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ABSTRACT

Modified Sierpinski Fractal Based Miniaturized Dual Band Patch

Antenna

Sika Shrestha

Advisor: Prof. Dong-You Choi, Ph.D.
Dept. of Info. And Comm. Engg.
Graduate School of Chosun University

The necessity for compact size, light weight, and low cost antennas has increased
in recent years with the widespread deployment of wireless communications.
Compact antennas can achieve the same performance as large antennas do with low
price and ease with integrated technology. Hence, reduction of antenna size is
becoming an important design parameter. Also, dual-frequency microstrip antennas
have the advantage of doubling the system capacity for transmission and reception.
Thus, the antenna with miniaturization and multi band functionality are beneficial
to cope with the rapid growth of wireless systems. The proposed work in this thesis
is focused on designing a multiband antenna with significant size reduction.

Microstrip patch antennas with several advantages such as conformal nature, low
profile, and economical to manufacture have made them suitable candidate to
design an effective antenna for modern wireless system. Conventional patch
antennas are modified in various ways to obtain a miniaturized multiband antenna.
In presented work, the basic geometry of microstrip patch antenna is modified by
incorporating fractal structure. The fractal’s space filling capability can be utilized

- viii -



to reduce the antenna size and their property of being self-similarity enables
antenna to have a large number of resonant frequencies.

The proposed work initiated with the design of simple fractal, Sierpinski carpet
on the edge-fed rectangular patch antenna. The fractal iteration of 2" order was
chosen for further modification because of its significant size reduction along with
fabrication ease. Through the process of analysis and simulation, it was seen that
inset fed Sierpinski fractal antenna with perturbation and the stub can resonate at
two frequencies with fine impedance matching. The antennas are designed using
finite element method based High Frequency Structure Simulator (HFSS) and their
performances are demonstrated in terms of return loss, impedance matching,
radiation pattern and VSWR. The size reduction of 25.98% was obtained with a
resonant frequency at 2.45 GHz and 5.8 GHz (ISM band frequencies). The
designed dual band antenna is fabricated on FR4 substrate and the slight deviation
observed from simulated result is due to environmental effect and fabrication
inaccuracies. This verifies that high degree of complexity in the structure of the
antenna is not required to obtain a compact multiband patch antenna using fractal

geometry.
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I. Introduction

A. General overview

Wireless communication systems have progressed at a remarkable pace and the
antenna is an essential element in its success. The antenna could not be abandoned
in any wireless technology as it is the only medium present, to receive and transmit
signals. The explosive growth of wireless applications demands for low cost, low
profile, miniaturized and single wireless transceiver to support multi-band
operations. Among various types of antennas, microstrip patch antenna (MPA) is
gaining popularity for use owing to their advantages such as simple, lightweight,
economical to manufacture using modern printed circuit technology and ease of
integration with feed networks. The other reason for a wide use of patch antenna is
the versatility of patch antenna in terms of resonant frequency, polarization, pattern
and impedance when particular patch shape and mode are chosen.

New generations of wireless systems aim to perform on more than one frequency
band. Some applications require the antenna to be as miniaturized as possible. The
presented work is concerned not only on operating patch antenna on two frequency
bands but also on size reduction of patch antenna. The multiband reduced size
antenna occupies less space, avoids using two antennas, expands mobility options,
and simplifies installation. Different types of variation can be made in patch
antenna design to obtain this objective. Among several design techniques, the
application of fractal geometry to conventional patch antenna structure to obtain a
compact sized multiband antenna has been introduced recently in antenna design.
The fractal patch antenna is designed using the recursive nature of fractal. The

unique properties of fractal antennas: Space-filling property and Self-similarity



property can be utilized to design small sized antenna and multiband antenna
respectively.

This thesis presents a simple and effective design approach to obtain a compact
dual band antenna by applying fractal geometry to the conventional patch antenna.
The unlicensed ISM band center frequencies at 2.45 GHz and 5.8 GHz, has been
selected for the study. The 2" iteration of inset fed modified Sierpinski carpet
containing a perturbation and small stub is etched on the rectangular patch antenna
to obtain a miniaturized dual band fractal patch antenna.

B. Objective

The objectives of the research are:
= To obtain a miniaturized patch antenna without affecting antenna
performances such as return loss, radiation pattern, and impedance matching.
= To design a dual band antenna operating at 2.45 GHz and 5.8 GHz with
fine impedance matching at both frequencies.

= To filter unwanted frequencies without using an additional filter component.

C. Thesis contribution

Modern communication systems usually require antennas with compactness and
low cost. They often require dual band operation and the requirement is obvious
when the same antenna supports multiple applications. Thus, they find dual band
microstrip antennas very useful and sometimes unavoidable. The dual band
antenna operating at 2.45 GHz and 5.8 GHz ISM bands is presented in this thesis.

The designed antenna can be used in microwave band for RFID applications and in



WLAN application 802.11b/g and 802.11a, as it can operate at 2.45 GHz and 5.8
GHz. It can be used to develop a dual band rectenna which can be used for power
transmission at either frequency depending upon power availability. Designing a
miniaturized dual band antenna is a challenging task and is often designed with a
high degree of complexity. In contrast to the designs presented on various
researches, the proposed approach presents a simple and effective approach of

obtaining multi band patch antenna with significant size reduction.

D. Thesis organization

The remainder of this thesis is organized in modular chapters and its outline is as
follows:

Chapter 2 presents the background information related to the thesis. Section A of
this chapter explains microstrip patch antenna including its historical development,
basic structure, the principle of operation, feeding technique, advantages, and
disadvantages. Section B demonstrates a fractal antenna overview, its unique
characteristics and different fractal structures. Finally antenna parameters are
briefly explained in section C.

Chapter 3 summarizes the various techniques adopted in previous research work
to obtain miniaturization and dual band functionality in patch antenna and fractal
antenna.

Chapter 4 discusses in detail the design of dual band fractal patch antenna with
reduced size. The design specification is represented in section A. The design
procedures adopted in the proposed work is explained in section B. The sequential
procedure applied to obtain a compact multiband antenna followed by
demonstration of dual band antenna simulated results, in terms of return loss,

impedance matching, radiation pattern and VSWR are described in section C. The



measured result of dual band antenna and its comparison with simulated result are
presented in section D.

Chapter 5 presents the concluding remarks, with scope for further research work.



Il. Background

A. Microstrip patch antenna

1. Historical development of patch antenna

Microstrip patch antennas (also called as patch antenna) are among the most
common antenna types in use today, particularly in the popular frequency range of
1 to 6 GHz. The origin of microstrip antennas apparently dates back to 1953, when
Deschamps proposed the use of microstrip feed lines to feed an array of printed
antenna elements. The printed antenna elements introduced there were not
microstrip patches, but flared planar horns.

Microstrip antenna had its first intense development in the 1970s, as
communication systems became common at frequencies where its size and
performance were very useful. At the same time, its flat profile and reduced
weight, compared to parabolic reflectors and other antenna options, made it
attractive for airborne and spacecraft applications. Munson introduced MPA in a
symposium paper in 1972 which was followed by a journal paper in 1974. The
early work of Munson on microstrip antennas for use as a low profile flush
mounted antennas on rockets and missiles showed that this was a practical concept
for use in many antenna system problems. Several mathematical models were
produced for this antenna and its applications were extended to many other areas.

The most important workshop was held in Las Cruces, NM in 1979. It was also at
that time when the first books on microstrip antennas were printed. By the early
1980s basic microstrip antenna elements and arrays were fairly well established in

terms of design and modeling. A major contributing factor for advances of



microstrip antennas is the revolution in electronic circuit miniaturization brought
about by developments in large scale integration. As conventional antennas are
often bulky and costly part of an electronic system, microstrip antennas based on
photolithography technology are seen as an engineering breakthrough.

2. Basic structure of patch antenna

Microstrip feed Radiating patch

«—
L

h I Substrate Y
/‘ ZX

Ground Plane

Figure 2.1: Basic structure of microstrip patch antenna.

In its most basic form a microstrip patch antenna consists of a radiating patch on
one side of a dielectric substrate with a ground plane on the other side as shown in
Figure 2.1. The patch is generally made of a conducting material such as copper or
gold and can take any possible shape. Square, rectangular, dipole, and circular are
the most common because of ease of analysis, fabrication, and performance
prediction. The radiating patch and feed lines is usually photo etched on the

dielectric substrate.



3. Principle of operation of patch antenna

Patch

Substrate

Ll

Ground Plane

Figure 2.2: Field illustration of Rectangular patch antenna

Microstrip patch antennas radiate primarily because of the fringing fields between
the patch edge and the ground plane. Opposite charges are established at the
bottom of the patch and at the top of the ground plane when the patch is excited at
a resonant frequency. The attractive force will hold most of the charges between
the two surfaces. In the meantime, the repulsive forces of the same charges on the
patch surface will push some of the charges to the edges creating fringing fields
because of which patch antenna resonates. The fundamental mode of a rectangular
patch is often denoted using cavity theory as the Transverse Magnetic (TM) 10
mode. The electric field distribution of rectangular patch antenna is shown in
Figure 2.2. The electric field is approximately constant along the width of the patch
and goes through a phase reversal along the length of the patch. A rectangular
patch antenna could be considered as containing two parallel radiating slots

separated by length which is typically a half wavelength in the dielectric material.

4. Feeding techniques

Several configurations can be used to feed microstrip antennas. The four most

popular are coaxial probe, microstrip line, proximity coupling, and aperture



coupling and are shown in Figure 2.3 [1]. Coaxial probe feeding and microstrip
line feeding techniques are contacting feeding method, in contrast to them
proximity coupling and aperture coupling are non-contacting feeding method. In
coaxial-line feeds, the inner conductor of the coax is attached to the radiation patch
and the outer conductor is attached to the ground plane. It is easy to fabricate and
has low spurious radiation. However, it has a narrow bandwidth and is difficult to
model especially for thick substrate. The microstrip feed line is a conducting strip
usually of smaller width connected to the patch. It is easy to fabricate, simple to
match by controlling the inset position but spurious radiation increases with the

increase in substrate thickness that limits the bandwidth.

z | " . vl L
h { w
Ground Plane i
x
(a) (b)
Zz T L _X.-
Ph' L Microstrip fine : h,
“F Ground Plana (©
z t i ”
t Apartura t h
-+ g
f Microstipine

Figure 2.3: Feeding methods for microstrip antennas: (a) Coaxial feed, (b) Microstrip line, (c)

Proximity-coupled feed, and (d) Aperture-coupled feed

Proximity coupling has the largest bandwidth and low spurious radiation. The
patch is present on top of the first substrate while the second substrate contains the
microstrip feed line on the upper side and the ground plane on the lower side in this
technique. Aperture coupled feed consists of two substrates separated from the



ground plane. The energy of the microstrip feed line present on the bottom side of
the lower substrate is coupled to the patch through a slot in the ground plane
separating the two substrates. The ground plane isolates the feed from radiation

element and minimizes interference of spurious radiation.

5. Advantages and disadvantages of patch antenna

Microstrip antennas are inexpensive and easy to manufacture using modern
printed circuit technology (PCB). It can enjoy all the advantages of PCB with all of
the power dividers, matching networks, phasing circuits, and radiators. In addition,
as the backside of the micro strip antenna is a metal ground plane, the antenna can
be directly placed onto a metallic surface of an aircraft or missile. Some of the

preeminent advantages of the microstrip antennas are listed below:

e Low profile, light weight and small in size

e Easy to fabricate and low fabrication cost

e Easy to feed

e FEasyto use in an array or incorporate with other microstrip circuit elements

e Can be made thin so that the aerodynamics of any aerospace vehicles would
not be affected

e Can be easily mounted onto missiles, rockets and satellites without much
alteration

e Possible to achieve linear, circular (left hand or right hand) polarizations
with simple changes in feed position

e Easy to obtain dual frequency operations

e Compatible with modular designs (solid state devices such as oscillators,
amplifiers, variable attenuators, switches, modulators, mixers, phase

shifters, etc. can be added directly to the antenna substrate board)



e Feed line and matching networks are fabricated all together with antenna
structure

The main disadvantages of microstrip antennas include potentially lower radiation

efficiency compared with other antennas (although this depends significantly on

the substrate permittivity and thickness) and small bandwidth. Some of the

disadvantages are listed below:

e Low bandwidth (but can be improved by a variety of techniques).

e Efficiency is limited by conductor and dielectric losses (Conductor and
dielectric losses become more severe for thinner substrates) and by surface-
wave loss (Surface-wave losses become more severe for thicker substrates).

e Poor isolation between feed lines and radiating elements

B. Fractal antenna

1. Overview

Fractal belongs to a class of geometrical shapes that is composed of multiple
iterations of a single elementary shape. The fundamental building blocks of fractals
are the scaled versions of the fractal shape. The history of fractals has begun by the
research of Gaston Julia, and continued with the findings of Benoit Mandelbrot.
Mandelbrot extracted the “fractal” term from “frangere”, a Latin verb, meaning to
break or fragment. He was examining the shapes created by Gaston Julia, by
iterating a simple equation and mapping this equation in the complex plane, where
Gaston Julia, a mathematician in the 1920’s (who was working without the benefit
of computers) could not describe these shapes using Euclidean geometry. By
studying fractals, a whole new geometry has been created by mathematicians

depicting the universe; beyond the boundaries of Euclidean geometry. The
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complexity of nature is clearly captured by fractals than Euclidean geometry. The
interpretation of mountains and clouds as cones and ellipsoids respectively in
Euclidean geometry is not as accurate as fractal geometry [2].

The application of fractals can be found in various fields such as image
compression algorithms, weather prediction, integrated circuits, filter design,
fractal electrodynamics, and other disciplines. Fractal electrodynamics is one of the
major applications of fractals, in which the fractal geometry is combined with
electromagnetic theory to explore a new class of radiation, propagation, and
scattering problems. Antenna theory and design have become one of the most
promising areas of fractal electrodynamics research. Developed over the last 20
years, fractal antennas have proven to be the first fundamental important
breakthrough in antenna technology in the last half century. A fractal element
antenna is shaped using fractal geometry. Fractal antenna can produce fractal
versions of all existing antenna types, including dipole, monopole, patch,
conformal, spiral, helical and others, as well as compact variants of each, possible
through fractal technology. The conventional antenna shape that is used as a
starting geometry in designing fractal antenna is known as generator or initiator. In
the presented work, fractal geometry is applied to microstrip patch antenna

resulting in fractal patch antenna.

2. Characteristics of fractal antenna

Among several properties that characterize fractals, self-similarity/self-affinity
and space-filling properties are of interest in terms of antenna design. The self-
similarity and self-affinity properties of a fractal can be relatively understood as
copies of the entire structure within the same structure at different scales. An image
is reduced by the same factor in all directions for self-similarity; however, a self-

affine fractal has a different scale factor for different directions. This unique feature
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of fractal geometry can provide additional flexibility in the antenna design, since
by selecting the scale factors appropriately; resonances can be spaced by different
factors. Hence, it has been perceived that self-similar/self-affine property of
fractals is useful to design multi frequency antennas such as in Sierpinski Gasket
[3].

Fractals are space-filling contours, meaning electrically large features can be
efficiently packed into small areas. Since the electrical lengths play such an
important role in antenna design, this efficiently packing can be used as a viable
miniaturization technique. In antenna design using fractal geometry, removal of
metallization results in the lengthening of current path resulting in reduction of
resonant frequency which decreases the overall dimension at the required
frequency. This efficient volume filling nature of fractal is useful to design small

antennas such as Sierpinski carpet [4].

3. Different fractal structure

Fractal antennas can be designed in many shapes. Though different fractal
geometries are available, a very few can be used in the design of microstrip
antennas. This section will present a brief overview of some of the common fractal
geometries that have been found to be useful in developing new and innovative

designs for antennas.

a. Sierpinski gasket

A L L840

Figure 2.4: Few stages of a Sierpinski gasket fractal
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The procedure for geometrically constructing Sierpinski gasket fractal begins
with an equilateral triangle contained in the plane. The next step in the construction
process is to remove the central triangle with vertices that are located at the
midpoints of the sides of the original triangle. This process is then repeated for the
three remaining triangles in the next iteration. A similar procedure is continued in
other stages as shown in Figure 2.4 [5]. The black triangular areas represent a
metallic conductor, whereas the white triangular areas represent regions where

metal has been removed.

b. Koch snowflake

Aok ok

Figure 2.5: Few stages of a Koch snowflake

This fractal also starts out as a solid equilateral triangle in the plane. However,
unlike the Sierpinski gasket, which is formed by systematically removing smaller
and smaller triangles from the original structure, the Koch snowflake is constructed
by adding smaller and smaller triangles to the structure in an iterative fashion. This
process is clearly represented in Figure 2.5 [6], where the first few stages in the

geometrical construction of a Koch snowflake are shown.

c. Hilbert curve

Figure 2.6: Few stages of Hilbert curve
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The first four steps in the construction of the Hilbert curve are shown in Figure 2.6
[6]. The Hilbert curve is an example of a space-filling fractal curve that is self-

avoiding (i.e. has no intersection points).

d. Minkowski island fractal

:'::H:}: o5 7t
=4 :1::1-‘ ":}. 1
j}‘:i-.: -\.-":

o

x X

Figure 2.7: Few stages of Minkowski island fractal

The starting geometry (generator) of the Minkowski island fractal is a Euclidean
square. Each of the four straight segments of the starting structure is replaced with
the structure shown at the bottom of the Figure 2.7 [5]. This iterative generating

procedure continues for an infinite number of times and few stages are shown in
Figure 2.7.

e. Sierpinski carpet

Figure 2.8: Few stages of Sierpinski carpet

In Sierpinski carpet design, initially the rectangular patch is divided into nine
smaller congruent rectangles and the central rectangle is removed. In further

iteration, the remaining eight rectangles are divided into nine more congruent

-14 -



rectangles, removing the central rectangle from each rectangle, and the similar

procedure is followed in other iteration as depicted in Figure 2.8 [7].

C. Antenna glossary

1. Input impedance

Generally, input impedance is important to determine power transfer between
transmission line and the antenna. The maximal power transfer only happens when
the input impedance of the antenna and the input impedance of the transmission
line is matched. If antenna impedance is different from the transmission cable
impedance, reflected wave will be generated at the antenna terminal and travel
back towards the energy source. This reflection of energy causes a reduction in the
overall system efficiency. Hence, the most efficient coupling of energy between an
antenna and its transmission line occurs when the characteristic impedance of the
transmission line and the terminal impedance of the antenna are the same and have
no reactive component. In this case, the antenna is considered to be matched to the
line. The antenna is usually designed with terminal impedance of about 50Q or

75Q to match the common values of available coaxial cable.

2. VSWR

Voltage Standing Wave Ratio (VSWR) also called as Standing Wave Ratio
(SWR) is the ratio between the maximum voltage and the minimum voltage along
transmission line. The VSWR, which can be derived from the level of reflected and
incident waves, is an indication of how well or efficiently an antenna terminal input

impedance is matched to the characteristic impedance of the transmission line.
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Increase in VSWR indicates an increase in a mismatch between the antenna and the

transmission line and vice versa. The VSWR is given by equation (2.1).

1+Su1

1-Su1

VSWR =

(2.1)

Where Sy, is the return loss.

The value of VSWR in between 1 and 2 (1<VSWR<2) is needed for functional
antenna. When none of the RF signal sent to the antenna is reflected at its terminal,
there will be no standing wave on the transmission line and the VSWR has a value
of one. However, if the antenna and transmission line are not matched, then some
fraction of the RF signal sent to the antenna is reflected back along the
transmission line. This causes a standing wave, characterized by maxima and
minima, to exist on the line. In this case, the VSWR has a value greater than one.
The VSWR is easily measured with a device and VSWR of 1.5 is considered
excellent, while values of 1.5 to 2.0 is considered good, and values higher than 2.0

may be unacceptable.

3. Gain

The gain of an antenna in a given direction is the amount of energy radiated in
that direction compared to the energy an isotropic antenna would radiate in the
same direction when driven with the same input power. The gain is essentially a
measure of the antenna’s overall efficiency. If an antenna is 100% efficient, it
would have a gain equal to its directivity. However the isotropic antenna is
hypothetical and there are many factors that affect and reduce the overall efficiency
of an antenna. The maximum gain is the gain in the direction in which the antenna
is radiating its most of the power. The gain of an antenna is usually expressed in

decibels (dB). When the gain is referenced to the isotropic radiator, the units are
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expressed as dBi; but when referenced to the half-wave dipole, the units are

expressed as dBd. The relationship between these units is given by equation (2.2).

Gded = Gai — 2.15dB (2.2)

4. Radiation pattern

The radiation or antenna pattern describes the relative strength of the radiated
field in various directions from the antenna, at a constant distance. The radiation
pattern is a reception pattern as well, since it also describes the receiving properties
of the antenna. The radiation pattern is three dimensional, but usually the measured
radiation patterns are a two dimensional slice of the three dimensional pattern, in
the horizontal or vertical planes. These pattern measurements are presented in
either a rectangular or a polar format. The radiation pattern in the region close to
the antenna is not the same as the pattern at large distances. The term near field
refers to the field pattern that exists close to the antenna, while the term far field
refers to the field pattern at large distances. The far field is also called the radiation
field. Ordinarily, the radiated power is of interest in terms of antenna performance,
therefore antenna patterns are usually measured in the far field region. For pattern
measurement it is important to choose a distance sufficiently large to be in the far

field, which is out of the near field region.

5. Return loss

The return loss (S11) is another way of expressing mismatch. It is a logarithmic
ratio measured in dB that compares the power reflected by the antenna to the power
that is fed into the antenna from the transmission line. The relationship between

SWR and return loss is given by equation (2.3).
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SWR

S,.(dB)=20log,qy ——
11(dB) glOSWR—l

(2.3)

6. Bandwidth

The bandwidth of an antenna refers to the range of frequencies over which the
antenna can operate correctly. The antenna's bandwidth is the number of Hz for
which the antenna will exhibit an SWR less than 2:1. The bandwidth can also be
described in terms of percentage of the center frequency of the band as given in
equation (2.4).

Bandwidth =100x % L (2.4)

FC
Where Fy is the highest frequency in the band, F_ is the lowest frequency in the

band, and F¢ is the center frequency in the band.

7. Smith chart

The Smith chart is a tool to visualize the impedance of a transmission line and
antenna system as a function of frequency. Smith chart is a graphical method of
displaying the impedance of an antenna, which can be a single point or a range of
point. Every point on this chart is the polar representation of the reflection
coefficient. The center of the Smith chart is the point where the reflection
coefficient is zero. This is the only point where no power is reflected by the load

impedance.
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I1l. Motivation

A. Miniaturization techniques

The design of compact antenna has been inevitable to cope with the rapid growth
of wireless applications. Several methods have been suggested to reduce the size of
microstrip antennas. They include the use of high dielectric constant substrates [8],
modification of the basic patch shapes, short-circuiting the patch to the ground
plane, superstrates [9] and other techniques that combine these three methods. With
the use of the high dielectric constant substrates, the guided-wavelength underneath
the patch is reduced and, hence the resonating patch size is also reduced. The
reduction ratio is approximately related to the square root of ‘g’ (permittivity).
Employing high dielectric constant substrates is the simplest solution, but it
exhibits narrow bandwidth, high loss and poor efficiency due to surface wave
excitation. Modification of the basic patch shapes allows substantial size reduction;
however, some of these shapes will cause the inefficient use of the available areas.
Shorting-posts were used in different arrangements to reduce the overall
dimensions of the microstrip patch antenna. This section will summarize some of
the techniques adopted for size reduction in patch antenna and fractal antenna.

A circular patch antenna reduces the antenna radius by introducing slots in the
circular microstrip disk antenna from the calculated result of 16.5 mm to 15.5 mm
of the proposed one, yielding 12% size reduction in [10]. A square aperture
coupled patch antenna with a cross shaped slot etched on its surface permits a patch
size reduction of 32.5% in [11]. A two-port, meandered, square patch antenna with
forty slits on the perimeter, ten on each side is investigated in [12] obtaining 48%
reduction in size. The slits disturb the currents flowing on the surface, forcing them
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to meander and thus, increasing the electrical length of the patch antenna in both
dimensions. A square patch with two orthogonal pairs of irregular and
unsymmetrical slits is proposed in [13] to increase the surface current path length
using slits in the antenna reducing the size to 40%. The antenna composed of the
interconnection of four corner patches alternating with four strips and a fifth central
patch represents a surface reduction of 60% in [14].

Apart from these techniques and unlike Euclidean geometry, application of fractal
geometry is introduced in antenna designing for size reduction of patch antenna.
The fractal structure’s space filling property can be utilized to obtain compact size.
Geometry optimization is adopted in miniaturization through fractal geometry. The
application of modifying the geometry of conventional antenna is to increase their
electrical length that lengthens the surface current paths and cause a shift in
resonant frequency. Thus, by reducing the dimensions of the patch, we can get
much more compact antenna than their conventional counterpart with the same
resonant frequency. The various designs have been proposed to reduce the size of
the antenna by integrating a fractal on a patch antenna. A microstrip antenna with
Koch shaped fractal defects on the patch surface with RO4003 substrate is
presented in [15] to reduce the size of the antenna. A small-size microstrip antenna
is proposed in [16] by inserting Sierpinski carpets into the single patch and etching
inner and outer edge according to Koch curves. The Koch island fractal boundary
microstrip antenna has been numerically and experimentally analyzed in [17] to
obtain the considerable area reduction. A fractal butterfly patch antenna is
introduced in [18] as a miniaturized patch antenna. An edge-fed Sierpinski fractal
based patch antenna having a significant size reduction is presented in [4].
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B. Dual band techniques

Traditionally antenna operates at a single frequency band and a different antenna
is needed for different application. This will cause a limited space and place
problem. In order to overcome this problem, multiband antenna can be used where
a single antenna can operate in many frequency bands and allow simultaneous
transmission of video, voice, and data information. Two approaches are typically
used to obtain wideband frequency ranges: the use of stacked patches and the
activation of different modes of the patch. The first approach incorporates a multi
layered patch substrate that will resonate at different frequencies. However, this
method increases the height of the antenna. The second approach achieves dual-
frequency operation by activating two modes under the patch, such as the TM10
and TM30 modes or the TM10 and TM01 modes. Several techniques have been
explored and various approaches have been proposed for the methods of obtaining
reconfigurable antennas. Some of them are briefly explained in following
paragraphs.

The frequency tuning is achieved through rotational motion of the circular patch
that contains four different shapes corresponding to a different set of resonant
frequencies in [19]. The different RF shapes are three circular patches and one
slotted triangle. The four sets of frequencies, “2.4-2.6 GHz”, “2.6-3.4 GHz”, “4-5
GHz” and “3-4 GHz/5.26-7 GHz” are covered by the four different shapes. A
triangular shaped corner truncated short circuited antenna with V-shaped slot for
dual band operation (2.5-2.55 GHz and 3.4 to 3.7 GHz WiMax bands) is proposed
in [20]. The two resonant modes are excited simultaneously by placing two
shorting walls with a V-shaped slot in the patch. A square patch antenna containing
two rectangular slots properly positioned along its diagonal can function as a dual

band antenna in [21]. Frequency diversity is achieved by controlling the electrical
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length through switching of the pin diode on the U-slot of a corner truncated square
patch antenna in [22].

The self-similarity/self-affinity of fractal geometry can be employed to obtain
multi band antenna. A square microstrip patch antenna embedded with modified
Sierpinski gasket slots exhibits a larger size reduction along with dual-frequency
operation in [23]. A dual wideband CPW-fed modified Koch fractal printed slot
antenna containing simple tuning slot, suitable for WLAN and WiMAX operations,
is proposed in [24]. A novel dual band fractal-shaped microstrip antenna for RFID
applications designed to cover the frequency of ISM Bands (2.45 GHz and 5.80
GHz) is presented in [25]. A circular patch antenna with fractals produces a dual

band operation for the C-band applications in [26].
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IV. Antenna design

Today’s wireless applications have challenged antenna designers with demands
for low cost and compact sized multi band antenna yet with a simple radiating
element, signal feeding configuration, good performance, and easy fabrication. A
modified Sierpinski carpet patch antenna with inset fed is designed to obtain these
results. This chapter explains the design specifications, design implementation

strategy, simulation result, and measured results.

A. Design specifications

The resonant frequency f,; dielectric material of the substrate ¢,; and thickness of
substrate h; are the three essential parameters for the design of the patch antenna. A
design frequency of 2.45 GHz and 5.8 GHz is chosen because of its low-cost
components, located in the ISM band, and extremely low attenuation through the
atmosphere. The designed antenna fulfills the requirements of ISM bands 2.45 and
5.8 GHz for RFID applications and other wireless applications. The patch is placed
on an FR4 substrate. The design specification of fractal patch antenna is given in
Table 4.1.
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Table 4.1: Design specifications of microstrip patch antenna

Antenna Fractal Patch Antenna
Substrate FR4
Relative permittivity 4.7
Dielectric loss tangent 0.019
Height of the substrate 1.6 mm
Operating frequency 2.45 GHz and 5.8 GHz
Feeding method Microstrip line feed
Polarization Linear

B. Design procedure

This section begins with the procedures to design a conventional rectangular
patch antenna which is followed by the microstrip inset feeding technique adopted
in the presented work. Then, the procedures to obtain ground plane dimension and
applying fractal structure to the conventional patch are explained.

1. Rectangular patch design

A rectangular microstrip patch antenna is taken as the generator of the fractal
antenna. The most popular models for analysis of microstrip patch antennas are the
transmission line model, cavity model, and full wave model (which include
primarily integral equations/moment method). The transmission line model is the
simplest of all and it gives good physical insight but it is less accurate and is more
difficult to perform model coupling. The cavity model is more accurate and gives

good physical insight but is complex in nature. The full wave models are extremely
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accurate, versatile and can treat single elements, finite and infinite arrays, stacked
elements, arbitrary shaped elements and coupling. These give less insight as
compared to the two models mentioned above and are far more complex in nature.
In our case, transmission line model is adopted to design the antenna. Basically the
transmission line model represents the micro strip antenna by two slots of width W
and height h, separated by a transmission line of length L. The microstrip is
essentially non homogeneous line of two dielectrics, typically the substrate and air.
The patch dimensions are calculated by following a simplified formulation in
transmission line model [27].

For an efficient radiator, a practical width that leads to good radiation efficiencies

IS given by

-1/2
W_VO(8r+l) (4.1)

T2l 2

Where W, f;, &, V, are the width of the patch, resonant frequency, dielectric
constant of the substrate, and free space velocity of light respectively.

The effective dielectric constant is essentially constant for low frequencies. At
intermediate frequencies its value begins to monotonically increase and eventually
approach the values of the dielectric constant of the substrate. The effective

dielectric constant can be obtained by

_1/2
et — [‘C‘r +1] ; (gr _1j(1+121J (4.2)
2 2 W

Where €. is effective dielectric constant of the substrate.

The dimension of the patch along its length is extended on each end by a distance
AL owing to the fringing effect. A very popular and practical approximation
relation for the normalized extension of the length is given by
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(Eetf + 0.3)(\:]\/ +0.264)

AL =0.412h W (4.3)
(Eeff — 0.258)(T +0.8)
Where h is the height of the substrate.
The actual length L of the patch is given by
—2AL (4.4)

1
=
2fr/ Eefi 4/ Lo€o

Where [ and € are permeability of free space and permittivity of free space

respectively.

2. Feeding techniques

Antenna performance depends largely on feeding technique and optimum feed
point. In single layer antenna design, microstrip line and coaxial probe feeding are
widely used because of its simplicity in designing and fabrication. The impedance
control in microstrip feeding can be obtained by edge feeding, inset feeding, and
feeding through an additional matching network called as a quarter - wave
transformer. The presented work has adopted a microstrip line feeding with inset
feed as feeding method. The inset feed introduces a physical notch, which in turn
introduces a junction capacitance. The physical notch and its corresponding
junction capacitance influence the resonance frequency. As the inset feed point
moves from the edge decreases monotonically and reaches zero at the center. The
input impedance of the inset-fed microstrip patch antenna mainly depends on the
inset distance (length of the notch) and to some extent on the inset width (width of
the notch). The resonant frequency is much affected by the variation in the inset
width than in inset length [28].
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The inset distance is calculated by using equation (4.5).

I1
Rap = Rypp COS? % (4.5)
Where Rso, Rinp, Yo are 50Q resistance, input impedance of the antenna and inset

distance respectively.

3. Ground dimensions

The transmission line model is only applicable to infinite ground planes;
however, for practical considerations, a finite ground plane is used. The size of the
ground plane should be greater than the patch dimensions by approximately six or
twelve times the substrate thickness so that the results are similar to those obtained

using an infinite ground plane. Hence, the ground plane dimensions are given by

L, =6h+L (4.6)

W, =6h+W (4.7)
Or

L,=12h+L (4.8)

W, =12h + W (4.9)

Where Lg, and Wy, are the length of the ground plane and the width of the ground

plane respectively.
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For the proposed design, equation (4.9) is selected to calculate the width of the
ground plane and the length of the ground plane is modified as shown in equation

(4.10) for better performance of the antenna.

L, =12h+ L+ L, (4.10)

Where L¢ is the length of the feed.

4. Fractal iterations

In this thesis, simple fractal structure Sierpinski carpet is etched on the
rectangular patch antenna. The conventional rectangular patch antenna is the
generator of fractal iterations. The patch is divided into nine smaller congruent
rectangles, and the central rectangle is removed and similar procedure is followed
in subsequent iterations for the remaining rectangles.

The iterative process is based on the following rules:

N, =8" (4.11)

=) (4.12)

A _[8)" (4.13)
(5)

Where N, is the number of rectangles covering the radiating material, L, is the
length ratio, and A is the ratio for the fraction area. As the iterations are added, an
area of the radiating patch is removed.
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C. Simulation procedure and its result

The antenna is simulated using a finite element method (FEM) based Ansoft
HFSS Ver.10, which is a high-performance full-wave EM field simulator for
arbitrary 3D volumetric passive devices using the Microsoft Windows graphical
user interface. HFSS pioneered the use of the FEM for EM simulation by
developing and implementing technologies such as tangential vector finite
elements, adaptive meshing, and adaptive Lanczos-Pade sweep (ALPS). This
section will explain a stepwise procedure applied to obtain miniaturized dual band
fractal patch antenna. In all simulated antennas the calculated values did not
resonate at required frequencies. Therefore, parametric analysis of HFSS is
performed in all designed antennas.

1. Edge-fed Sierpinski carpet fractal antenna

Miniaturization techniques for fractal structures involve the process of removing
some part of the basic structure. In the proposed design, the removal procedure is
done in an iterative fashion. The Sierpinski carpet of different iteration order is
etched on the edge-fed rectangular patch antenna. Initially, the rectangular patch
antenna is designed using the procedure mentioned in section IV (B) under
“Rectangular Patch Design” title. The microstrip line feeding is chosen because of
its ease in fabrication and integration. The iteration of Sierpinski Carpet Microstrip
Patch Antenna (SCMPA) is performed up to 3 order. The designed rectangular
patch antenna (Generator) and its iterations are shown in Figure 4.1(a), 4.1(b),

4.1(c) and 4.1(d) respectively. The details can be seen in [4].
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(a) (b)

(c)

(d)

Figure 4.1: Edge-fed Sierpinski carpet (a) Generator (b) Iteration 1 (C) Iteration 2 (d)

Iteration 3

Table 4.2: Dimension and output of edge fed Sierpinski carpet and its iterations

Antenna Generator | Iteration 1 | Iteration 2 | Iteration 3
W (mm) 27 23.58 23.66 23.66
Dimension L (mm) 34.41 34.41 32.4 32.4
Avrea reduction 12.67% 21.19% 21.19%
Return loss (dB) 36.17 40.73 34.11 39.47
Impedance BW (MHz) | 60 MHz 60 MHz 60 MHz 60 MHz
Output Impedance (Q2) 50.42 49.13 50.63 50.13
Gain (dB) 3.68 2.64 2.46 2.43
VSWR 1.03 1.02 1.04 1.02

Table 4.2 compares the size reduction and antenna performance of all four
antennas. The area reduction of 12.67%, 21.19% and 21.19% with respect to the
conventional rectangular patch antenna (Generator) is seen in 1%, 2" and 3"
iteration respectively. The antenna performances in terms of reflection loss,
impedance matching, and antenna gain is almost similar in 1%, 2" and 3" iteration

as depicted in Table 4.2. Hence, it is verified that size reduction through fractal
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geometry does not affect antenna performances. Also, it is perceived that the
increment of the iteration order of fractal antenna leads to a higher degree of
miniaturization. The antenna performance and size reduction of the 2" and 3"
iteration are similar. However, the 3™ order antenna is more complicated in
structure and can have fabrication inaccuracies. Thus, 2" fractal iteration is chosen
to perform further modifications in its structure in order to obtain the dual band
antenna.

The return loss of 2" order iterated edge-fed Sierpinski fractal antenna is shown
in Figure 4.2. This antenna resonates at 2.45 GHz but also contain unwanted

frequencies as shown in this graph.
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Freq [GHz]

Figure 4.2: Return loss of 2™ order edge-fed Sierpinski carpet

2. Inset-fed Sierpinski carpet fractal antenna

In 2" Step, the feeding configuration of 2" order SCMPA is changed from edge-
fed to inset-fed. Figure 4.3 shows the inset-fed modified SCMPA, where the fractal
carpet is replaced by the inset notch in one of the sections. After introducing inset

in 2" order SCMPA the unwanted harmonics are removed. Figure 4.4 depicts the
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return loss of 2" order inset fed modified SCMPA antenna which shows a
frequency dip at 2.45 and 6.04 GHz. The unwanted harmonics have been removed
without using an additional filter component. However, the obtained higher
frequency is not according to our objective. The higher frequency should be
obtained at 5.8 GHz. Hence, this inset-fed modified SCMPA had undergone further

modification.

Figure 4.3: Second order inset-fed modified Sierpinski carpet
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Figure 4.4: Return loss of 2™ order inset-fed modified Sierpinski carpet
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3. Inset-fed Sierpinski carpet fractal antenna with perturbation and
stub (Dual band antenna)

To obtain the higher frequency at 5.8 GHz, a perturbation is added at the corner
of the patch. This resulted in a higher frequency of 5.8 GHz. But the modified
antenna with perturbation did not result in a better impedance match. Hence, small
stub is added in the feed line. The simulation procedure of the antenna needs to go
through a number of parametric analyses in order to resonate at 2.45 GHz and 5.8
GHz with fine impedance matching. Thus, obtained dual band miniaturized

antenna is shown in Figure 4.5 with its dimension in millimetre.

L9"OF =SM
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1 f 16.705
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Figure 4.5: Dual band fractal antenna

The performance of miniaturized dual band modified SCMPA is demonstrated in

terms of return loss, impedance matching, radiation pattern, and VSWR.
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The simulated return loss (S11 versus frequency) of the dual band fractal antenna
is shown in Figure 4.6. The antenna is resonated at 2.45 GHz and 5.8 GHz. The
return loss is 35.52 dB and 39.56 dB at 2.45 GHz and 5.8 GHz respectively. The
impedance bandwidth is the difference in frequency at -10 dB. The impedance
bandwidth of 60 MHz and 200 MHz is obtained at 2.45 GHz and 5.8 GHz

respectively. The bandwidth of the antenna in term of percentage is defined by

Bandwidth = @ x 100% (4.14)

Where fax and fri, are determined at -10dB. f, is the resonance frequency. The
bandwidth percentage is 2.44% and 3.44% at 2.45 GHz and 5.8 GHz respectively.
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Figure 4.6: Return loss of dual band antenna

The impedance of the antenna and transmission cable must be same for an
efficient transfer of energy. The basic objective is to obtain an impedance of 50 Q
of the antenna, as the transmission line is typically designed with this impedance.
An impedance matching circuit is required in the case of a mismatch. Figure 4.7
shows the simulated scattering parameter of the designed antenna at 2.45 GHz and
5.8 GHz. Smith chart is a plot of the reflection coefficient. Since the reflection
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coefficient corresponds directly to impedance, Smith chart is the plot of the
impedance. The smith chart has 2.45 GHz and 5.8 GHz at the center of the chart
which verifies that designed antenna have zero reflection coefficients and an

antenna is perfectly matched.

Figure 4.7: Smith chart of dual band antenna

The obtained impedance from the simulation is nearly equal to 50 Q as shown in
Impedance Versus Frequency curve in Figure 4.8. The real part of Z parameter is
nearly equal to 50 Q and Imaginary part is around 0° at both frequencies. Figure
4.7 and Figure 4.8 shows that good impedance matching is obtained at both the

frequency band even when the size is reduced through fractal geometry.
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Figure 4.8: Impedance versus frequency curve of dual band antenna

The far-field simulated radiation pattern at 2.45 GHz and 5.8 GHz is shown in
Figure 4.9 (a) and 4.9 (b) respectively. Two radiation curves with ®= 90 (red) and
® = 0° (blue) are shown for 6 varying from -180° to 180° in both the figures.
The maximum simulated gain of 2.651 dB and 2.676 dB is achieved at 2.45 GHz
and 5.8 GHz respectively.

Figure 4.9: Radiation pattern of dual band antenna (a) at 2.45 GHz (b) at 5.8 GHz
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The VSWR characteristics of the designed antennas fall in the range of 1 to 2.
The VSWR is seen as 1.03 and 1.02 respectively at 2.45 GHz and 5.8 GHz as

illustrated in Figure 4.10.
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Figure 4.10: VSWR of dual band antenna

Table 4.3 compares the simulated result of 2™ order SCMPA (Figure 4.1 (C)) and
proposed dual band antenna. The dual band antenna is 25.98% smaller than a
conventional rectangular patch antenna. It is seen that antenna performance of the
dual band antenna is similar to 2" order SCMPA vyet having the advantage of the

greater size reduction with multi band functionality.

Table 4.3: Comparison of 2" order SCMPA and dual band antenna

2" Order SCMPA Dual Band
Antenna

2.45 GHz 2.45 GHz 5.8 GHz

Return loss 34.11 35.52 39.56
Impedance BW 60 MHz 60 MHz 200 MHz

Impedance 50.63 48.5 50.36
Gain 2.46 2.651dB 2.676 dB

VSWR 1.04 1.03 1.02

Area reduction (%) 21.19 25.98
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D. Fabrication result

The modified second order Sierpinski fractal with perturbation and stub has
noteworthy size reduction and is able to operate at 2.45 GHz and 5.8 GHz. Also,
the size reduction and dual band functionality did not affect the antenna
performance as shown in Table 4.3. Thus, the designed dual band antenna is
fabricated on FR4 substrate. The fabricated antenna is shown in Figure 4.11.

Figure 4.11: Fabricated dual band antenna

The measurement of return loss, smith chart and VSWR is carried out using an
Agilent Network Analyzer, N5230A. SMA connectors are used to interface to the
network analyzer. The measured return loss is shown in Figure 4.12. The antenna is
resonated at 2.45 GHz and 5.76 GHz with a return loss of 21.2 dB and 18.22 dB
respectively. The impedance bandwidth is 50 MHz and 120 MHz at 2.45 GHz and
5.76 GHz respectively. The bandwidth percentage calculated from equation (4.14)
is 2.04% and 2.08% at 2.45 GHz and 5.76 GHz respectively. The measured Smith
chart and VSWR is shown in Figure 4.13 and Figure 4.14 respectively.
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Figure 4.12: Measured return loss of dual band antenna
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Figure 4.13: Measured Smith chart of dual band antenna
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Figure 4.14: Measured VSWR of dual band antenna

A comparison between the simulated and measured outputs is listed in Table 4.4.
The higher frequency has shifted slightly in frequency versus Si; curve. However,
low frequency is obtained exactly at 2.45 GHz. The measured impedance
bandwidth and bandwidth percentage are also similar compared to simulated result.
In the Smith chart resonant frequency is shifted to 2.47 GHz and 5.73 GHz as
shown in Figure 4.11. The reason for this shift can be due to the FR4 board has
relative permittivity value varying from 4.7 to 4.9. However, simulation is done
with permittivity of 4.7. Also, the measurement is done in an open room and
environmental effects can degrade the performance. The frequency is slightly
shifted in the VSWR graph as shown in Figure 4.11. Nevertheless, the VSWR is
still in between 1 and 2. The deviations observed between the simulated and
measured results are partly attributed to the environmental effects and partly
attributed to inaccuracies in the antenna manufacturing process. And also other
factors may have effects such as chemical used in etching accuracy and surface
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finish. The shape of the simulated and measured waves appears almost similar
although their reading points vary slightly.

Table 4.4: Comparison of simulated and measured result of dual band antenna

Simulated Measured

Resonant frequency 245GHz | 5.8GHz | 2.45GHz | 5.76 GHz

Return loss 35.52dB | 39.58 dB 21.2dB 18.22 dB

Impedance bandwidth 60 MHz | 200 MHz | 50 MHz | 120 MHz

Bandwidth percentage (%0) 2.44 3.44 2.04 2.08

Simulated Measured

Resonant frequency 245GHz | 5.8GHz | 2453 GHz | 5.78 GHz

VSWR 1.03 1.02 1.108 1.191
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V. Conclusions and future work

The design of modified Sierpinski fractal based microstrip patch antenna having a
noteworthy size reduction and operating at two frequencies, 2.45 GHz and 5.8 GHz
is presented in this thesis. The simulation procedure went through a series of steps
to obtain a compact dual band antenna. Eventually, it is verified that modified 2"
order Sierpinski carpet patch antenna with perturbation and the stub can function as
multi band antenna with reduced size. The fractal iteration of 2" order reduced the
size because of the space filling nature of fractal geometry. The self similarity
characteristic of fractal generated two resonating frequencies but higher frequency
is not seen at 5.8 GHz. Therefore, the perturbation is added to make this higher
frequency resonate at 5.8 GHz and to obtain fine impedance matching at both the
frequencies, a stub is added to the feed line.

The simulations of all antennas are done in HFSS version 10. The designed
antenna has simulated return loss greater than 35 dB with good impedance
matching in both the frequencies. The simulated gain of 2.651 dB and 2.676 dB is
attained at 2.45 GHz and 5.8 GHz respectively with size reduction of 25.98%. The
designed dual band antenna is fabricated on FR4 substrate to verify its simulation
result. The measured return loss is obtained at 2.45 GHz and 5.76 GHz with
considerable return loss and impedance bandwidth. The measured VSWR is also
seen in between 1 and 2. The slight deviation seen in fabricated result is because of
the external environment and inaccuracies in the antenna manufacturing process.

Taking everything into consideration, it can be concluded that applying fractal
geometry to patch antenna is a simple and effective technique to obtain multi band
antenna with minimal size. The proposed design can be etched on some other
substrates such as Teflon with low permittivity for higher gain. Also, its array
antenna can be designed to increase the gain of the antenna. A stacked Sierpinski
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carpet fractal antenna can be designed instead of a single antenna to obtain wide
bandwidth. This antenna can be integrated with rectifier circuit generating rectenna

which can harvest RF energy at dual frequencies.
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