. (b) Radiation patterns in $ = 90 plane of Antenna 4 with optimized

dimensions at f~= 3.8 GHz.
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Figure 3.79: (a) Radiation patterns in @ = O plane of Antenna 4 with optimized dimensions
at fi

=

3.8 GHz. (b) Radiation patterns in @

dimensions at f~= 3.8 GHz.

=

90 plane of Antenna 4 with optimized
110

Figure 3.80: (a) Gain patterns in @ = O plane of Antenna 4 with optirnized dimensions at fi
= 3.8

GHz. (b) Gain patterns in 9 = 90 plane of Antenna 4 with optimized dimensions at fi

= 3.8

GHz.
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Figure 3.8 1: (a) Gain patterns in 41 = O plane of Antenna 4 with optirnized dimensions at f2
= 5.0

GHz. (b)Gain pattems in @ = 90 plane of Antema 4 with optimized dimensions at f2

= 5.0

GHz.
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Figure 3.82: Effect of different values of 2R (width of L-shaped probe) on the impedance
bandwidth with Cd = 34, (xc, y=) = (0, 1.75), (ai, bi) = (5, 8.75), (az, bz) = (7, 10.75), t
2.828, LI,= 14, Lv= 5.5, D = 3, H = 9. Al1 dimensions in mm.

=
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Figure 3-83: Effect of different values of Lh(horizontal length of L-shaped probe) on the
impedance bandwidth with Cd = 34, (~e,y=)= (O, 1.75), (ai, bl) = (5, 8.75), (az, bz) = (7,
10.75), t = 2.828, Lv= 5.5,2R

= 2.0,

D = 3, H = 9. Al1 dimensions in mm.
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Figure 3.84: Effect of different values of L, (verticd length of L-shaped probe) on the

irnpedance bandwidth with Cd = 34, (~e,y=)= (O, 2-75), (ai, bl) = (5, 8-75}, (a2, b2)= (7,
10.75), t = 2.828, LI, = 14.0,2R = 2.0, D = 3, H = 9. All dimensions in mm.
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Figure 3.85: Effect of different values of D (location of L-shaped probe) on the
impedance bandwidth with

Cd

= 34, (xc,

y=)= (O, 1-75), (al, bi) = (5, 8.75), (az, b2) = (7,

10.75), t = 2.828, Lh = 14.0, Lv= 5.5,2R = 2.0, H = 9. Al1 dimensions in mm.
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Figure 336: Effect of different values of (s,
y,) (location of arc dot) on the impedance
bandwidth with Cd = 34, t

=

2.828, LI,= 14.0, L.,

=

5.5, D

= 3.0,

2R = 2.0, H = 9. Al1

dimensions in mm.
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Figure 3.87: Effect of different values of t (width of circular arc slot) on the impedance
bandwidth with Cd

14.0, L,

= 5.5,

= 34,

(xc, yc)= (O, 1.75), (ai, bi) = (5, 8.75), (al, br) = (7, 10.75), Lh =

D = 3.0, 2R = 2.0, H = 9. Al1 dimensions in mm.
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Figure 4.1 : Geometry of the microstrip patch antenna with two asymmetric U slots.
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Figure 4.2: Retum Loss of antenna in Figure 4.1 for different values of W,, with antenna
dimensions of L = 38.5, W =28, L,,= 19.5, L d = 24, Wrî=20, ai
a2 = 1.0, bz = 3.0,

t =2.1, F = 14, h=5.5. Al1 dimensions inmm.

=

1.5, bl = 7.0, t i =2.1,
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Figure 4.3 : Return Loss of antenna in Figure 4.1 for clifferent values of LSiwith antenna
dimensions of L = 38.5, W = 28, W,I = 12, L,z = 24, Wa

= 20,

ai = 1.5, bi

= 7.0,

a2 = 1-0, b2= 3 -0,
t2= 2.1, F = 14, h = 5.5- Al1 dimensions in mm.

ti = 2.1,
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Figure 4.4: Return Loss of antenna in Figure 4.1 for different values of Ws2with antema
dimensions of L = 38.5, W = 28, L,i

= 19.5,

WS,= 12, Ld = 24, ai = 1.5, bi

= 7.0,

a?= 1.O, bz = 3 .O,t 2 = 2.1, F = 14, h = 5.5. Al1 dimensions in mm-

tI = 2.1,
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Figure 4.5: R e m Loss o f antenna in Figure 4.1 for different feed locations with L

38.5, W = 28, L,i

= 19.5, W,I = 12, Lsz =24,

Wd = 24, ai = 1.5, bi = 7.0, ti =2.1, at = 1.0,

bz = 3.0, t2 = 2.1, Foam substrate height h = 5.5. Al1 dimensions in mm.
Figure 4.6: (a) Radiation patterns in @
optirnized dimensions at

fi

= 3.88

=

127

O plane of the antenna in Figure 4.1 with

GHz. @) Radiation patterns in @

= 90

plane of the

antema in Figure 4.1 with optimized dimensions at fi = 3.88 GHz.
Figure 4.7: (a) Radiation patterns in t$
optimized dimensions at

f2

=

=

=
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O plane of the antenna in Figure 4.1 with

6.08 GHz. (b) Radiation patterns in @ = 90 plane of the

antenna in Figure 4.1 with optimized dimensions at fi = 6.08 GHz.
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Figure 4.8: (a) Gain patterns in t$ = O plane of the antenna in Figure 4.1 with optimized
dimensions at fi = 3.88 GHz. (b) Gain patterns in

+ = 90 plane of the antenna in Figure

4.1 with optimized dimensions at fi = 3.88 GHz.

131

Figure 4.9: (a) Gain patterns in @ = O plane of the antenna in Figure 4.1 with optimized
dimensions at 6 = 6.08 GHz. (b) Gain patterns in

= 90

plane of the antenna in Figure

4.1 with optimized dimensions at f2 = 6.08 GHz.
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Figure 4.10: (a) Surface current distribution on microstrip patch at fi = 3.88 GHz.

(b)

xvii

Surface current-line path on the patch at €1 = 3.88 GHz.
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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 fi = 6.08 GHz.
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Figure 5.1: Experimental results for the Retum Loss of Antenna 1 with dimensions L =
40, W

=

26, L,

=

19.5, W, = 12, a = 3-7, b

=

2.8, t

=

2-1, F

=

15 and h

=

5.91. Al1

dimensions in mm.
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Figure 5.2: Simulation results for the Retum Loss of Antenna 1 with dimensions L = 40,
W = 26, L, = 19.5, W, = 12, a=3.7, b = 2.8, t =2.1, F = 15 and h = 5.91, Al1 dimensions

in mm.
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Figure 5.3: Experimental results for the Smith Chart plot of Antenna 1 with dimensions L
=

40, W = 2 6 , L , = 19.5, W,

=

12, a=3.7, b=2.8, t =2.1, F

=

15 and h=5.91. Al1

dimensions in mm.
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Figure 5.4: Simulation results for the Smith Chart plot of Antema 1 with dimensions L =
40, W

=

26, L, = 19.5, W,

=

12, a

= 3.7,

b = 2.8, t = 2.1, F = 15 and h = 5.91. Ail

dimensions in mm.
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Figure 5.5: (a) Experirnental results of Gain patterns in @

=O

plane of Antema 1 at fi =

3.8 GHz. @) Experimental results of Gain pattems in 9 = 90 plane of Antenna 1 at fi

= 3.8

144

GHz.

Figure 5.6: (a) Simulation results of Gain patterns in 9 = O plane of Antenna 1 at fi = 3.8
GHz. (b) Simulation results of Gain patterns in

GHz.

9 = 90 plane of Antenna

1 at fi

= 3.8
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Figure 5.7: (a) Experimental results of Gain pattems in @ = O plane of Antenna 1 at fi =

xviii

4.65 GHz. (b) Experimental results of Gain patterns in $ = 90 plane of Antema 1 at 6 =
4.65 GHz-
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Figure 5.8 : (a) Simulation results of Gain patterns in $ = O plane of Antenna 1 at ft = 4.65

GHz. (b) Simulation results of Gain patterns in 9

= 90

plane of Antenna 1 at fi

= 4.65

GHz.
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Figure 5.9: Experimental results for the Retum Loss of Antenna 2 with dimensions L

=

62, W = 29, (G, y,) = (O, -2.5), (al, b ~ =
) (5,3.5), (a2, b2) = (7, SS), t = 2.83, d = 1.37, F =
16 and h = 5.9 1. Al1 dimensions in mm.

149

Figure 5.10: Simulation results for the Return Loss of Antenna 2 with dimensions L = 62,
W = 29, (s,
y,) = (0, -2.5), (al, bl) = (5, 3.9, (a;?,bS = (7, SS), t = 2.83, d = 1.37, F = 16

and h = 5.9 1. Al1 dimensions in mm.
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Figure 5.1 1 : Experimental results for the Smith Chart plot of Antenna 2 with dimensions
L =62, W = 2 9 , (G,y,)=(O, -2.5), (a,, bi)=(5,3.5), (az,bz)=(7, 5.9, t=2.83,d= 1.37,

F = 16 and h = 5.91. Al1 dimensions in mm.
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Figure 5.12: Simulations results for the Smith Chart plot of Antema 2 with dimensions L
= 62, W =

29, (G,y,) = (0, -2.5), (al, bl)

= (5,

3 . 9 , (a2, bt)

1.3698, F = 16, E,= 1.03 and h=5.91. Al1 dimensions inmm.

=

(7, 529, t

= 2.828,

d=
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Figure 5.13: (a) Experimental results of Gain patterns in 9 = O plane Antema 2 at fi

=

3.45 GHz. (b) Experimental results of Gain patterns in $ = 90 plane of Antenna 2 at fi =
3.45 GHz.
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Figure 5.14: (a) Simulation results of Gain patterns in @

=O

plane of Antema 2 at fi =

3.45 GHz. (b) Simulation results of Gain patterns in $ = 90 plane of Antenna 2 at fl = 3.45

xix

GHz,
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Figure 5.15: (a) Experimental results of Gain patterns in 9 = O plane of Antenna 2 at f2 =
4.15 GHz. (b) Expenmental results of Gain patterns in

+ = 90 plane of Antenna 2 at E =
156

4.15 GHz.

Figure 5.16: (a) Simulation resuits of Gain patterns in $

=

O plane of Antema 2 at

fi =

4.15 GHz. (b) Simulation results o f Gain patterns in @ = 90 plane of Antenna 2 at B = 4.15

GHz.
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Chapter 1
Introduction
1.1 Preface
The concept of microstrip antennas was first introduced by Deschamps as eariy as
1953 [l]. However, the first practical microstrip antenna was designed by Howell and

Munson in the early 1970's [2-31. 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 antemas corne 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 fiequency, input impedance and bandwidth of rectangular microstrip
patch antennas are well documented and reporteci 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 fiequency, input impedance and bandwidth of the circular patch antenna have
also been documented and reported by Bah1 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 [ 1O] or in the same layer of a coplanar geometry [ 1 1] 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 singlepatch broadband microstrip patch antenna could be
developed.
Recently, Huynh and Lee presented an experimental study of a new kind of broadband
microstrip patch antema 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 singlepatch wideband microstrip antema 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
d o t has been confirmeci by many published results [12-221, 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 Ushaped dot is studied. Two approxirnate equations for the resonance fiequencies 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
dots 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 antemas and
a dual band microstrip patch antenna. The resonance behavior of the microstrip patch
antenna with a single U-shaped slot is studied. Two approxirnate equations for the
operating fiequencies are derived bas& upon the analyses of the surface current
distribution on the patch. These equations are used to compute the resonance fiequencies

of the microstrip patch antema with a single U-shaped dot. The cornputed results are
compared with the simulated results of moment method solution using the h s o f t
ENSEMBLE software and they are found to be accurate within 5%.
A new type of broadband rectangular microstrip patch antema with a cucular arc
A pararnetric study is perfomed on this

shaped dot is also studied in this thesis.

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 patcb with a circular arc shaped slot is slightly lower. The

resonance properties of the re~tangularmicrostrip patch with a circular arc slot are also
investigated. Based upon the surface current distribution analyses, two equations are
proposed for the resonance fiequencies of this antema, The accuracy of the proposed
equations is justified by smal 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 dernonstrated 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 fiom both the high bandwidth and high gain standpoint.

For dual band operation, a new coaxially-fed microstrip patch antema with two
asymmetric U-shaped dots is discussed in this thesis. The optimum ratio of the two
frequencies is found to be f2 / f;

=

1.57. Two approximate equations for the resonant

fiequencies based on the surface current distribution are presented. The computed results

of the resonance fiequencies using the proposed equations are compared with the
simulated results of the Ansofi 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 I 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 antemas such as a rectangular microstrip patch with a single U-shaped slot, a
rectangular microstrip patch antenna with a circular arc shaped dot, a circular microstrip
patch antenna with a circular arc shaped slot and a circular microstrip patch antenna with
a circular arc shaped slot and L-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 dots are discussed. Chapter 5 covers the
experùnental 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
141. The radiating patch may be rectangular, square, circular, ring, elliptical, trïangular 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 polarkations 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 fiom the ground plane with a
dielectric substrate with dielectric constant E, and height h. 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 onedimensional resonator, and its width W
at resonance is equal to one half wavelength, 1/2Lh. 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 comected to the patch [25].

Figure 2.1 :Geometry of a rectangular microstrip patch antenna.

For smaU h, the electnc field under the patch is nomai to the patch (vertical E), as
shown in Figure 2.2. The fnnging fields at the two open ends are accounted for by adding

equivalent lengths âL, at both ends. The expression for AL is given in equation 2.1 [25].

Fringing Field

L

Figure 2.2: Patch enfargementdue to Fringing Fields.

The parameter E in equation 2.1 is the effective dielectric constant of the dielectric
substrate, which is given by equation 2.2 [25].

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, = AJ2. The effective length of the patch is
obtained from the patch enlargement due to fringing fields and is equd to Le = L

+ 2 AL,.

As a result, hd = 2 (L + 2 AL), where L = )b I JE, and )b = c 1f [25]. Consequently, an

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

c =velocity of light

Figure 2 -3:Rectangular patch eflective length.

(2.3)

The bandwidth of a microstrip patch antenna is the range of frequencies within which

the performance of the antenna confoxms to a specific standard (261. in the case of the

microstrip patch antenna, the bandwidth is usuaily 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 antema.
For VSWR < S, the usable bandwidth of a microstrip patch antenna is givea by equation
2-4 [26].

The quaiity factor Qt in equation 2.4 is defined as the ratio of the resonance fiequency

f, of the antenna and the fiequency band Afover which the reflected power is not more
than one ninth (VSWR < 2) of that absorbed at resonance. An expression for quality
factor Q, is given in equation 2.5 1261.

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 mode1 [26].

E, =

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]

2.3 Circular microstrip patch antenna
Other than the rectangular patch, the next popular configuration that is most commoniy
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 charactenzed by its radius R 1261.

Figure 2.4: Geometry of a circular microstrip patch antenna.

As with a rectangular patch, the modes that are supported by a circular patch with
small substrate height (h << h) are TMzmodes with r being perpendicular to the circular
patch- The resonant IÏequencies of a circular microstrip patch antenna for the TMzmno
modes can be written as folIows [26]:

In equation 2.1 1, X , represents the zeros of the derivative of the Bessel function J&)

and they determine the order of the resonant fiequencies. The first four values of x i , are
[261
X I , = 1.8412

X,, = 3.0542

Based on the values of X , , the first four modes are TWllo, TM?~Io
, TMho , and
TMz3lo [26]. The dominant mode of the circular microstrip patch antenna is the TMZiio
whose resonant fiequency can be written as [26]

The resonant fiequency of equation 2.13 does not take the fiinging fields into account.

As was shown for a rectangular patch, the fnnging fields make the patch look slightly
larger and a length correction factor was used to take the Fnnging fields into account.
Similarly, for the circular microstrip patch a correction factor is introduced for the
effective radius Re to replace the actual radius R in equation 2.13. The expression for Re

in terms of the a n t e ~ parameters
a
is given equation 2.14 [26].
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Hence, the resonant Eequency in equation 2.13 of the circular microstrip patch antema
for the dominant mode TWito becomes [26]

As discussed earlier, the bandwidth of a microstrip patch antenna is considered to be
the range of fiequencies within which the performance of the antenna confoms to a

specific standard. For a circular microstrip patch antenna, the bandwidth of the antenna is

limited by its impedance. If the antema impedance is matched to the transmission line at
resonance, the mismatch off resonance is related to the VSWR. The bandwidth of the
microstrip patch antema is then defined by the acceptable value of the VSWR [26]. The
bandwidth of a circular microstrip patch antema for VSWR < S is given by equation 2.16
Bandwidth = 100

f

r

where Q,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 TWIIOcan be written as
follows
Er = O

(2-17)

- J,(k, Resin(9))

(2.20)

Jo2= JO(k,Resin (9))+ J, (k,R, sin (9))

(2.21 )

J;,

= J o ( k oResin(9))

where Re is the effective radius of the circular patch and VO = hEJ&Re)

is the edge

voltage at Q = O0 [26].

The fields in the principle planes are reduced to
E-plane (@

= 0°,

180°, 0" 1 0 S 90")[26]

2.4 Broadband and dual band microstrip patch antennas
The major drawback o f the conventional microstrip patch antennas (rectangular and
circular patch antemas) is their narrow bandwidth. A technique used to widen the
bandwidth of resonant circuits is to couple several resonators with very close resonance

fiequencies.

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 kequencies and bandwidth. If these two

resonance fiequencies are close enough to each other, the total circuit seerns 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].

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 sarne layer 11 11. In this coplanar geometry, the parasitic
elements (dipoles) are placed next to the main radiating patch with slightly different

lengths, as shown in Figure 2.6. The side parasitic elements are excited by coupling h m
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 anteuna 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.

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 [LOI. Figure 2.7 shows the geometry of stacked microstrip patches used to

increase the bandwidth. Because the surroundings of the two microstrip patches in a
stacked geometry are slightly different, the resonant fiequemies of the two patches are
also slightly different, and they merge together to increase the fiequency bandwidth. One

can select different sizes of the two patches to increase the fiequency bandwidth or to
obtain dual band operation of the antenna [27]. In the stacked configuration, the lower
patch is fed using one of the feeding methods, while the upper patch is

electromagnetically coupled. The bandwidth of a microstrip patch antenna c m 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].

Figure 2.7 :Geornetry of a stacked microsîrïp patch antenna.

Nevertheless, the stacked geometry has the disadvantage of increasing the thickness of
the antema and the coplanar geornetry has the disadvantage of increasing the size of the
antenna. Therefûre, it would be of considerable interest if a single-layer single-patch
wideband microstrip antema could be designe-. Such a microstrip antenna would still
have its thin profile characteristics.

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 singlelayer singkpatch
rnicrostrip antema two different but close resonant fiequencies are combined to a give a
wideband operation [12]. Based on an assumption, it is presumed that the k t resonance
is generated by the rnicrostrip patch, while the second resonance is excitai by the U-

shaped slot. This single-layer singlepatch 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 of30% can be obtained with the microstrip patch
antenna with a U-shaped dot [12-221.

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 0 t h applications of broadband patch antemas 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 antema was given. The fomiulas for the resonant fiequency, 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 mimstrip patch antenna
were described; these are the use of coplanar geometry or stacked geometry. Tt was
shown that the coplanar geometry has the disadvantage of increasing the size of the
antema while the stacked geometry increases the volume of the antenna. As opposed to
the coplanar and stacked geometry, a single-layer singlepatch 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 antema with a single Ushaped slot. However, no information has been provided on how the wideband operation

of this antenna is achieved. This thesis project studies the resonance phenornena 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 antemas are
sîudied.

Chapter 3
Analysis of different Broadband Microstrip Patch
Antennas
3.1 Introduction
In this thesis four different single-layer singlepatch 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 [12-221, it is the first broadband patch antennas which is studied
extensively in this thesis.

The simulation results of this antema for the resonance

fkequencies, impedance bandwidth, radiation patterns 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 papas have confirmed the broadband

charactenstics of this antema, 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 muencies, impedance bandwidth, radiation patterns and surface
current components are presented for the rectangular patch with a circula. arc shaped slot.
This broadband patch antenna also provides a bandwidth in the range of 30%.
Approximate equations for its two resonance fiequencies are also developed, based on the
19

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 Iimited 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 circula 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 bas 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 e. = 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 b. The width and the length of the two arms of the slot are denoted by

Wsand L,, while the thickness of the U dot is indicated by the parameter t. The
rectangular patch is fed using a SOS2 coaxial probe with the imer diameter of 1.27 mm.
The coaxial probe is located slightly below the center of the patch along the ydirection.

Figure 3.1: Geomeîty of the microship antenna with a single Li-shaped dot.

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 snidy 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 fkom

the ground plane with a foarn substrate with

E, =

1.0006 and thickness of h = 5.0 mm.

The U-shaped dot with dimensions L, x W, = t 9.5 mm x 12 mm is placed in the middle

of the patch such that a = 3.2 mm and b = 3.3 mm. The ground plane is assumed to be
infinite and the patch is fed using a coaxial probe at (xp y,) = (O mm, -2 mm) with the
inner probe diameter of 1.27 mm, where (O, O) is the center of the patch. Extensive
computations are carried out to obtain the characteristics of this antenna.

The two resonance fiequencies of Antenna 1 occur atfi = 4.16 GHz andfi = 5.28 GHz;

thus, the antenna is dual band, as s h o w 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 fiequency increases

fiom f, = 4.16 GHz to fi = 4.24 GHz and the second resonance fiequency decreases fiom

fi = 5.28 GHz toJ

= 5.0 GHz.

The simulation results Çom software Ansofi ENSEMBLE

of this antenna for different locations of the U-shapd slot are s h o w in Figure 3.2.

Frequency (GHz)

Figrtre 3.2: Retitrn Loss of Antenna I for d~fferenta and b values with dimensions L =
35.5. W = 26, L, = 19.5, W, = 12, t = 2.1, F = 15, h = 5.0- Alldimensions 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, wherefi = 4.2 GHz andfi = 5.16 GHz.

The effect of various values of Wx(horizontal arm of the U-shaped slot) on the

resonance fkequencies is investigated next. Figure 3.3 shows that by decreasing the value
of Wsfiom 12 mm to 11.8 mm, the fkequencyf, stays the same at f, = 4.2 GHz and fi
increases fiomfi
occurs at fi

=

=

5.16 GHz tof2 = 5.2 GHz. With Ws= 12.2 mm, the fiequencyf, still

4.2 GHz, however fi decreases fiom fi = 5.16 GHz to fi

=

5-12 GHz.

According to the results in Figure 3.3, the antenna becomes dual band with the decrease
in Ws fkom 12 mm to 1 1-8 mm, while the bandwidth is slightly decreased with the
increase in Wxfiom 12 mm to 12.2 mm. Hence, the best value of WrYs equal to 12 mm,
wherefi = 4.2 GHz and fi = 5.16 GHz.

~ r e ~ u e (GHz)
n c ~

Figure 3.3: Return Loss o f Antenna I for diJ6erent values of Wswith dimensions L = 35.5,
W = 26,L, = 29.5, a = 3.7, b =2.8, t =2.1, F = 15, h =S.O. Alldimensionsin mm.

It is observed that by changing the value of L, (length of the two vertical arms of the
U-slot) fiom 19.5 mm to 19.0 mm, fi stays the same and fr increases, while the -1 0 dB
bandwidth decreases. By changing L, fiom 19.5 mm to 20 mm,$ stays fixeci and both5

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 dot t is variedWhen the width of the U-shaped slot t is decreased fiom 2.1 mm to 2.0 mm, fi stays the
same and fi is decreased. As t is increased fiom 2.1 mm to 2.2 mm, fr does not change
andfi increases. From the high bandwidth standpoint, t = 2.1 mm gives the best results.
The effect of different values of Won the resonance ûequencies is also studied. The

results are shown in Figure 3.4. As the width of the patch W is decreased fiom W = 26

mm to 25 rnm,fi increases fiom 4.2 GHz to 4.36 GHz, howeverfi does not change. The
-1 0 dB bandwidth seems to decrease fiom 30.98% to 2998% as the width of the patch is
decreased. On the other hand, when the width of the patch W is increased f?om 26 mm to
27 mm, the fiequencyf, decreases fiom 4.2GHz to 4.04 GHz andfi is increased from 5.16

GHz to 5.2 GHz, while the -10 dB bandwidth decreases fiom 30.98% to 10.22%.
Therefore, with the increase in the width of the patch W the fiequencyfi decreases and the
fiequencyfi 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 wnsidered on the bandwidth of the antenna.
Figure 3.5 shows that when L is changed fkom 35.5 mm to 37.5 mm, f, stays fixed a n d 5
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, wherefr = 4.2 GHz andh = 5.12 GHz.

Figure 3.4:Retut-n Loss of Antenna 1for different values of W with dimensions L = 35.5.
AIldimensionsinmm.

Ls= 19.5, Ws= 12, a = 3 . 7 , b =2.8, t = 2 . 1 , F = 15, h =S.O.

4.5

5
5.5
Frequency (GHz)

Figure 3.5:Retur-nLoss of Antenna 1 for dzrerent values o f L with dimensions W = 26, L,
= 19.5, Ws= 12, a = 3 . 7 , b =2.8, t =2.1, F = 15, h =S.O. Alldimensionsinmm.

It is observeci that by increasing the height of the foam substrate fiom h = 5.0 mm to
5.5 mm and 6.0 mm, both frequencies fi and fi decrease, but the best result of -10 dB
bandwidth of 32.7% is obtained with h = 5.5 mm, wherefi = 4.12 GHz andfi = 5.08 GHz.

This is demonstrated in Figure 3.6.
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Figure 3.6: Return Loss ofAntenna I for different values of h with dimensions L = 37.5,
W = 26, L, = 19.5, Ws= 12, a = 3.7, b = 2.8, t = 2-1, F =.15. Aildimensions in mm.

3.2.2 Radiation patterns and gain patterns
The E and H plane radiation patterns of Antenna 1 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 Ee and Eo in t$

=O

plane and @ = 90 plane atf; = 4.12 GHz. The copolarization results

shown in Figure 3.7 in $ = O plane and @ = 90 plane appear to corne from the TM01 mode
since they have a maximum in the broadside direction. The crosspolarization level in @ =

O plane seems to corne fiom another mode due to the nul1 at 0 = O and it is below -13 dB.
On the other hand, it is below -35 dB in

= 90 plane forf;,which is very low.

Figure 3.7:(a) Radiation patterns in 4 = O plane of Antenna I with optimized dimensions
ar fr = 4.12 GHz (b) Radiation pattern in $ = 90plane of the Antenna 2 with optimized
dimensions atfi = 4.12 GHz.

The computed results o f Ee and E, in @ = O plane and $ = 90 plane atfr = 5.08 GHz are
shown in Figure 3.8. Figure 3.8 shows that the crosspolarization level in $ = O plane for

J? = 5.08 GHz is slightly higher than the crosspolarization level at fi

= 4.12

GHz. In

contrast, it is still below -35 dB in @ = 90 plane forfi= 5.08 GHz.

Figure 3.8:(a) Radiation patterns in $ = O plane of Antenna I with optimized dimensions
at fi = 5.08 GHz. (b) Radiation patterns in @ = 90 plane of Antenna I with optimized
dimensions atfi = 5.08 GHz.

The computed gain patterns of the antenna by Ansoft Ensemble software atfr
GHz in @ = O plane and

= 4.12

+ = 90 plane are shown plotted in Figure 3.9. Figure 3.10 shows

the computed gain patterns in $ = O plane and $ = 90 plane a t h = 5.08 GHz. It c m be
seen that both resonance fkequencies have similar gain patterns and the sarne polarïzation.
The broadside gain of the antema atfi

= 4.12

GHz in @ = O plane and @ = 90 plane is 8.78

dBi. By o b s e ~ n the
g gain patterns in Figure 3.10 atf, = 5.08 GHz in @ = O 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 forfi = 4.12 GHz is beiow -13 dB.

However, the crosspolarization level in $ = O plane forfi
In @

=

= 5.08

GHz is slightly higher.

90 plane, the crosspolarization level for bothfi andh is below -35 dB, which is

very low.

(b)
Figure 3.9: (a) Gain patterns in @ = O plane of Antenna I with optimized dimensions at
= 4.12 GHz (b) Gain patterns in = 90 plane of Antenna I with optimized dimensions

fi

atfi

= 4-12 GHz.

O

theta

(W
Figure 3. I O: (a) Gain patterns in @ = O plane of Antenna I with optimized dimensions a f J
= 5.08 GHz. (6) Gain patterns in @ = 90 plane of Antenna I with optirnized dimensions a f
5 = 5.08 GHz.

3.2.3 Surface current components and current distribution analysis
In this section, the resonance behavior of the rectangula. patch antema with a single

U-shaped slot is discussed. Approximate equations for the operating fiequencies 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 3.1 1 (a) shows the surface current distribution of Antema 1 with the optimum
dimensions at the fiequencyf,

= 4.12

GHz. This current distribution is that of the TM01

mode, but is strongly affected by the U slot. The surface currents onginate 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 TMoimode atfr = 4.12 GHz are forced to travel around it. Nothg
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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 forfi can be derived. This condition is d o r c e d on
the average current path-length,

which fiom Figure 3.1 1 (b) is the sum of two

components A 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 equivdent ïengths AW at both ends. The components of the current path length
can be f o n d h m Figure 3.1, in terms of the antenna parameters as A

=

+ 2 AW-

/ 2 =A

(b + AW)/2. The sum of these two components is equal to

WJ 2 and B = W

+ B = WJ2

+ W + Y2A W - b/2. An approximate equation for/, can then be written as

Figure 3.11: (a) Surjiace cument distribution on rnicrosîrip patch ut 5
Su~facecurrent- line path on the patch a t f , = 4.12 G E

=

4.12 GHz. (b)

As it was shown in Chapter 2, the expression for AW in equation 3.1 c m be written as

where e, is the effective dielectric constant and is given by equation 2.2.
The situation is somewhat different at the second resonance fi

=

5.08 GHz. The

surface current distribution is strong at the patch center and hunediate vicinity outside
slot as shown in Figure 3.12 (a). It orighates 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 q u a i to one wavelength. Noting that these
components can be written in ternis of the antenna parameters as M = L!4, N = (W+2AW)
- (a + AH912 - (b + AW)/2, O = L/4- (Ws-2t)/4 and Q = ( F + ACY) - ( a

+ AW)/2. The

sum ofthesecomponents is equal t o k = M + N + O + Q = L / 2 + W+3/2AW- Ws/4+

F - a - b/2 + t/2. An approximate equation f o r 5 can be written as

where A W 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

single U-slot microstrip patch resonance fiequencies computed by Ansoft ENSEMBLE
software and Equations (3.1) to (3.3) for different values o f antenna parameters a and b in
Figure 3 -2.

(4
(6)
Figure 3.12: (a) Sufice cuvent distribution on microstrip patch ut fi
Su$ace current-fine puth on thepatch u t 5 = 5-08 GHz.

=

5.08 GHz- (b)

Table 3.1 :Cornparison of h t e ~ 1aresonance ftequencies computed
by ENSEMBLE software and Equations (3.1) to (3.3) for a and b values in Figure 3.2.

U-slot

,

Location

Computed using
ENSEMBLE

1

Calculated by Equations
(3.1) to (3.3)
1

1

Emr between
computed and
caiculated values

Table 3.1 shows that the computed results of the resonance fiequencies using Ansofi

1

1

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

Wsin Figure 3.3 and similar observations are

made. The results are shown in Table 3.2.

Table 3.2: Cornparison of Antema 1 resonance fiequencies computed
in Figure 3.3.
by ENSEMBLE software and Equations (3.1) to (3.3) for values of

1
i

Horizontal

1

i arm ofU-slot

iI
I

Cornputeci using
ENSEMBLE

Calculated by Equations I
(3.1) to (3.3)

Enor between
computed and
calculated values

,

Similarly, Table 3.3 and Table 3.4 compare the simulated values of the patch
resonance frequencies with the calculated values for different W values in Figure 3.4 and
different L values in Figure 3.5, respectively.

Table 3.3: Cornparison of Antema 1 resonance frequencies computed
by ENSEMBLE software and Equations (3.1) to (3.3) for values of Win Figure 3.4.
-y--

Uridth of the

Cornputed using
ENSEMBLE

' Calculatecl by Equations
(3.1) to (3.3)

patch
1

(mm)
W=25

Error between
computed and
calculated values

fi

fi

fi

fi

Afi

Afi

(GHz)

(GHz)
5.2

(GHz)

(GHz)

(%)

(%)

4.28

5.35

1.83

4.36

1

2.88

1
1

Width of the
I

~atch

1

Calculated by Equations
(3.1) to (3.3)

Computed using
ENSEMBLE

I

1/

Emor between
cornputeci and
calculated values

,

Table 3-4: Cornparison of Antenna 1 resonance fiequencies computed
by ENSEMBLE software and Equations (3.1) to (3.3) for values of L in Figure 3.5.

11 Length of the

1

patch

'l

1

I

i

IL

l

=35.5

Computed using
ENSEMBLE

Calculated by Equations
(3.1) to (3.3)

fr

fi

fi

(GHz)

(GHz)

(GHz)

4.2

5.16

1

4.17

5.25

/

1

Error between
computed and
calculated values

1

0.71

1

1-74

Table 3.5 compares the computed results of the resonance fiequencies of Antema 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 h is increased, bothfi andfi decrease,

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

Equation 3.2 shows that the

parameter A W is a function of substrate height Ir. Therefore, as the substrate height h is
varied, the fiequencies î, and fi also Vary. The results s h o w in Table 3.5 dernonstrate
that the simulated values of the resonance fiequencies are in good agreement with the

calculated values. Small percentage mors 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: Cornparison of A t I t e ~ a1 resonance fiequencies computed
by ENSEMBLE software and Equations (3.1) to (3.3) for values of h in Figure 3.6.
Substrate

1

Computed using

height

(mm)

i

f,

1

(GHZ)

1

1

Calculated by Equations
(3.l)to(3.2)

f
(GHZ)

1

(GHZ)

/

r
(GHZ)

l

Error between
computed anci
calculated values
Af;

1

A5

(%)

i

(%)

3.2.4 Antenna syathesis and parametric shidy 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 fiequency of the antenna is reduced
by half, however the operation bandwidth remains the same. This is applied to Antema 1
with dimensions L = 4 0 mm, W = 26 mm,L, = 19.5 mm, Ws= 12 mm,a

= 3.7

mm, b =

2.8 mm, t = 2.1 mm. F = 15 mm, h = 5.5 mm, E, = 1.03 and R, = 0.635 mm (radius o f

probe), as shown in Figure 3.1. The E, = 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 fiequencies of Antenna 1 occur at fi = 4.12 GHz, /2 = 5.0 GHz, fi

=

3.92

GHz andfJ = 5.4 GHz, as shown in Figure 3.13, where the -10 dB bandwidth is 3 1.76%.

UI

U)

2
O

-

E -1s 1
C

O

-

a-=u
I

C

-30 f1

-35

3

t

3-5

I

4

1

5

4.5

I

I

55

6

6.5

7

Frequency (GHz)

Figure 3.13: Retllm Loss of Antenna 1 wiih dimensions L = 40, W = 26, Ls = 19.5. Ws =
12, a = 3.7, b = 2.8, t = 2.1, F = 15, h = 5.5, R, = 0.635. Alldimensionsin mm.

The same operation bandwidth of 3 1.76% can be obtained at the lower fkquencies by
adjusting the dimensions of the antenna.

Figure 3.13 are doubled, such that L
= 7.4rnm, b = 5.6 mm,t

For example, if the antenna dimensions in

= 80 mm,

W = 52 mm, L, = 39 mm. W, = 24 mm.a

=4.2mm1F = 3 0 m m , h = 1 1 mm,&,= 1.03 and&= 1.27mm

then the operating frequencies are reduced by half. This is dernonstrated in Figure 3.14

where the operating fiequencies of Antenna 1 occur atf;

= 2.06

GHz,J

= 2.5

GHz, 5 =

1-96 GHz and5 = 2.7 GHz and the -10 dB bandwidth is q u a 1 to 3 1.76%. Note that the

frequencies f, to fi shown in Figure 3.14 are exactly half of the frequencies f, to fr in
Figure 3.13, while the -1O dB bandwidth of 3 1.76% remains the same.

Frequency (GHz)

Figure 3.14: Return Loss o f Antenna I with dimensions L = 80, W = 52, L, = 39, Ws=
24, a = 7.4, b = 5.6, t = 4 . 2 , F = 3 0 , h = I I , R p = 1-27.AIIdirnensionsinrnrn.

Next the parametric study of the synthesized single U slot microsûip 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 Rp = 1.27

mm gives the best impedance bandwidth of 3 1.76% at h = 1 1 mm. On the other hand, Rp
=

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 Rp = 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 antema bandwidth for various values of substrate heights is shown plotted in Figure
3.16.
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Figure 3.15: Eflecr of drfferent values of 4 on the impedance bandwidth with L = 80. W
= 52, L, = 39, W, = 24, a = 7.4, b = 5.6, t = 4.2, F = 30. AIldimensions in mm.
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Figure 3.16: Effect of dtrerent values of F on the impedance banhyidth with L = 80, W =
52, L, = 39. W,= 24. a = 7.4. b = 5.6, t = 4.2, Rp = 1.27. AI1 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 al1 values of substrate heights, again due to

antenna becoming dual band.
Next the vertical arm length L, and the horizontal arm Wsof the U slot is varied to
observe the effect on the irnpedance 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,

with L,

= 4 1.O

= 39.0 mm at

h = i 1 mm. The bandwidth results obtained

mm are also good.
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8
9
Substrate height h (mm)
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Figure 3.17: Effecf of diflerent values of L on the impedance bandwidth wifh L = 80. W
= 52, Ws= 24. a = 7.4. 6 = 5.6. r = 4.2. F = 30. Rp = 1.27. AIldirnensions in mm.

It c m be seen fiom the results shown in Figure 3.18 that the similar impedance

bandwidths are obtained for three different values of Ws.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: Eflect of dtyerent values of Wson the irnpedance bandwidh with L = 80,W
= 52, 15, = 39, a = 7.4, b = 5.6, t = 4.2, F = 30, Rp = 1-27.AIl dimensions in mm.

In a similar m m e r , the plots of impedance bandwidth vs. substrate height h are
produced for different values of a and 6. Figure 3-19 shows the bandwidth curves for

three different values of n and 6. 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. h for various r (width
of the U dot) values.
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Figure 3.19: Effect of dtflerent values of a and b on the impedance bandwidth with
80, W = 52, L, = 39, Ws= 24. t = 4.2. F = 30, R, = 1-27. AI1 dimensions in mm.
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Figure 3.20: Effect of dzrerent values of t on the impedance bandwidth with L = 80. W =
52, L, = 39, Ws = 24, a = 7.4, b = 5.6, F = 30, Rp = 1.27. Ail dimensions in mm.

Similar observations can be made fkom the results shown in Figure 3.20. In îhe lower
range of h, the bandwidth results are very similar for three different t values. As the

substrate height increases more than 9 mm, the bandwidth increases smoothly with t = 4.0

mm. On the other hand, there is a sharp change in the impedance bandwidth with t = 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 àroadband 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 s h o w in Figure 3.21. The rectangular patch of dimensions L x W is separated

fkom the ground plane with a foam substrate of height h and e. = 1.0006, and a circular arc
shaped slot is located in its center. The center point of the two circular arcs is given by
(x,, y,), as

shown in Figure 3-21. The end points of the first and second arcs are given by

(a,,b,) ancl (a?, b?),respectively. The position of the circular arc slot on the rectangular

patch c m be specified by the parameter d, while the width of the circular arc slot is

indicated by the variable I. The patch is fed using a SOC2 coaxial probe at (x, y,) with the
inner diameter of 1.27 mm. The coaxial probe is located slightly below the center of the
44

patch dong 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 dot.

3.3.1 Resonance frequencies and impedance bandwidth
T o begin with, the optimized dimensions of the rectangular patch antenna with a U-

shaped dot are applied to the rectanplar patch with a circular arc slot.

The two

resonance fiequencies of the circular arc slot antenna with the dimensions, L x W = 37.5
mm x 26 mm, (x,, y,)
= 2.1 2

mm, (x,, y,)

= (O,

= (O,

1 mm), (al, b,) = (5.5 mm,7.5 mm), (a?,bz) = (7 mm, 9 mm), t

-2 mm) such that F = 15 mm and h = 5.5 mm, occur at f; = 3 -56

GHz and 5 = 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 changîng the thickness of the circular arc slot to t = 2.83 mm, the -10 dB

bandwidth increases to 15.2% but then drops back to 13.0% with t = 3.18 mm. As the

thickness of the circula arc slot is increased, both fiequencies J; and /l increase. The
computed results are shown in Figure 3.22.

Since t

=

2.83 mm gives the highest

bandwidth in Figure 3.22, it seerns to be near the optimal value.

Figure 3.22: Return Loss of Antenna 2 for dtrerent values of t with antenna dimensions
of L = 37.5, W = 26, (xc,yc) = (0, I), (ar, b,) = (5.5, 7 . 9 , (a?,bd = (7, 9), d = 3.37, (xp,
yP) = (0. -2), F = 15, h = 5.5. AlI 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 Ansofi ENSEMBLE, where L x W = 54 mm x 27 mm, (x,, y,)

= (0,

-1.5 mm), (a/,
61)= (5.0 mm, 4.5 mm), (ar, br) = (7 mm, 6.5 mm), t = 2.83 mm, (x,, y,,) =

(0,-1.5 nun) such that F = 15 mm and h
resonances occur atfi

= 3.76

=

5.5 mm. With these dimensions, the two

GHz and& = 4.68 GHz,as shown in Figure 3.23. However,

the -10 dB bandwidth is still not very broad with 6.32%in the h t band and 15.5% in the
second band. Figure 3.23 also shows the effect of changing the width of patch Won the
two resonance fiequencies and -10 dB bandwidth. It can be seen fiom Figure 3.23 that as

the width of the patch is increased, bothf, andfi 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 Anfenna 2 for d@erent values of W wilh antenna dimensions
of L = 54, (k,, y=) = (0. -1.5). (ai.b3 = (5. 4.5). (a?,62) = (7. 6.5). t = 2-83. (x,. yp) = (O,
-2). h = 5.5. AIZ dimensions in mm.

Next, the size of the patch is increased m e r and the location of the circula arc slot
in Iowered 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,yc) = (0, -2.5

mm, d

=

mm), (ai,61) = (5.0 mm, 3.5 mm), (a?,bz) = (7 mm, 5.5 mm), t = 2.83

1.37 mm, (x, ,y,,) = (0, -1 -5 mm) such that F = 16 mm and the foarn substrate

height h = 5.5 mm. With this configuration, the first resonancefr appears atf, = 3.64 GHz

and the second one atf;. = 4.44 GHz, as shown in Figure 3.24. The simulation results
obtained fiom 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 fiequencyf, does not change, while the second resonance

5 increases with the -10 dB bandwidth. However, if the probe position is lowered any
fürther so that the value of F increases more than 16 mm, the antema looses its broad
bandwidth characteristics.
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Figure 3.24: Return Loss of Anfenna 2 for dlflerent values of F with anfenna dimensions
of L = 55.5, w = 29, (xc, y=) = (O, -2.5). (a,. b,) = (ri. 3.5). (a?, 62) = (7. 5.5'). t = 2.83, d
= 1.3 7, h = 5.5. A Il 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
mdh = 4.44 GHz. The E and H plane radiation patterns obtained fiom Ansofi Ensemble
48

atfi = 3.64 GHz are shown in Figure 3.25. The rectangular patch with a cucular arc slot

also has a broad radiation pattern. Figure 3.25 shows the computed results of E@and E, in
@ = O plane and @ = 90 plane atf; = 3.64 GHz.

+

Figure 3.25:(a) Radiation patterns in
= O plane of Antenna 2 with optimized
dimensions ut fi = 3.64 GHz (b) Radiation patterns in = 90 plane of Antenna 2 with
optimized dimensions atfi = 3.64 GHz.

In Figure 3.25, the copolarization patterns in @ = O and

=

90 planes seem to corne

h m the TMoiradiating mode, while the crosspolarization in @ = O plane is due to another
radiating mode. Figure 3.25 shows that the crosspolarization level in @ = O plane forfi =
3.64 GHz is below -13 dB, while in 9 = 90 plane its level forfi is extrernely low.

Figure 3.26 displays the computed results of Ee and E, in @ = O plane and

+ = 90 plane

at fi = 44.4 GHz. When comparing Figure 3.25 with Figure 3.26, at fi = 4.44 GHz the
crosspolarization level in $ = O plane is a little higher than the crosspolarization level atf,
= 3.64 GHz.

Nevertheless, it is below -35 dB in @ = 90 for& as well.

Figure 3.26: (a) Radiation patterns in @ = O plane of Antenna 2 with optimized
dimensions ut fi = 4.44 GHz (b) Radiation patterns in 9 = 90 plane of Antenna 2 with
optirnized dimensions a t 5 = 4.44 G H z

The gain patterns of the antenna atfr

= 3.64

GHz in $ = O plane and $ = 90 plane are

plotted in Figure 3.27. Figure 3.28 shows the computed gain patterns at& = 4.44 GHz in
$ = O plane and $ = 90 plane. While comparing the gain patterns of bothf, = 3.64 GHz

and fi = 4.44 GHz, it c m be seen that both resonance fiequencies have similar gain

patterns and the polarization is also similar. The broadside gain of the antenna atf, = 3.64

GHz in $

=

O plane and $ = 90 plane is 9.45 dBi, while a t h = 4.44 GHz the broadside

gain of 9.53 dBi can be achieved. The crosspolarization level in 4

GHz is below -1 3 dB, however it is slightly higher atfi

= 4.44

=O

plane atf, = 3.64

GHz in the same plane. In

$ = 90 plane, the crosspolarization level for bothî, andfi is extremely low.
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3.3.3 Surface current components and eurrent distribution annlysis
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 f?equency 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 dot. Due to the presence of the circular arc slot on the microstrip patch, the surface

currents of the TM*, mode are forced to travel around it. Recall that for the TM01 mode,
the resonance occurs when the cument path length is equal to one half wavelength an

approximate equation forfi can be derived. This condition is implemented on the current
path-length, which is the sum of two components A and B as shown in Figure 3.29 (b).
Note that this average current path Iength includes the effect of the fnnging fields on the
microstrip patch, and the fringing fields at the two open ends are accounted for by adding
equivdent lengths A W at both ends. The current path length components can be found
fiom Figure 3.21, in ternis of the antenna parameters as A

= RI

and B

= (W+ 2

A m-

(A W + d)/2, where RI is the radius of the first arc and is given by RI = d(a1 - 3' + (bl )

The component A W is the equivalent length due to fnnging fields and its expression

is shown in equation 3.2. An approximate equation f o r 5 can then be written as

The expression for the effective dielectric constant E is given by equation 2.2.

Figure 3.29:(a) Surfiace current distribution on microstrip patch at fi
Surface cuwent- Zine path on the parch arfr = 3.64 GHz.

=

3.64 GHz (b)

The surface current distribution is very différent at the second resonancefi = 4.44
GHz. It is very strong at the patch center and proximate surroundings outside slot as

shown in Figure 3.30 (a). The surface currents begin at a point just behind the slot and
circulate around the arc slot, and finally stop at the center point P behind the slot. One

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 dot. 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 behveen the two non-radiating
edges of the patch. The expressions for the components My N, O and Q can be written as

A W)- (A W + F - R#2, where Rr is the radius of the second arc and is given by RZ= d(a2
- xJZ + (bz - y#. The sum of these components is equal to hz = M + N + O + Q = L/2 +

W12 + 3/2 A W + Rd2 + F - d/2. An approximate equation forfi can be given by

Figure 3.30:(a) Sitgace current distribution on microstrip patch at fi
Suifice current-fine path on the patch u t 5 = 4.44 GHz.

=

4.44 GHz (b)

These derived equations are used to calculate the resonance fiequencies of the
microstrip patch antenna with a circula arc dot for different values of W shown in Figure
3.23.

Table 3.6 compares the calculated results of the resonance fiequencies from

equations 3.4 and 3.5 with the simulated results of moment method solution using the
Ansoft ENSEMBLE for various values of Win Figure 3.23.

Table 3.6: Cornparison of Antema 2 resonance fiequencies computed by ENSEMBLE
software and Equations (3.4) to (3.5) for various values of W in Figure 3-23.
Width of the

Computed using
=(l.)t0(3.5)

Calculated by Equations

patch
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5

fi

fi

(GHz)

(GHz)

(GHz)
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Afi

A&

(%)

(%)

1
i

Width of the
patch

1

I

Computed using
ENSEMBLE

Error between
computed and
calculated values

Calculated by Equations

I

By utilizing the equations 3.4 and 3.5, the resonance frequencies of Antema 2 are also

calculated for the three different probe locations shown in Figure 3.M. Table 3.7 shows
the calculated results of the resonance frequencies fiom 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 cùcular arc slot are confirmed by small percentage errors of
the calculations, as shown in Table 3.6 and 3.7.

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

1

Probe Feed

!

Location

i

(mm)

Calculated by Equations
(3.4) to (3.5)
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I

I f ;

1 (GHz)

If;.
j

(GHa

1

A
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(GHz)
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Error between
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1
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33.4 Parametric study of Antenna 2
In this section, the effect of different parameta of the circular arc dot antenna on the
impedance bandwidth is studied. It is shown in Chapter 5 that to fabrïcate the antennas,
the available foam substrate material has

=

1.03. The antenna dimensions used to

perform the parametnc study of the circular arc slot antenna are taken to be the same as

the fabricated antenna dimensions, These dimensions are: L
yJ = (0, -2.5
= 1.37

= 62

mm, W = 29 mm, (x,

mm). (a,. bl) = (5 mm, 3.5 mm), (a', br) = (7 mm, 5.5 mm), t = 2.83 mm. d

mm, F

=

16 mm and E, = 1.03. Figure 3.3 1 shows the effect of different values of

the R, on the -10 dB bandwidth for various substrate heights. R, = 1.27 mm seerns to
give the best -10 dB bandwidth for the higher end of h, whereas Rp = 0.635 mm gives

higher bandwidth values in the middle range. The lower bandwidth values around 5% to
10% are achieved with Rp = 0.3 mm, due to the antema becoming dual band.
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Figure 3-31: Effect of dzgerent values of Rp @robe radius) on the impedance bandwidth
with L = 62. W = 29. (x, y=) = (O. -23'). (a,.b$ = (5. 3.5). (a2.b3 = (7. 5.5). t = 2.83. d
= 1.3 7 and F = 16.AI1 dimensions in mm.

Similarly, the eEect 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, al1 three values of F give sirnilar bandwidths, as shown in Figure 3.32.
F = 15 mm seems to dominate in the rniddle range of substrate heights. As the substrate
height h increases more than 6.5 mm, the best bandwidths are achieved with F = 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 h is

shown in Figure 3-33 for three different values of d.

Figure 3.32: EHect of drerent values of F (probe location) on the impedance bandwidth
with L = 62, W = 29, (x, y=) = ((O. -2.5). (ar, br) = (5. 3.5). (ab b$ = (7, 5.5). t = 2.83, d
= 1.3 7 and R, = 1.27. Al1 dimensions in mm.
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Figure 3.33: Eflect of diflerent values of d (sfot location) on the impedance bandwidth
wifh L = 62, W = 29. (x, y3 = (0. -2.5). (ai. b,) = (5, 3.5). (al, bi) = (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 d = 1.37 m m as h 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 t- Figure 3.34 shows the plot o f impedance bandwidth vs.
substrate height h for three different values of t.
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Figure 3.34: E B c t of diferent values of t (slot width) on the impedance bandwidth with
L = 62, W = 29, Crc,y=) = (0, -2.5). (al, 6,) = (5. 3 . 9 , (al,62) = (7, 5.5). d = 1.37. F = 16
and R, = 1.27. Ali dimensions in mm,

From Figure 3.34 it can be seen that t

=

2.12 mm provides the highest bandwidth

values for substrate heights more than 4.0 mm. The highest bandwidth value of 3 1.3 1%
is obtained at h

= 8.0 mm with t = 2.12

mm. On the other hand, the bandwidth results are

very similar for al1 three t values for the heights lower than 4.0 mm.
The results shown in Figure 3.3 1 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 Rp = 1.27 mm at h

=

7.5 mm. From Figure 3.32 and

Figure 3.33, it c m be deduced that F = 16.0 m m and d = 1.37 mm Ove the best result of
30.03% bandwidth at h = 7.5 mm. While Figure 3.34 gives even better bandwidth value
of31.31%witht=2.12mmath=8.0mrn. Inordertoconfirmthat,Rp= 1.27mm,F=

16.0 mm, d = 1.37 mm and t = 2.12 mm, are the optimized antenna dimensions, the -10

dB antema bandwidth is calculated at a fixed substrate height of h = 8.0 mm for various
values of R, ,F, d and t. Figure 3-35 shows the plot of bandwidth vs. probe radius. Other
antenna dimensions are shown in Figure 3.35. It can be seen fiom Figure 3.35 that the
maximum occurs when Rp = 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
antema being dual band-
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Figure 3.35: Effect of dixerent values of R, (probe radius) on the impedance bandwidth
with L = 62, W = 29, (x, y,) = (0, -2.5), (a?,b?) = (5, 3.5), (a,, 6 2 ) = (7, 5.5), d = 1.37, 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 h = 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 retum

loss curve at the -10 dB line.
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Figure 3.36: Efict of d~rerentvalues of F (probe location) on the inpedance bandwidth
with L = 62, W = 29, (x,, y=) = (0. -2.5'1, (a,. 61) = (5, 3.5). (aI. b ~ =
) (7,5.5). d = 1.37,
Rp = 1.27, t = 2.83, and h = 8.0. AI1 dimensions in mm.

Similarly, the bandwidth results shown in Figure 3.37 are used to observe whether or

not d = 1.37 mm is the optimized value. The antema 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 beiow d = 1.37 mm. However,

the

major drop in the bandwidth occurs when d increases 1.37 mm due to the split in the sl 1

curve. Therefore, the optimized location of the circuIar arc slot is achieved with d = 1.37

0.5

1
15
Slot location d (mm)

2

25

Figure 3.37: Effect of dlflerent values of d (dot location) on the irnpedance bandwidth
with t = 62, W = 29, (Xc.y=) = (O. -2.5). (al, 61) = (5. 3.5). (a?,b?) = (7, 5.5). F = 16. Rp
= 1.2 7. t = 2.83 and h = 8.0- All dimensions in mm.

In a simiiar 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 h = 8.0 mm. It was shown earlier that the bandwidth of 3 1.31%

can be obtained with r

=

2.12 mm and the antenna dimensions as in Figure 3.38.

However, the results in Figure 3.38 show that t

=

2.12 mm is not the optimized value

since the maximum bandwidth of 32.6% is obtained when t

= 1.41

mm. Because of the

split in the s l 1 curve, the sharp decline in the bandwidth happens when t is changed fiom
1.41 mm to 1 .O6 mm and fiom 2.83 mm to 3.18 mm. Hence, the optirnized slot width is

equal to 1.41 mm.

Figure 3.38: Effect of d~xerentvalues of t (slot width) on the impedance bandwidth wirh
L = 62. W = 29. (x,, y,) = (0, -2.5). (a,, 61)= (5, 3 . 9 , (a?,62) = (7, 5.5). F = 16, R, =
1.2 7, d = 1.3 7 and h = 8.0. Al1 dimensions in mm.

3.3.5 Simulation results of Antenna 2 matched with a tuning shib
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 fiequency to a 50Q transmission

line [25]. In this section, the simulation results of the rectangular patch antenna with a
circular arc slot, which is rnatched using a tuning stub are presented.
Figure 3.39 shows the retum loss of the rectangular patch with a circular arc slot
without the stub tuning matching- The antenna dimensions used to obtain this result are L

x W = 37.5 mm x 26 mm, (x,, y,)

= (O,

1 mm),(ai, 61) = (5 mm, 7 mm), (a?,br) = (7 mm,

9 mm), t = 2.83 mm,(xp,y,) = (0,-2 mm) such that F = 15 mm and h = 5.5 mm. The two

resonance fiequencies with these dimensions occur at fi

= 3.64

GHz and fi

=

5.36 GHz

where the -1 0 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 = 3 7.5. W = 26. (x,.
b?) = (7. 9), t = 2.83. d = 3.37, (x,. y,) = (0. -2), F = 15,
h = 5.5. All dimensions in mm.

y=) = (0.I), (ai, br) = (5, 7), (aa

The corresponding irnpedance 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%.

In order to obtain this broad bandwidth, the loop on the Smith chart must be moved, so
that it cornes closer to the cirçle t on the Smith chart. One can match the irnpedance
locus loop using a SOC2 transmission lines with a stub of length L I , which is located a

distance Lr fiom a 50R via position. Since the tuning stub is fed with a microstnp
transmission line, a 50Q coaxial probe is replaced with a S M Ma. Its geometry is shown

in Figure 3 -41.

Figur-e 3.40: Smith chart plot ofAnienna 2 with antenna dimensions of L = 37.5.W = 26.
(X,, yc) = (0,1). (a,, b,) = (5, 7). (a?, 62) = (7. 9). t = 2.83. d = 3.37. (x, yp) = (O, -2). F =
15, h = S.5. AI1 dimensions in mm.
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/-

1--.

50R via

,/
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Figure 3.41: Geornefryof Antenna 2 matched using the stub tuning matching method

Simulation studies were conducted on the antenna with dimensions shown in Figure
3.39. n i e rectangular patch with an arc slot is placed on top of a foam substrate with

height h? = 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 E,, = 2.5 and h, = 0.46 mm.

The single stub matching network is fed at the port, as shown in Figure 3.4 1, with a 50R
transmission line. The signal is sent to the patch through the single stub matching
network using a 50R via. The widths of the SOC2 transmission lines used in the stub
matching network are Wr = Wz = 1.3 1 mm. The utilized length of the stub is LI = 18.25

mm and it is located a distance of Lz = 4.83 mm fiom the SOS2 via. Figure 3.42 shows the
computed results for the retum 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), (al, b1) = (5. 7), (a?,62) = (7, 9), t = 2.83,
d = 3-37, (x., y,.) = (0, -2). hl = 5.5. hz = 0.46, WI= Wz= 1.31, LI = 18.25 and Lz = 4.83.
AZZ 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 fkom 14.13% to 26.64% with the utilization

of the stub tuning matching method. Figure 3.42 shows that the first resonance occurs at

f, = 4.7 GHz and the second resonance atfi

= 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 c o m p a ~ the
g smith chart plots shown
in Figure 3.40 and Figure 3.43, it can be seen that the antema is matched well to the 50R

transmission line using the stub tuning matching method.

Figure 3.43: Smith chart plot of Antenna 2 rnatched using the tuning stub with antenna
dimensions: L = 37.5. W = 26. (x,. yJ = (0. 1). (a,. 63 = (5. 7). (a?.62) = (7. 9). t = 2.83.
d = 3.37. (x,, yJ = (0. -2). hr = 5.5, h2 = 0.46. W, = W2= 1.31. LI = 18.25 and L = 4.83.
All dimensions in mm.

Figure 3.44 shows the computed results of Eo and E, in 4) = O plane and @ = 90 plane at

fi = 4.7 GHz.

The radiation pattern plots in the 4)

=O

plane and @ = 90 plane atfi

= 4.7

GHz exhibit good broadside radiation and crosspolarization levels. Similarly, for fi =
5.57 GHz the results o f Ee and Eo in @ = O plane and 4)

= 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 @ = O plane.

+

Figure 3.44: (a) Radiation patterns in = Oplane of Antenna 2 matched using the tuning
mtb ut /i = 4.7 GHz. (b) Radiation pattems in = 90plane of t Antenna 2 matched using
the htning stub atfi = 4.7 GHz.

Figure 3.45: (a) Radiation patterns in = O plane ofAntenna 2 matched using the tuning
stub atfi = 5.57 GHr. (6) Radiation patterns in @ = 90 plane of Antenna 2 matched using
the tzming stub u t 5 = 5.57 GHz.

Figure 3.46 and Figure 3.47 display the gain patterns of Antenna 2 matched with the

stub tuning matching technique atfr
broadside gain of 9.62 dBi atj;

=

= 4.70

GHz andfi

4.70 GHz in the @

= 5.57
=

GHz. The antenna has the

O plane ancl Q

=

gain patterns show that the antenna has gwd crosspolarization level in @
=

90 plane, but it is a little higher in the

90 plane. The

= O plane and @

41 = O plane. The antenna also has backward

radiation due to the stub matching network, which is s h o w in the gain pattern plots in
Figure 3.46. Similarly, it can be seen fiom Figure 3.47 that the broadside gain of the

rectangular patch antenna with a circular arc slot matched with the stub tuning atfi = 5.57
GHz is equal to 8.48 dBi. The crosspolarization level in the
GHz is higher thanfi
4.70 GHz andfi

=

= 4.70

4

GHz, while it is comparable in the @

=

O plane forfi

= 90 plane

t heta (degrees)

(4
74

5.57

for bothj,

5.57 GHz. The backward radiation is also similar in the @

and 41 = 90 plane for bothfi and&.

=

=

=

O plane

(6)
Figure 3.46: (a) Gain patterns in @ = 0 plane of Antenna 2 matched using the tuning stub
a t f , = 4.7 GHz. (b) Gain pattern in = 90 plane of Antenna 2 matched using the runing
stttb atfr = 4.7 GHz.

+

I

--

.#-

-0

&.-.------

0

-.-..-'-

--

Etheta in phi O
Ephi in phi O

'-

thetr (degr-)

(6)
Figure 3.47: (a) Gain patterns in @ = O plane of Antenna 2 matched using the tuning stub
a t 5 = 5.57 GHz. (6) Gain patterns in 9 = 90 plane of Antenna 2 matched using the
tzrning stub atf;. = 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 dot. One c m observe the effect on
the bandwidth of the rectangular patch antema with circular arc dot 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 Antema 3 is shown in Figure 3.48. The circular patch with diameter

Cd is separated fkom the ground plane with a foam substrate of height h, and a circular arc
shaped slot is located in its center. The parameters (xc,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 (ai, b ~ and
) (ar, b?), respectively. The parameter d 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 t. The patch is fed using a 50R coaxial probe at (x, y,) with the
imer diameter of 1.27 mm, which is located slightly below the center of the patch along
the y-direction.

Figure 3.48: G e o m e ~ yof a circular patch antenna with a cirnrlar arc shaped slot.

An extensive amount of computations are performed to study the characteristics of

Antema 3. Through these computations it is observed that the circular patch antenna
with a circuIar arc slot does not have as broadband characteristics as compared to the
rectangular patch antenna with a circular arc slot. The cùcular patch antenna with a
circular arc slot give -1 0 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

section presents its simulation results for the retum loss, radiation patterns and gain
patterns.

3.4.1 Design simulation results
The dimensions o f Antenna 3 are: C d = 41 mm, (xc,y=)= ( 0, -7-5 mm), (a,,br) = (3.78

mm, -1.28 mm), (a?,62) = (5.9 mm, 0.85 mm), t = 3.01 mm, (xp.yp)=(O, -3.25 mm), F =
23 -75 mm,

e, = 1-0006 and h = 5.5 mm. Figure 3.49 shows the computed results of the

return Ioss by Ansofi ENSEMBLE.

fiequencies occur at fi

=

With these dimensions, the two resonance

3.25 GHz and fi = 3.665, GHz. The -10 dB bandwidth of the

circular patch antenna with a circular arc dot with the above mentioned dimensions is
1 5.3%, which is not very broad.
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Figure 3.49: Retum Loss of Antenna 3 with dimensions C d = 41, (xo yJ = ( 0 , - 7.5). (ai.
b,) = (3.78, -1.28). (a?.bS = (5.9, 0.85). t = 3.01, (x, yp) = (0, -3.25). d = 1.40, F =
23.75.R, = 0.635 and h = 5.5. Al1 dimensions in mm.

It is apparent fiom the radiation pattern plots s h o w in Figure 3.50 that the acceptable

crosspolarization level is obtained in both

+ = O plane and 9 = 90 plane at fi = 3.25 GHz.

This also applies for the second resonancefi = 3.65 GHz, which can be observed Erom the
radiation pattern plots shown in Figure 3.51 in

+ = O plane and

t)

=

90 plane. The two

resonance fkequencies have sirnilar radiation characteristics and similar polarization.
I

Figure 3.50: (a) Radiation patterns in 9 = O plane of Antenna 3 with optimized
dimensions ut fi = 3.25 GHz. @) Radiation patterns in 9 = 90 plane of Antenna 3 with
optimized dimensions at f; = 3.25 GHz.

Figure 3.51: (a) Radiation patterns in @ = O plane of Antenna 3 with optimized
dimensions a l f i = 3.65 GHz. (b) Radiation patterns in $ = 90 plane of Antenna 3 with
o p t i r n i d dimensions a t f i = 3.65 GHz.

Similady, the gain patterns plots of Antenna 3 in Figure 3.52 show that the
crosspolarization level of -13 dB is achieved in @ = O plane at
is very low in

t)

= 90 plane

at

fr = 3.25 GHz.

fc = 3-25 GHz.

Whereas it

The antenna has a broadside gain of 8.98

dBi at the first resonance frequencyf; = 3.25 GHz. nie gain patterns of the antenna at the
second resonancef;.

=

3.65 GHz are very similar to the patterns atfi

= 3.25

GHz, as can

be seen from Figure 3.53. The circula patch antenna with a circula. arc dot has the
crosspolarization level below -13 dB in t)
in $

= 90

plane at fi

=

=O

plane atfi = 3.65 GHz. It is extremely low

3.65 GHz. Both resonance fkequencies exhibit similar radiation

characteristics and similar polarization.
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Figrrre 3.52: (a) Gain patterns in @ = O plane of Antenna 3 with oprimized dimensions af
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Figure 3.53: (a) Gain patterns in i) = O plane Antenna 3 with optimized dimensions ai fr
= 3.65 GHz. (5) Gain patterns in @ = 90 plane of Antenna 3 with optimized dimensions at
fi = 3.65 GHz.

3.4.2 Parametric study of Anteana 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 paramettic study, a slight change is made in the dielectric
constant of a foam substrate since for fabrication purpose the available foam substrate
material has E, = 1.03. The antenna dimensions used to perfonn the parametric study are

taken to be the sarne as in Figure 3.49. Once again, these dimensions are: Cd = 4 1.O mm.
(xC.yc) = ( 0,-7.5 mm). (ai.bi) = (3.78 mm,-1.28 mm). (a?.b2) = (5.9 mm, 0.85 mm). t
= 3-01 mm. (x,,. y,) = (0,

-3.25 mm). d = 1.40 mm, F = 23.75 mm. &, = 0.635 mm E,

=

1.O3 and h

= 5.5

mm. Figure 3.54 shows the effect of different Rp values (probe radius)

on the -10 dB bandwidth as the substrate height is varied. The maximum bandwidth of
19.5 1% is obtained with Rp = 1.27 mm at h = 7.5 mm. AIso, Rp = 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 h = 5.0 mm and 6.0 mm. Overall, the best bandwidth results are realized with Rp
= 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.

Figure 3.54: Effect of dzflerent values of 4 (probe radius) on the inpedance bandwidth
with Cd = 41.0, (x,. y=) = ( 0 . -7.5). (a,. b3 = (3.78, -1.28). (a2.bS = (5.9, 0.85). t =
3.01, (x,, y,) = (0. -3.25). d = 1.40. F = 23.75 and h = 5.5. AU dimensions in mm.

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

various substrate heights is ploaed in Figure 3.55. From Figure 3.55, it c m be seen that

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 h

= 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 differertî values of F (probe location) on the impedance b a h i d t h
with Cd = 41.0, (x,, yc) = ( 0 . -7.5). (a,, b,) = (3.78. -1.28), (a2. b$ = (5.9, 0.85). t =
3.01. (x,, yp) = (0. -3.25)). d = 1-40,Rp = 1-27and h = 5.5. AII dimensions in mm.

To observe the effect on the bandwidth, the next antenna parameter that is varied is the
circular arc dot location, which is identified by the variable d. The plot of impedance
bandwidth vs. substrate height h is s h o w in Figure 3.56 for three different values of d.

Substrate height h (mm)

Fignve 3.56: Effect of différent values of d (sfot location) on the impedance bandwidth
with Cd = 41.0, Crc,yc) = ( 0 . -7.5), (al. 6,) = (3.78, -1.28), (a?, bd = (5.9, 0.85). t =
3.01, (x, y,) = (0,-3.25). F = 23.75, Rp = 1.27 and h = 5.5. Ali dimensions in mm.

CIearly, Figure 3.56 shows that the best bandwidth results are realized with d = 1-40
mm where the peak bandwidth value of 19.5 1% occurs at h = 7.5 mm. The bandwidth
results with d

=

2.40 mm are a bit lower, while the slot location d

=

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 t. Figure 3.57 shows the plot of impedance

bandwidth vs. substrate height h for three different values of t. From Figure 3.57 it is

very clear that slot widths t

= 2.83

results for al1 substrate heights.

mm and r

=

3.01 mm give very sirnilar bandwidth

Figrtre 3.57: Effect of d~fierentvalues of t (slot widrh) on the impedance bandwidth with
C d = 41.0, (xc, y=) = (0, - 7 . 9 , (a,. b,) = (3.78, 4 - 2 8 ) , (a?, b?) = (5.9, 0.85), d = 1.40,
(r,, y,) = (0, -3.25), F = 23.75, R, = 1.27 and h = 5.5. Ail dimensions in mm.

According to the results shown in Figure 3.57, the slot width of t = 3.54 mm does not
provide very promising results of -IO dB bandwidth. The highest bandwidth value in
Figure 3.57 is attained with t = 3.01 at h = 7.5 mm. Considering that the slot widths of t =
2.83 mm and 3-01 mm provide good bandwidth results for al1 substrate heights, then the

optimum dot width must be near these two values. Since the results in Figure 3.54 to
Figure 3.57 have a maximum bandwidth of 19.5 1% at h = 7.5 mm, it is presurned that the

optirnized antenna dimensions may be: R, = 1.27 mm, F = 23.75 mm, d = 1.40 mm and t
= 3.01

mm. In order to confirm that Rp = 1.27 mm, F = 23.75 mm, d = L .40 mm and f

=

3.0 1 mm are the optimized antenna dimensions, the -10 dB bandwidth of the antenna is

calculated at the substrate height of h

=

7.5 mm for various values of R, , F, d and t.

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 qua1 to 1.27 mm,
this makes Rp= 1.27

mm the optimized probe radius value.

Figure 3.58: Effect of d~fferentvalues of Rp (probe radius) on the impedance bandwidth
with Cd = 4l.O. (x, y,) = ( 0. -7.5). (ai. b,) = (3- 78, -1-28). (a2. bS = (5.9. 0-85). t =
3.01, (xp,yp) = (O, -3.25). d = 1.40. F = 23.75 and h = 5.5. A11 dimensions in mm.

In addition, Figure 3.59 shows the plot of bandwidth vs. probe location at h

= 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

=

23.75 mm. The bandwidth increases

smoothly when F i s changed fiom 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 s l 1 curve at

the -10 dB line as F is increased fiom 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.

Probe location F (mm)

Figure 3.59: Effect of different values of F (probe location) on the impedunce bandwidth
wirh C d = 41.0. (xc, y,) = (0. -7.5). (al, 61) = (3.78, -1.28). (à., 62) = (5.9, 0.85). t =
3.01, (x,, y,) = (0.-3.25), c i = 1-40, Rp = 1-27 and h = 5.5. Ail dimensions in mm.

Similarly, the bandwidth results shown in Figure 3.60 are used to veri@ 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 d = 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 dot on the patch is with d = 1.65 mm. The split in
the S I 1 cuve at the -10 dB line causes the large drop in the bandwidth when d is
increased more than 1.65 mm.

Slot location d (mm)

Figure 3.60: Eflect of diferennt values of d (dot location) on the impedance bandwidth
with Cd = 41.0, (xc, y,) = ( 0 . -7.5). (a,, bi) = (3.78. -1.28). (a,, br) = (5.9.0.85). r =
3.01, 6.
y,) = (0, -3.25). F = 23.75, R, = 1.27 and h = 5.5- AII 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 h

= 8.0 mm.

The impedance bandwidth increases smoothly when t is increased

fkom 2.12 mm to 3.0 1 mm. Because of the split in the sl 1 curve, the sharp decline in the
bandwidth happens when t is changed firom 3.01 mm to 3.18 mm. From Figure 3.6 1, it

can be seen that the maximum bandwidth value is realized with t = 3.01 mm. Hence, the
optimized value of the slot width is equal to 3.01 mm.
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Figure 3.61: EBcr of dcxerent values of t (sfot width) on the impedance bandwidth with
Cd = 41.0, (xc.yc) = ( 0 , -7.5). (ai, 6,)= (3.78. -1.28). (a', bS = (5.9. 0.85). d= 1-40, (xp.
fi) = (0, -3.25). F = 23.75. R, = 1.27 and h = 5.5. Aif dimensions in mm.

3.4.3 Simulation results of Antenna 3 matched with a tuning stub
Since the Antema 3 does not have very broadband charactenstics, 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 antema dimensions: Cd = 3 1 mm, (xc,y,)

(al, b,) = (5 mm, 4 mm), (a?,6,) = (7 mm, 6 mm), t = 2.83 mm, (x,. y,)

= ( 0,

= (O,

-2 mm),

-2 mm), F =

17.5 mm, Rp = 0.635mm, h = 5.5 mm. Figure 3.39 shows that the Antema 3 resonates

near two resonance fiequencies at fr = 3.52 GHz and fi

=

5.04 GHz. The -10 dB

impedance bandwidth is calculated to be 10.28%, which is not very large. Figure 3.63

shows the Smith chart plot of the impedance of Antema 3, which has the potential

bandwidth of approximately 39.68%. To achieve this broad bandwidth, the impedance
locus loop on the smith chart c m be rnatched using 50Q transmission lines with a stub of
length LI, which is located a distance Lr fiom the 50Q via position. The geometry of the
circular patch antema 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 foss of Antenna 3 with antenna dimensions of Cd = 3 1, (x,, y,) = ( 0,
-2), (al, b ~=
) (5, 4), (a?,br) = (7. 6). t = 2.83, (x, y,) = (0, -2 mm), F = 17.5 mm, Rp =
0.635,h = 5.5 mm. All dimensions in mm.

Figure 3.63: Smith chart plot of Anfenna 3 with antenna dimensions of Cd = 31, (x, y=) =
(O,-21, (a,,br) = (5, 4). (az. bl) = (7, 6). t = 2.83, (x,. y,) = (0, -2 mm), F = 17.5 mm,
Rp = 0.635.h = 5.5 mm. AU dimensions in mm.

/

,
patch

SOQ via

stub matching network
Figure 3.64: G e o m e w of An tenna 3 matched using the stub tuning matching method.

As shown in Figure 3.64, the Antenna 3 with dimensions Cd = 3 1 mm, (x,, y,)

= ( 0, -2

mm), (al, 6,)= (5 mm, 4 mm),(a?,62) = (7 mm, 6 mm) and t = 2.828 mm is matched with
the stub tuning matching technique. The patch is situated on top of a foam substrate with
height hz = 5.5 m m over the ground plane. The single stub matching network is placed on
the other side of the ground plane on a substrate with e,i = 2.5 and hl

= 0.46 mm,

which is

fed using a 50Q transmission line at the position denoted as the port in Figure 3.64. The
signal is sent through a 50R via to the circular patch fiom the single stub matching

network. In the stub matching network, the widths of the 50R transmission lines are W,=

W?= 1.3 1 mm and the length of the stub is LI

=

19.4 mm, which is located a distance of

L- = 4.53 mm fiom the 50Q via.
The simulated results for the retum loss of this antenna using the software Ansofi

ENSEMBLE are plotted in Figure 3.65. It can be seen fiom Figure 3.65 that it resonates
nearfi

= 4.82

GHz andfi

= 5.45 GHz.

Afier 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 antema, 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 compareci, it can be seen that the loop on the Smith chart in Figure

3.66 is matched well to 50Q which increases the impedance bandwidth of the Antema 3.
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Figure 3.65: Return loss of Anfenna 3 matched using the tuning stub with dimensions: G
= 31. (x,. y=) = (O. - 2 ) . (ai. 63 = (5, 4). (al. bz) = (7, 6). t = 2-83, (x. y,J = (0, -2). h , =
5-5, hl = 0.46, WI= W7= 1-31.LI = 19.4 and L2 = 4.53. Al2 dimensions in mm.

Figure 3.66: Smith c h o n plot of Antenna 3 matched using the tuning stub with
dimensions: Cd = 32, (xC,y=) = (0, -2 ). (aI. 61)= (5. 4). (a2 b ~ =
) (7, 6). t = 2-83, (x. y4
= (0, -2). hi = 5.5. hr = 0.46. WI = W?= 1.31, LI = 19.4 andL2 = 4.53. Al! dimensions in
nzm.

The radiation pattem plots in the @ = O plane and @ = 90 plane atfi

= 4.82

GHz show

that the antenna has good broadside radiation and crosspolarization levels, which are

shown in Figure 3.67.

Figure 3.67: (a) Radiation patterns in $ = O plane of Antenna 3 ntotched using the hming
stub ut fi = 4.82 GHz. (b) Radiation patterns in @ = 90plane of Antenna 3 matched using
the tuning stub at fi = 4.82 GHz.

Similarly, Figure 3.68 shows that for5 = 5.45 GHz the resdts of the radiation patterns
also dernonstrate good broadside radiation characteristics, however, the crosspolarization
level in $ = O plane is a bit higher.

Figure 3.68.-(a) Radiation pattern in @ = O plane of Antenna 3 matched using the tuning
stub a t 5 = 5-45 G H z (ô) Radiation pattern in = 90plane of Antenna 3 matched using
the tzrning stlib at fi = 5.45 GHz.

+

It is evident fiom 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 fiequencies.

The antenna has broadside gain of 9.20 dBi at the first

resonance fiequencyf, = 4.82 GHz in the @

=

O 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
A n t e ~ a3 matched with the stub tuning a t 5 = 5.45 GHz is qua1 to 8.05 dBi. Figure

3.70 demonstrates that the crosspolarization level in the @ = O plane for5

= 5.45

GHz is

higher thanf, = 4.82 GHz, however, it is very similar in the @ = 90 plane for bothfi and
j5-
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Figure 3.69: (a) Gain patterns in = O plane of Antenna 3 matched using the îuning shrb
a t j ; = 4.82 GHz. (b) Gain patterns in i) = 90 plane of Antenna 3 matched using the
runing stub at fr = 4.82 GHz.

Figure 3.70: (a) Gain patterns in 9 = O plane of Antenna 3 matched using the tuning shtb
ut 5 = 5.45 GHz. (b) Gain patterns in @ = 90 plane of Antenna 3 matched using the
tztning shrb atfi = 5.45 GHz.

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 antemas [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-dot circular patch antenna with a L-probe feeding has broad bandwidth in
the range of 3806 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 3.7 1 shows the geometry of this antenna. The circular patch with diarneter Cd is
separated from the ground plane with a foam substrate of E, = 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 3.7 1. The parameters (al, 61) 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 t. 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 3.7 1. The height of the foam substrate separating the patch and the ground
plane is denoted by H. The parameters L, and

Lh

represent the vertical and horizontal

height of the L-shaped probe respectively, as shown in Figure 3.48. The width of the Lshaped probe is given by SR.

'plane

Figtrre 3.71: Geomem of a circularpatch with a circular arc dot and L-shapedprobe.

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 trequencies and impedance
bandwidth is presented in this section. The following dimensions of the antenna are
considered: Cd = 34 mm, (x,, y,)

= (0,

1 mm), (ai, 61)= ( 5 mm, 8 mm), ( a z , 62) = (7 mm,

lornm), t = 2.83 mm, LI,= 14.5 mm, L,= 5.5 mm, R = 1 mm, D = 3 mm andN=9mm.

With these dimensions, the fiequencyf; occurs at 3.7 GHz and& at 4.95 GHz, as shown
in Figure 3.72. The -10 dB bandwidths in the ûrst 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

fiequencyf, increases from 3.7 GHz to 3.75 G H z whileh stays fixed at 4.95 GHz. The
location of the arc dot has a significant effect on the -10 dB bandwidth. The two bands

merge together and the bandwidth of 39.77% is achieved with the center of the circular

arc dot at (x,, y,) = (O, 1 -75 mm), as s h o w in Figure 3.72. Accordingly, the optimized

location of the circular arc slot has its center point at (x,, y,) = (0, 1.75 mm).

Frequency (GHz)

Figure 3.72: Retum Loss of Antenna 4 for dzyerent (x, y=. values with antenna
dimensions: C d = 34, c = 2.83, L h = 14.5, Lv = 5.5, R = 1, D = 3, H = 9.0. Ail dimensions
in mm.

Various values of L , (the vertical length of the L-shaped probe) are simulated to
observe the effect on the -1 0 dB bandwidth. The other antenna dimensions are Cd = 34

mm, (x,, y,) = (O, 1.75 mm), (ai, 61) = ( 5 mm, 8.75 mm), (az,62)= (7 mm, 10.75 mm), t =
2.83 mm, Lh = 14.5 mm, R = 1 mm, D = 3 mm a n d H = 9 . 0 m m . Figure 3.73 shows the

cornputed results of the retum loss of the antenna for different values of L,. As the length

the -10 dB bandwidth increases fiom 34.76% to 39.77%. However, by increasing the

parameter L, to 6.0 mm, the antenna loses its broadband characteristics. This is illustrated
in Figure 3.73.

Figure 3.73: Return Loss of Antenna 4 for d~jjierentL , values with antenna dimensions:
C d = 34. &, y$ = (O, 1 . 7 3 (a,, b,) = (5, 8-75', (117, b?) = (7, 10.75), t = 2.83, L h = 14.5,
R = 1, D = 3, H = 9.0. AII dimensions in mm.

The next parameter to be studied is L h that is the horizontal length of the L-shaped
probe. The computed results for the retum loss of the antenna for diffecent values of LI,
are shown in Figure 3.74. It cm be seen fiom Figure 3.74 that as the honzontal length of

the L-shaped probe LI, is increased fiom 14.0 mm to 15.0 mm, the frequenciesf; andfi.
both decrease as well as the -10 dB bandwidth of the antenna. Consequently, the length
Lh = 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 honzontal length of the L-shaped
probe L,, = 14.0 mm is considered to be the optimized length.
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Figure 3.74: Return Loss of Antenna 4 for d ~ r e r e n LI
t values with antenna dimensions:
C d = 34, (x,, y,) = (0,1.75). (a,. b,) = (5, 8.75). (a?,b$ = (7. 10.75). t = 2.83. L, = 5-5. R
= 1. D = 3, H = 9.0. AI1 dimensions in mm.

Figure 3.75 presents the simulated results of the r e t . loss for different values of r,
which is the thickness of the circular arc slot. The considered values of the sIot thickness
are: t

= 2.48

mm, t = 2.83 mm and t = 3.18 mm. As t is increased fiom 2.48 mm to 2.83

mm, the fiequencyfi tends to increase fiom 3.75 GHz to 3.8 GHz, whileJ stays constant.

With this increase in t, the -10 dB bandwidth of the antenna increases from 39.55% to
40%.

However, if t is increased fiom 2.83 mm to 3.18 mm, fi stays constant but

increases fiom 5.0 GHz to 5.05 GHz and -10 dB bandwidth decreases fiom 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 d e r e n t t values with antenna dimensions: C d
= 34, (x,, y,) = (0, 1.75). (al, br) = (5. 8-75',(a?,b$ = (7, 10.75), Li, = 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 antema. By increasing D fiom 2.5

mm to 3.0 mm, the fiequenciesf; a n d 5 stay fixed but the -10 dB bandwidth of the
antenna increases fiom 39.55% to 40%, as shown in Figure 3.76. If the value of D is
increased 6om 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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Figrire 3.76: Return Loss ufAntenna 4 for dqferent values of D with antenna dimensions:
Cd = 34, (x,,y,) = (0, 1.75). (a1,61)= (5, 8-72), (al, bd = (7. 10.75). t = 2.83. LI, = 14, LL,
= 5.5, R = 1,H = 9.0. All dimensions in mm.

By varying the diameter of the circular patch fiom Cd = 3 4 mm to 33 mm with the
other antenna dimensions of (x,, y,)

= (0, 1.75

mm), (al,b l ) = ( 5 mm, 8.75 mm), (al, bn) =

(7 mm, 10.75 mm), t = 2.83 mm, Ln = 14 mm, LL.
= 5.5 mm, R
=

=

1 mm,

D = 3 mm and H

9 mm, it is observed that the impedance bandwidth does not change from 40%.

However, if C d is increased fiom 34 mm to 35 mm, the antenna loses its broadband

properties. Therefore, G = 34 mm with the above mentioned antenna dimensions gives
the best result of the impedance bandwidth o f 40%. With these optimized dimensions, the

two resonance frequencies of the antema occur at fi = 3.8 GHz and
shown in Figure 3.77.

=

5.0 GHz, as
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Figrrre 3.77: Retwn Loss of Antenna 4 for diflerent values of G with antenna
dimensions: (x,yJ = (0. 1-75). (al, 63 = (5. 8.75). (ab bS = (7, 10.75). t = 2.83. Ls = 14.
L, = 5.5, 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 atj;

= 3.8

GHz andfi

= 5.0 GHz. Figure

3.78 shows the

E and H plane radiation patterns computed by Ansofi Ensemble at fr

=

3.8 GHz.

According to these results, it c m be seen that Antenna 4 also demonstrates broad
radiation characteristics. The computed results of Ee and El in @

=O

plane and @

=

90

plane atf, = 3.8 GHz are shown plotted in Figure 3.78. The cmsspolarization level in @ =
O plane atfr = 3.8 GHz is below -13 dB and it is negligible in 6 = 90 plane.

Figure 3.78: (a) Radiation patterns in @ = O plane of Antenna 4 with optimized
dimensions ut fi = 3.8 GHz. (6) Radiation patterns in @ = 90 plane of Antenna 4 with
optimized dimensions at f, = 3.8 GHz.

Figure 3.79 shows the computed results of Ee and E, in @ = O plane and $ = 90 plane at

fi = 5.0 GHz.

The crosspolarization level in @ = O plane atfi = 5.0 GHz is slightly higher

than atf, = 3.8 GHz. The radiation pattern in 4 = 90 plane forfi = 5.0 GHz is different

fiomf,

= 3 -8GHz,

it is more broader atfr = 3.8 GHz. Nonetheless, the crosspolarization

in @ = 90 plane for bothfr andfi is extremely low.

+

Figure 3.79: (a) Radiation patterns in
= O plane of Antenna 4 with optirnized
dimensions ut fi = 5.0 GHz. (6) Radiation patterns in @ = 90 phne of Antenna 4 with
optimized dimensions atfi = 5.0 GHz.

Figure 3.80 shows the gain patterns of Antema 4 atf,

= 3.8

GHz in @ = O plane and 9

= 90 plane. Similarly, the computed gain pattems of this antenna atf;. = 5.0

plane and i$

= 90 plane are plotted in Figure 3.8 1.

GHz in $ = O

By comparing the gain pattems of both

fi = 3.8 GHz andfi = 5.0 GHz, it can be seen that both resonance fkequencies have similar
gain pattems in the

+ = O plane, while they are a bit different in the + = 90 plane.

The

polarization is the same for both resonance fkequencies. The broadside gain of the
antenna atf,

= 3.8

GHz in 9 = O plane and

= 90 plane is 7.93 dBi

and 8.52 dBi atfi

=

5.0 GHz. Figure 3.80 and 3.8 1 show that the crosspolarization level is below -13 dB in 9
=O

plane atfi = 3.8, but it is slightly higher atfr = 5.0 GHz in the same plane. In 9 = 90

plane, the crosspolarization level for bothfi andfi is very low10
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Figure 3.80: (a) Gain patterns in @ = O plane of Antenna 4 with optimized dimensions ut
fi = 3.8 GHz- (b) Gain patterns in Q = 90 plane of Antenna 4 with optimized dimensions

(b)
Figure 3.81: (a) Gain patterns in = O plane of Antenna 4 with optimized dimensions a f
fi = 5.0 GHz. (b) Gain patterns in 6 = 90 plane of Antenna 4 with optirnized dimensions
atfi = 5.0 GHz-

3.5.3 Parametrie study of Antenna 4
As it was done for the other broadband patch antennas, a parametric stud
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 er = 1.03 to do the parametric study on the circular patch antenna with an arc
dot and L-shaped probe. The following antenna dimensions are used to perfonn the

parametric study: C d = 34 mm, (x,, y,) = (0, 1.75 mm), (ai. b,) = ( 5 mm, 8.75 mm), (a?,
br) = (7 mm, 10.75 mm), r

H

=

= 2.83

mm.L h

=

14 m.L, = 5.5 mm.R = 1 mm. D

=

3 mm,

9.0 mm. Figure 3.82 illustrates the impact that different values of 2R (width of L-

shaped probe) hâve on the -10 dB bandwidth as the substrate height is varied. For
substrates heights smaller than 8.5 mm, dl three values of 2R give small bandwidth
results. At H

= 9.0

mm, the two resonances seem to mage together to form a wideband.

It is clear &om Figure 3.82 that the peak bandwidth of 40.0% is obtained with 2R

mm at H

= 9.0

results to 2R

mm. The L-shaped probe width of 2R

= 1.5

mm also produces sirnilar

2.0 mm. As Figure 3.82 shows, 2R

= 2.5

mm does not give broad

=

bandwidth at H

= 2.0

= 9.0

mm. In general, the best bandwidth results are realized with 2R =

2.0 mm for most substrate heights. Therefore,

ZR

=

2.0 mm is considered to be the

optimum value of L-shaped probe width.

Figure 3.82: Eflect of diifferen?values of 2R (width of L-shaped probe) on the inpedance
bandwidth with C d = 34, (xe, y=) = (0, 1.75). (a,, b,) = (5, 8.75). (al. b$ = (7, 10.75). t =
2.828, LI, = 14, L , = 5.5, D = 3, H = 9. All dimensions in mm.

Next, the effect of various horizontal lengths of the L-shaped probe on the antema
bandwidth is studied. The plot of impedance bandwidth vs. substrate height for three Lh
(horizontal length of an L-shaped probe) values is shown in Figure 3.83. With Lh = 13

mm, the antenna does not attain its broadband charactenstics. Again, the maximum
bandwidth of 40% is achieved at H

=

9.0 mm with

Lh

=

14 m. Similar bandwidth

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

mm.
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Figure 3.83: @cf
ofdifferenr values of LI,(horizontal length of L-shapedprobe) on the
impedance bandwidth with Cd = 34, (x,, yc) = (0.1.75). (cf,, 61)= (5, 8 - 7 9 , (a?. 62) = (7.
10.75), t = 2.828, L, = 5.5, 2R = 2.0, D = 3, H = 9. AU dimensions in mm.

A similar parametnc 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

heights is shown plotted in Figure 3.84. Substrate heights fiom 6.0 mm to 8.5 mm, L,

=

5.5 mm and 5.75 mm, give ver). 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 H = 9.5 mm. From Figure 3.84 it can be seen that the L, = 5.0 mm produces a

little lower bandwidth results.

Fignre 3.84: Effect of different values of L, (vertical length of L-shaped probe) on the
impedance bandwidth with C d = 34. (Xc. fi) = (0, 1-7.5).(a,,br) = (5. 8-75), (al. 62) = (7,
10.75), r = 2.828, LI, = 14.0, 2R = 2-0,D = 3, H = 9. AU 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, al1 three values of D give narrow

bandwidths fiom H = 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 H = 9.0 mm. The D

= 2.0

mm also

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.

75
8
8.5
Substrate height h (mm)

Figure 3.85: Efiect of diperent values of D (location of L-shaped probe) on the
impedance bandwidth with C d = 34, (x, y,) = (0. 1-75). (a,, br) = (5, 8-75), (a?,b?) = (7,
10.73, t = 2.828, Lh = 14.0, L, =5.5, ZR = 2.0, H = 9. Alldimensions in mm.

The location of the circular arc dot 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
0.75 mm) for most H values. Hence,

narrow bandwidths are achieved with (x, y,)

= (0,

the optimum slot location is with (xc,y,)

1.75 mm).

= (0,

Figure 3.86: Eflect of diflerent values of (x,. y=) (location of arc dot) on the impedance
bandwidth with C d = 34, t = 2.828, Lh = 14.0, L,. = 5.5, D = 3.0. 2R = 2.0, H = 9. All
dimensions in mm,

Similarly, the effect of different values of t (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
al1 three values of t = 2.12 mm, 2.83 mm and 3.54 mm have a very similar impact on the
impedance bandwidth for al1 substrate heights. Once again, the maximum bandwidth of
40% is achieved at H

=

9.0 mm. This peak value of bandwidth is attained with t 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 (widrh of circular arc dot) on the impedance
bandwidth with Cd = 34, (Xc, y=) = (0, 1-75), (a,.b,) = (5. 8-75), (a?,bz) = (7,10-75). L h =
14.0, L, = 5.5, D = 3.0, 2R = 2.0, H = 9. AI2 dimensions in mm.

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 dot.
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

fiequencies and impedance bandwidth. The effect of various antenna parameters on the
two resonance fiequencies and bandwidths were studied extensively for each antema. It

was found that Antema 1 and Antenna 2 have broadband characteristics. The impedance
bandwidth of 30% were achievable with both of these antennas. However, Antema 3 did

not exhibit very broadband properties. The stub tuning matching technique was applied
to increase the impedance bandwidth of this antema, which increased the bandwidth fiom
10.28% 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 Antema 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
fiequencies were derived by analyzing the surface current distribution on the patch for the
Antema 1 and Antema 2.

Their results were compared with Ansofi ENSEMBLE

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

Chapter 4
Dual band Microstrip Patch Antenna
4.1 Introduction
The microstrip patch antema with a single U-shaped slot has broadband characteristic

[12-221, in which two close resonant frequencies are combined to give a wideband
operation. If the resonant fkequencies are far apart, a dual-fiequency operation can be
achieved. Recently, several dual-fiequency designs of singlefeed slotted rectangular
microstrip antennas have been reported [28-321. The two operating frequencies of such
dual-band slot-loaded rectangular patch antennas are of the similar polarïzation and
broadside radiation patterns. In such dual-band designs, different frequency ratios for the
two operating frequencies can be obtained. The frPquency ratios are within 1.6-2.0 for

the antennas [28, 29, 3 11, 1.43-1.6 for the antenna [30] and 1.12-1.27 for the antema
[32]. However, the

- 10

dB bandwidths of such dual-band antennas 128-321 are very

narrow, in the range of 1-2% in each operating band. In this thesis, a new type of dualband antenna has been designed, which has a frequency ratio of fi / f; = 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 antema more suitable for dual frequency applications
where a eequency 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.

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 dots are cut on a rectangular microstrip
patch of dimensions L x W, whkh is separated from the ground plane with a foam
substrate of height h and E,

=

1.0006. The position of the inner and outer U slots on the

rectangular patch are indicated by two parameters al and bl, and a2 and bz, respectively.
The lengths of the horizontal a m and the vertical arms of the inner U slot are denoted by

parameters WSl and L,,, respectively. The width of the inner U slot is indicated by the
parameter tl. Similarly, the parameters Ws2and Lx?identiQ the lengths of the horizontal
arm and the vertical arms of the outer U slot, respectively. The parameter tz defines the

width of the outer U slot. The rectangular microstrip patch is fed at a point (x,, y,,) using a
50Q coaxial probe with the inner diameter of 1.27 mm, as shown in Figure 4.1. The 50R

coaxial probe is located slightly below the center of the patch along they-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.

Figure 4.1: Geometry of the rnicrostnp patch antenna with hvo aqmmetric Usfuts.

4.2.1 Resonanee 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 = 38.5 m m x 28 mm, L,I x WSl =
19.5 mm x 12 mm, L,? x

a? = 1.0 mm, 6,

Ws2= 24 mm x 20 mm, a,= 1.5 mm, 61= 7.0 mm, t1 = 2.1 mm,

= 3.0 mm, Q = 2.1

mm, F = 14 mm, foarn substrate height h

= 5.5

mm.

Figure 4.2 shows that the two resonance fiequencies of the antenna with the above
mentioned dimensions occur atfr

= 3.96

GHz andfi = 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 Ws,
is also displayed in Figure 4.2. It can be seen fiom the

results in Figure 4.2 that as Ws,
is decreasedfi increases, while5 stays the same. The two
fiequencies move close together with the decrease in W,,.On the other hand the -10 dB
bandwidth decreases fiom 7.56% to 0% in the first band and it increases in the second

band from 0% to 6.45%. The value of

K r = 12 mm

gives the best result in Figure 4.2 for

good matching and high bandwidth in the first band.

4.5

S

55

Frequency (GHz)

Figure 4.2: Retzirn Loss of antenna in Figure 4.1for different values of W,I with antenna
dimensionsofL = 38.5, W = 2 8 . L,, = 19.5,Lsi = 24, Wd = 2 0 , al = 1.5, br = 7.0,tr =
2.1, a? = 1.0, b~= 3.0, t? = 2.1, F = 14, h = 5.5. Alldimensions in mm.

Following that, the effect of various values of LSr on the -1 0 dB bandwidth in the two

bands is studied. The computed results of the retum 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 LSIis decreased fiom 19.5 mm to 17.5 mm, the fiequencyf, does not change but
the matching gets worse, while

increases fiom 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 Lsr
first band.

=

19.5 mm is chosen to be best value due to better matching in the

Figure 4.3: Return Loss of antenna in Figure 4.1 for diflerent valires of Lx, with antenna
dimensions ofL, = 38.5, W = 28. WX1= 12, Ls2 = 24. Ws2= 20, ai = 1.5, b, = 7.0, tl = 2.1.
a- = 1.0, br = 3.0, t? = 2.1, F = 14, h = 5.5. AIIdimensions in mm.

It is observed that by lowering the inner and outer U slots so that the parameters al, b ~ ,
a?,b? change to al = 2.5 mm, b~= 6.0 mm, a? = 2.0 mm, br = 2.0 mm while keeping the

rest of the antenna dimensions sarne as the initial dimensions, the fiequencyf; stays the
same and the matching improves, however the frequencyfi seems to disappear. Sirnilarly,
when the widths of the inner and outer U dots are changed to t = 2.0 mm with the rest of
the antema dimensions as the initial values,f, stays fixed andfi 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 WS?(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 r e m loss for various lengths of Ws2are

shown in Figure 4.4. By inspecting the results in Figure 4.4, it is obvious that as Ws2 is

increased fiom 20 mm to 24 mm while keeping everything else the sarne as the initial
values,fi remains at 3.96 GHz with good matching and5 decreases from 6.2 GHz to 5.92

GHz with irnproved matching. The two resonance fiequenciesfi and f;. move closer to
each other as the width of the outer U dot is increased, hence the fiequency ratiofi lfr can
be controlled by varyïng Ws2.

-30'
3

I

3.5

,

4

1

I

55
Frequency (GHz)

4 -5

5

1

I

1

6

6.5

7

Figure 4.4: Return Loss of anfenna in Figure 4.1 for d~flerentvalues of Ws2wifh anfenna
dimensions o f L = 38.5, W = 28, L,I = 19.5, W,I = 12, Ls2 = 24, a , = 1.5. bl = 7.0, tl =
2.1, a- = 1.0, b2 = 3.0, t2 = 2.1, F = 14, h = 5-5- AIIdimensions 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 Wst= 24 mm. Since Ws2= 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 Wsz.

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

of the r e m loss of the antenna for three different probe locations.

The antenna

dimensions are shown in Figure 4.5. By lowering the coaxial probe position fiom (x,, y,,)
= (0,-1

mm) with F = 15 mm to (x,, y,)

= (O,

-2 mm) with F = 16 mm,J decreases fiom

3.92 GHz to 3.88 GHz and 5 increases fiom 6.0 GHz to 6.08 GHz. While -10 dB
bandwidth in the k t band reduces slightly fiom 6.65% to 6.16%, it nses fiom 8.64% to
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Figure 4.5: Retum Loss of antenna in Figure 4.1 for d~rerentfeed locations with L =
38.5, W = 28, L,I = 19.5, W,I = 12, Lsz = 24, WSz= 24, a , = 1.5, br = 7.0, tl = 2.1, ar =
1.0, 6 2 = 3.0. h = 2.1. Foam substrate height h = 5.5. AI1 dimensions in mm.

The configuration with F = 16 mm and the antenna dimensions shown in Figure 4.5
gives the best results in ternis of good matching and -10 dB bandwidth in the two bands.

The optimum ratio of the two frequencies for this configuration is calculated to bef2 I 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.

4.2.2 Radiation Patterns and Gain Patterns
The far field radiation patterns of the rectangular patch with tsvo asymmetric U-shaped
slots with the optimal dimensions are discussed in this section. According to the previous
section, the two resonance fiequencies of the optimized rectangular patch with dual U
dots occur atfi

= 3.88 GHz and5 = 6-08 GHz.

Figure 4.6 shows the computed results o f

E, and E, in t) = O plane and @ = 90 plane atf; = 3.88 GHz. The msspolarization level in

Q = O plane forfi
dB-

= 3.88

GHz is lower than -13 dB and in @ = 90 plane it is below -35

Figure 4.6:(a) Radiation patterns in i ) = O plane of the antenna in Figure 4.1 with
optimized dimensions ut fi = 3.88 GHz. (5) Radiation patterns in @ = 90 plane of the
antertna in Figure 4.1 with optimized dimensions atfi = 3.88 GHz

The radiation patterns in i) = O and @ = 90 plane atf2 = 6.08 GHz in Figure 4.7 show
that the crosspolarization level in 9

=O

plane is a lot higher compared to/,

But in @ = 90 plane the crosspolarization level forfi

which is negligible.

=

= 3.88

GHz.

6.08 GHz is also below -35 dB,

+

Figure 4.7:(a) Radiation patterns in
= O plane of the antenna in Figure 4.1 with
optimized dimensions at j j = 6.08 GHz (6) Radiation patterns in @ = 90 plane of the
antenna in Figure 4.1 with optimized dimensions atfi = 6.08 GHz.

In Figure 4.8, the gain patterns of the antema atf,

= 3.88

GHz in @ = O plane and $ =

90 plane are shown. Figure 4.9 displays the computed gain patterns in the two principle
planes

4 = O and @ = 90 atJ

= 6.08

GHz. The results in Figure 4.8 and 4.9 demonstrate

that the gain patterns are very similar at bothf, andfi. The polarkation is also the same at

both resonance fiequencies. At the first resonancefr

= 3.88

GHz, the broadside gain of

the antenna is 9.09 dBi, while it is a bit lower at the second resonanceh = 6.08 GHz with
the value of 7.7 dBi. While comparing the msspolarization levels at two resonancesft

and fi in $

=

O plane, Figure 4.8 and 4.9 show thatfi has higher crosspolarization level

than 5.On the other hand, in @ = 90 plane, the crosspolarization level for bath/; and fi is
very small.
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Figure 4.8: (a) Gain patterns in 4 = O plane of the antenna in Figure 4.1 with optimized
dimensions n t 5 = 3.88 GHz. (b) Gain patterns in = 90plane of the nntenna in Figure
4.1 with opfimized dimensions atfr = 3.88 GHz.
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Figure 4.9:(a) Gain patterns in $ = O plane of the antenna in Figure 4.1 with optimized
dimensions at fr = 6.08 GHz. (b) Gain patterns in @ = 90 plane of the antenna in Figure
4. I with optimized dimensions at fi = 6.08 GHz.

4.2.3 Surface Current Components and current distribution analysis
The surface current distribution on the microstrip patch atfr = 3.88 GHz is displayed in

Figure 4.10 (a). The two U slots have a strong affect on this current distribution of the

TMoi 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 nearfi is
implemented on the average current-line path length consisting of two components A and
B. as shown in Figure 4.10 (b). This current path length also accounts for the fkinging

fields on the patch. Note that the component A is equal to one half of the horizontal a m
of the inner U slot and B is the average distance between the two non-radiating edges of
the patch. The components A and B can be obtained fkom Figure 4.1, in tenns of the
antema parameters as A = Wsr
/2 and B = ( W + 2AW) - (6?+ A v / 2 .

Figure 4.10: (a) Surface current distribution on rnicrostr@ patch at fi
SurSuce cuwent-linepath on the patch a t f , = 3.88 GHz.

133

=

3.88 GHz.

The sum of these components is set equal to one half wavelength as, hd 2 = Ws,/2 + W +
3A W/2 - &/2. An approximate equation forfi can then be written as

The resonant condition is very different at the second frequencyA = 6.08 GHz. The
surface curent distribution is strong behind the outer U slot and at the patch center, as
shown in Figure 4.1 1 (a). Bowever, it circulates around the axms 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 4.1 1 (b), which also accounts for the fkinging 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

1/2(WsJ2-t2- W s J 2 ) + t r + ( W s 1 - 2 t , ) / 4 a n d Q = F + A W - ( a , + A W ) / 2 , where AWis

given by equation 3.2. An approximate equation forfi can then be written as

Figure 4.11:(a) Surfce cuvent distribution on microstrip patch at J; = 6.08 GHz- (b)
Surface current-line path on the patch at/i = 6.08 GHz

Using equations 4.1 and 4.2, the calculated resonance GPquencies of the antenna

shown in Figure 4.1 are compared with the simulated resonance fiequencies shown in

Figure 4.2 to Figure 4.5. Table 4.1 shows the calculated results of the two resonance
fiequencies 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 frequencyfi increases as Ws,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 1,in Table 4.1.

Even though, the

results for the fiequencyh 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

Ansoft ENSEMBLE for the values of

LIshown

in Figure 4.3.

The simulated and

calculated values off; do not change as L,I is varïed and the fiequency fi inincases.
However, the m o r between the simulated and calculated values for the fiequencyfi is
slightly higher.

Table 4.1 :Comparison of dual U-slot microstrip patch resonance fiequencies computed
by ENSEMBLE software and Equations (4.1) and (4.2) for values of Ws1in Figure 4.2.
Computed using
ENSEMBLE

1

(GHz)

1

(GHz)

1
1

Error between computed and
calculated values

Calculated by
Equations (4.1) and
(4.2)

1

/

1

(GHz)

(GHz)

(%)

(%)

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

Calculated by
Equations (4.1) and
(4.2)

fr

fi

fi

(GHz)

(GHz)

(GHz)

1 Error between computed and

l

calculated values

1

Afi

1

(GHz)

I

(%)

Likewise, the calculated results of the resonance fiequencies using equations 4.1 and

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 Ws2in Figure 4.4.
2

(mm)

/
j

'

Cornputed using
ENSEMBLE

j

Catculated by
Equations (4.1) and

'1,

Error between computed and
calculated values

1

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

(mm)

1
1
1

Computed using
ENSEMBLE

1

1
I

-

Calculated by
Equations (4.1) and
(4.2)

1

-

r ~ r r obetween
r
computed and
l
calculated values
i

1

I

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 Wszdo not have any effect on

the first resonancef; and the similar observation is made for the calculated results. As
Ws, is increased the values offi decrease for the both cases of simulation and caiculation.
The mors between the simulated and calculated results are within 4% for bothf; andfi, as

shown in Table 4.3. Table 4.4 shows that the calculated vdues off; 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 offi. which

could be caused by the inductance of the probe. Small percentage mors shown in Table
4.1 to Table 4.4 justifjr 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 charactenstics of the antenna in tenns 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 b e h /1;= 1.57. The far
field radiation pattems for the two fiequencies showed similar patterns and same
polarization with good crosspolarization levels. The broadside gain of 9.09 dBi can be
achieved atfr = 3.88 GHz, while the gain value was shown to be a little lower at& = 6.08
GHz. Two equations for the operating fiequencies 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.

Chapter 5
Antenna Fabrication Results

In this chapter the simulation results of Antema 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

E, =

1.03 and height of h = 5-91 mm was

available to build these two antennas, which is different fiom 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
driIled 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 Antema 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 h t e ~ 1a are used: L

=

40

mm, W=26mm, L , = 19.5mm,W,= 12mm,a=3.7mm, b=2.8mm, t = S . l m m , F =

15 mm, a foarn substrate material with

E, =

1.O3 and h

=

5.91 mm. The experimental

results for the retum loss of this antenna with the above mentioned dimensions are show
in Figure 5.1.
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Figure 5.1: Experimental results for the Return Loss of Antenna I with dimensions L =
40. W = 26, L, = 19.5. W, = 12. a = 3.7, b = 2.8. t = 2.1. F = I S a n d h = 5.91. Al/
dimensions in mm.

Figure 5.1 shows that the first resonance occurs at fi
resonance atfi

= 4.67

=

3.8 GHz and the second

GHz. According to the experimental results in Figure 5.1, the -1 0

dB bandwidth of this antema 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 atfi

= 4.04

GHz, while the second resonance a t h =

4.92 GHz, which are higher than the experirnental values off; = 3-8 GHz and fi = 4.672

GHz.

This change in the resonance fiequencies 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%.
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Figure 5.2: Simulation results for the Return Loss o f Anfenna 1 with dimensions L = 40,
W = 26, L, = 19.5, Ws= 12. a = 3.7, b = 2.8, f = 2.1. F = 1 5 o n d h = 5.91. All
dimensions in mm.

The smith chart plot of Antema 1 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 charactenstics of this antenna.

9 1 1 FORWARO REFLECTION

IMPEDANCE

CH 1
REF.

-

Si2

PLANE
1-0746 c m

MARKER T O MAX
MARKER T O MIN

Figure 5.3: Experimental resultsfor the Smith Chart plot of Antenna I with dimensions L
= 40, W = 26, L = 19.5, Ws= 12, a = 3.7, b = 2.8, t = 2.2, F = 1 5 a n d h = 5.91. AI1
dimensions in mm.

The smith chart plot of the single U-dot microstrip antema obtained fiom 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 expenmental results of the smith chart are similar to the simulation
results. The results 60m Figure 5.1 to Figure 5.4 demonstrate that a good agreement is
achieved between the experimental results and simulation results for the retum loss and
the srnith chart plot of Antema 1.

Figure 5.4: Simulation results for the Smith Chart plot of Antenna I with dimensions L =
40, W = 26, L, = 19.5, W, = I2, a = 3.7, b = 2-8, t = 2.1, F = 15 and h = 5.91. A f f
dimensions in mm.

Next the gain patterns results of the fabricated antenna obtained fiom the Anechoic
As shown in Figure 5.1, the

Charnber in the Antenna Laboratory are discussed.

experimental value of the fust resonance fiequency is fi

resonance occurs atfi

= 4.672

=

O plane and @

=

90 plane at fi = 3.8 GHz. For

cornparison, the simulation results of the gain patterns atfi
= 90

= 3.8

GHz in the 9 = O plane

plane are shown plotted in Figure 5.6. The gain patterns in Figure 5.5 exhibit

that the crosspolarization level in @
plane.

3.8 GHz and the second

GHz. Figure 5.5 shows the far-field radiation patterns in

the rectangular coordinates in the @

and @

=

=

90 plane is very small, while it is higher in $

=
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Figure 5.5: (a) Experimental results of Gain patterns in @ = O plane of Antenna I ut fi =
3.8 GHz. (b) Eqerimental results of Gain patterns in @ = 90 p lane of Antenna I at /r =
3.8 GHz
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Figure 5.6: (a) Simulation results of Gain patterns in @ = Oplane of Antenna I atfi = 3.8
GHz. (ô) Simulation results of Gain patterns in @ = 90 plane of Antenna 1 utf i = 3.8
GHz.

Similady, the simulation results of gain patterns in Figure 5.6 show that the
crosspolarization level is hi& in @ = O plane and it is extremely low in
The maximum peak obtained from the simulation results at fi

+ = 90 plane.

=

3.8 GHz is 8.35 dBi

whereas the experimentai results show a peak value of 8.77 dBi in

+ = O plane and 8.8 1

dBi in the Q

= 90 plane,

which is very close to the simulated gain value.

In a similar manner, the experimental results of the gain patterns in the

9

=

90 plane at fi

=

4.65 GHz are shown in Figure 5.7.

+ = O plane and

In order to compare the

expenmental results with the simulation results, Figure 5.8 displays the gain patterns in @
=O

plane and (I = 90 plane at& = 4.65 GHz obtained fiom the software Ansofl Ensemble.

At the second resonance fiequencyfi = 4.65 GHz, the broadside gain obtained fiom the

simulation results has a value of 8.91 dBi while the experimental results show a peak
value of 7.48 dBi in Q = O plane and 7.63 dBi in

+ = 90 plane.

The difference in the gain

is due to the losses in the cables used to connect the antenna to the source.
experimental results in Figure 5.7 show that the crosspoiarization level in
higher, while it is very low in

=

The

+ = O plane is

90 plane. Similar observation can be made for the

simulation results shown in Figure 5.8. They also show that the crosspolarbation level is
high in @ = O plane and it is negligible in $ = 90 plane.

(6)
Figure 5.7: (a) Experimental results of Gain patterns in @ = O plane of Antenno I ut fi =
4.65 GHz. (6) Experimental resulfs of Gain patterns in @ = 9Oplane of Antenna I a t 5 =
4.65 GHz.
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Figure 5.8: (a) Simulation results of Gain patterns in = O plane of Antenna I at fi =
4.65 GHz. (b) Simulation results of Gain patterns in $ = 90 plane of Antenna 1 at fi =
4.65 GHz.

5.3 Results of Antenna 2
The dimensions used to fabricate the circula arc slot microstrip antenna are: L
mm. W = 29 mm. (xC,yC)= (0, -2.5). (al. 61) = (5, 3 . 9 ,

(UA

b ~=
) (7, 5 . 9 , t

= 62

= 2.83.

d=

1 -37. (x, yp) = (0, -1 S), F = 16 mm, foarn substrate material with E, = 1.03 and h = 5.9 1

mm. Figure 5.9 shows the results for the retum loss obtained fiom 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, (xc.y$ = (0, -2.5). (al. 61)= (5. 3.5). (a?,br) = (7, 5 . 3 t = 2.83, d = 1.37, F
= 16 and h = 5-91. Ail dimensions in mm.

As it c m be seen fiom the experimental results in Figure 5.9, the first resonance of the

antenna occurs atfi = 3.448 GHz and the second resonance occurs atfi

149

= 4.136 GHz.

The

-10 dB bandwidth of Antenna 2 is calculated to be 27.6%. For cornparison, the
simulation results for the retum loss of Antenna 2 are shown in Figure 5.10, which shows
that the first resonance appears atJ

= 3.6

GHz and the second resonance atfi = 4.24 GHz.

These simulated values off, andfi are higher than the experimental values off,

GHz and fi

= 4.136

= 3.448

GHz. The -10 dB bandwidth of the antenna obtained fiom the

simulation results is calculated to be 25.69%, which is slightly lower than the
experirnental

value of 27.6%.

Overall, the experimental results are close to the

simulation results.

Frequency (GHz)

Figure 5.10: Simulation results for the Return Loss of Antenna 2 wirh dimensions L = 62,
W = 29, (x,, y,) = (0, -2.5), (a,, b,) = (5. 3.5). (al. 62) = (7, 5 3 , t = 2.83, d = 1.37, F =
16 and h = 5.91. Al1 dimensions in mm.

Figure 5.1 1 displays the experimental results of the smith chart plot of this antenna

obtained using the network analyzer. Since the loop on the smith chart is situated close to
the center, this wrifies the broad bandwidth characteristics of the antema,

1
1

1

-

CH 1
Si1
R E F . PLANE
1-0746 c m

Figrrre 5.11: Experimental results for the Smith Chart plot of -4ntenna 2 with dimensions
L = 62. W = 29. (x,. y,) =(O, -2.5). (a,,64 = (5. 3.5). (a?. 62) =(7, 5.5), t = 2.83, d =
1.3 7. F = 16 and h = 5-91. AI/ dimensions in mm.

h a similar marner, Figure 5.12 displays the smith chart plot of Antenna 2 obtained
h m the simulation, which is similar to the plot obtained fiom the experimental results, as
shown in Figure 5.1 1.

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.

Figure 5.12: Simulations resultsfor the Smith Chart plot of Antenna 2 with dimensions L
= 62, W = 29, (x,, y,) = (0, -2.5). (a,, 6,) = (5, 3-5). (a?,b$ = (7, 5.5), r = 2-828, d =
1.3698, F = 16, E, = 1.03 and h = 5.91. AI1 dimensions in mm.

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

= 3.448

GHz andh = 4.136 GHz, respectively. The farfield radiation

patterns in the rectangular coordinates in the $ = O plane and $ = 90 plane at fi = 3.45

GHz are displayed in Figure 5.13. The simulation results of the gain patterns atfi
GHz in the @

=O

= 3.45

plane and @ = 90 plane are shown in Figure 5.14 for cornparison. The

experimental results of gain pattems show that a good crosspolarization level is achieved
in (I = 90 plane and it is below -13 dB in t)

= O 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 Q

= O plane.

(6)
Figure 5-13: (a) Experimental results of Gain patterns in $ = O plane Antenna 2 ut f, =
3.45 GHz. (b) Experimental resulfsof Gain patterns in @ = 90 plane of Antenna 2 at f; =
3.45 GHz.
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Figure 5.14: (a) Simulation results of Gain patterns in i ) = O plane of Antenna 2 o f f , =
3.45 GHz. fi) Simulation results of Gain patterns in $ = 90 plane of Antenna 2 at fr =
3.45 GHz.

Atfr = 3.448 GHz, the maximum peak obtained fiom the simulation results is 9.64 dBi

whereas the experirnental 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 ui @
@ = 90 plane at fi = 4.15 GHz are shown in Figure 5.15.

corresponding simulation results of the gain patterns in @
= 4.1 5

=O

= O plane and

Figure 5.16 displays the

plane and 9 = 90 plane at&

GHz for cornparison purposes. At the second resonance fiequency fi = 4.15 GHz,

the broadside gain obtained fiom 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 fl. in @

=

90 plane. Both

experhental and simulation gain patterns results demonstrate that the crosspolarization
levels are comparable in 9 = O plane and @ = 90 plane.
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Figure 5.15: (a) Experimentul results of Gain patterns in @ = O plane ofAntenna 2 ut fr
4.15 GHz. (b) Experimental renrlts of Gain patterns in @ = 90plane of Antenna 2 a t 5
4-15 GHz
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Figure 5.16: (a) Simulation resulrs of Gain patterns in 9 = O plane of Antenna 2 ut&
4.15 GHz (6) Simulurion results of Gain patterns in Q = 90 plane of Antenna 2 ut&
4.15 GHz.
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5.4 Summary
In this chapter the experimental resuIts of the fabncated Antema 1 and Antenna 2
obtained fiom the Antenna Laboratory were presented. The fabricated antennas were
tested for the S parameters using the network analyzer and the farfield radiation patterns
using the equipment in the Far Field Anechoic Chamber in the Antema Laboratory. The

experimental results of the two fabricated antennas (single U slot antema and circular arc
slot antenna) were compareci with their simulation results.

It was found that the

experimental results showed good agreement with the correspondïng simulation results.

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 fiequencies 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 Antema 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 fiequencies were derived by analyzing the surface current
distribution on the patch for both Antema 1 and Antema 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

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
dots was also studied.

The characteristics of the antenna in tenns of resonance

fiequencies and impedance bandwidth were examined. The optimum ratio of the two
fi-equencies is found to be fi / f; = 1.57. The f a field radiation patterns for the two
fiequencies showed similar patterns and sarne polarization with good crosspolarization
levels. The broadside gain of 9.09 dBi can be achieved atfr = 3.88 GHz, while the gain
value was shown to be slightly lower atfi

= 6.08

GHz. Two equations for the operating

fkequencies 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 fiom 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 Antema Laboratory.

The

experimental results of the fabncated antemas 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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