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Abstract

DESIGN AND IMPLEMENTATION OF BAND REJECTED
ANTENNAS USING ADAPTIVE SURFACE MESHING
AND GENETIC ALGORITHMS METHODS

Simulation and Measurement of Microstrip Antennas with the Ability of
Harmonic Rejection for wireless and Mobile Applications Including the
Antenna Design Optimisation Using Genetic Algorithms

Keywords
Antennas, Harmonic Suppression, Band Rejected Antennas, Adaptive Surface Meshing,
Radiation Patterns, Harmonic Radiations, Genetic Algorithm (GA), Microstrip Patch
Antenna, Shorting Wall.

With the advances in wireless communication systems, antennas with different shapes and
design have achieved great demand and are desirable for many uses such as personal
communication systems, and other applications involving wireless communication. This has
resulted in different shapes and types of antenna design in order to achieve different antenna
characteristic. One attractive approach to the design of antennas is to suppress or attenuate
harmonic contents due to the non-linear operation of the Radio Frequency (RF) front end.

The objectives of this work were to investigate, design and implement antennas for harmonic
suppression with the aid of a genetic algorithm (GA). Several microstrip patch antennas were
designed to operate at frequencies 1.0, 1.8 and 2.4 GHz respectively. The microstrip patch
antenna with stub tuned microstrip lines was also employed at 1.0 and 1.8 GHz to meet the
design objectives.

A new sensing patch technique is introduced and applied in order to find the accepted power at
harmonic frequencies. The evaluation of the measured power accepted at the antenna feed port
was done using an electromagnetic (EM) simulator, Ansoft Designer, in terms of current
distribution. A two sensors method is presented on one antenna prototype to estimate the
accepted power at three frequencies.

The computational method is based on an integral equation solver using adaptive surface
meshing driven by a genetic algorithm. Several examples are demonstrated, including design of
coaxially-fed, air-dielectric patch antennas implanted with shorting and folded walls. The
characteristics of the antennas in terms of the impedance responses and far field radiation
patterns are discussed. The results in terms of the radiation performance are addressed, and
compared to measurements. The presented results of these antennas show a good impedance
matching at the fundamental frequency with good suppression achieved at the second and third
harmonic frequencies.
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CHAPTER ONE

1 Introduction

1.1 Background and Motivations

With the advances in wireless communication systems, multiband antennas with
different shapes and designs are of great demand and are desirable for many uses such
as personal communication systems, small satellite communication terminals and other
applications involving wireless communications. This has resulted in different shapes
and types of antenna designs to achieve different variations in antenna characteristics

[1-2].

One attractive approach of designing antennas is based on fractal geometries that feature
two expected common properties which are self-similarity and space filling . However,
the lack of closed-form formulae for their design lead the designer in using optimising
methods and algorithms. Therefore, numerical techniques remain another option for
analysis and synthesis of such antennas. Evolutionary techniques like genetic
algorithm (GA) provide a method to overcome this limitation by searching the design

space and obtain the effective design parameters to achieve desired performance [2-3].



Genetic Algorithm (GA) is an adaptive search algorithm based on the concepts of
natural selection and genetics [1-3]. The GA is used to model processes in natural

systems that are required for evolution.

The concept of GA was first established by John Holland in the 1960s. The GA has
provided an alternative method to solve complex problems, which has been widely
applied in many practical applications [2]. The GA is able to solve real world problems

by finding optimal parameters that are difficult to achieve using traditional methods.

GA is now being widely used as an optimisation and efficient tool for search and
machine learning. However, prior to the broader application of GA, it was used in

pattern identifications [4-5].

In recent years, it has proved to be versatile tool in optimisation, design and control
applications. The key principle of GA is that, it applies pressure on a given group with
multiple outcomes and managing the result in order to evolve a generic optimum point.
It is realised by ‘fitness weight selection’ process and critical search of the space
attained by crossover and mutation of the characteristics available in the sample under

observation. Where it is used as an effective optimising mechanism, [2-6].

GA is used as an optimisation medium due to its effectiveness in rigorously searching
the entire sample under consideration. There are however other optimisation tools that

can be classified as, global techniques with similar characteristic as GA; random walk,



simulated annealing and monte carlo localised techniques — conjugate gradient, quasi

newton and simplex methods [6-10].

The above techniques are distinguishable by the process in which they detail their
outcome; the results are subject to the initial start condition. By contrast, global
techniques are not dependent on conditions at the beginning and puts and weighs some

variables on them. GA is effective given the following circumstances:

« The problem has multiple parameters.
« There is likely to be several optimum solutions.

« Non distinguishable objective.

Comparing the two options critically the local techniques give faster convergence than
the global techniques. By contrast, in electromagnetic design issues, the convergence
rate is relatively less crucial in comparison to optimal results. Amongst the global
techniques, GA is considered to be more appropriate to electromagnetic design issues;

since it is reliable, robust and readily implemented [3].

In order to put GA in context and fully appreciate its effectiveness, it is essential that all

the terms are fully defined. The concept originated from the theory of evolution:

Generation: particular population or creation that are successfully conceived.
Parent: members are selected in a stochastic manner from a given population.

Children: usually derived from parents to form a new generation.



Fitness: A value that determines the effectiveness of the individual variable.
Genes: coded variables for optimisation.

Chromosomes: group of genes in a string format.

Obijective function: numerical value in equation format.

Search space: area with all likely outcomes.

The GA process can roughly be divided into three parts: initialization, evaluation, and
reproduction. The algorithm starts with an initial population of possible solutions. The
solutions are encoded as binary or real-valued chromosomes. In the evaluation phase,
the performance of each solution in the population is predicted using a simulation tool

[2-5].

Then the cost (or fitness) of each solution is evaluated using the proper cost function
defined in terms of the design goals. According to the cost, the chromosomes are
refined into the next generation through a reproduction process that includes crossover,
mutation and geometrical filtering. This series of processes are repeated until the cost is

minimized meaning an optimum solution has been found [11].

A harmonic of a wave can be described as an integer multiple of the fundamental
frequency signal. The harmonics tend to be periodic at the fundamental frequency and

are equally spaced by the size of the fundamental frequency [12-21].



Filters are regarded as essential components in electronic systems to avoid harmonic
interference. In practice, the harmonics are suppressed by putting in place low pass or
band stop filters. A deeper rejection and compact size can be achieved using a band
stop filter that combines shunt open stubs and a spur line [22-23].

Another way of achieving harmonic suppression is to use modified band pass filters.
There are three types of band pass filters. The first type of filter is a dual-mode patch,
band pass filter. The second type of filter is an open-loop band pass filter. In this case,
two open stubs can be added to obtain high suppression in the second harmonic. The
third type of filter uses half-wavelength open stubs. In this case, a T-shaped line is used

that operates as a band stop filter at the second harmonic [16-19].

The tapered slot antennas (TSAS) are basically printed circuit antennas. These are often
found in applications, such as satellite and wireless communications due to their low
weight and ease of fabrication. The tapered slot antennas can generate a symmetric
beam in the E- and H-planes by selecting the right length, shape and dielectric thickness

[16-19].

This research will aim to design a harmonic rejection antenna in order to reduce the
harmonic radiations which can interference within the electromagnetic circuitry. The
design approach will be to apply GA together with binary-based random search engine
and to use method of moments with adaptive service meshing.. Specific design samples
will be required for evaluation. The end design will be able to serve as a bandpass filter

as well.



1.2 Objectives of the Research

The main goal of this research is to model and design the antenna for harmonic
suppression in order to reduce the overall noise levels and interferences by using the
theory of harmonic rejection in addition with genetic algorithm to optimise the design
parameters. For this pupose a microstrip patch antenna with both fully and partially
shorted wall will be designed to operate at 2.4 GHz. Method of moments with adaptive
surface patch meshing will be used for antenna modelling and genetic algorithm for
design optimization. The microstrip patch antenna with a folded patch will also be used

to meet the design objectives.

As the primary criteria of antenna for harmonic suppression is return loss and input
impedance, these will be simulated and measured at the fundamental, second and third
harmonic frequencies. The radiation patterns for the GA optimised harmonic
suppression antennas will also be measured at the fundamental and harmonic

frequencies.

1.3 Organization of the Report

Chapter 2 provides a literature review of the harmonic suppression of microstrip patch
antennas and active integrated antennas. Published work on various types of antennas
are discussed that show good suppression at both second and third harmonics.

Published work on antenna designs using GA optimisation is also discussed.



Chapter 3 contains the design of square microstrip antenna operated by 1.8 GHz with
harmonic control using inserted micro strip line feed; which can be used for integrating
with the device. It is shown that the suppression of the second harmonic resonance of
the micro strip antenna can be realised by adding an open circuited tuning stub of proper

length at an appropriate position from the micro strip feed line.

Chapter 4 gives a brief view on the harmonics measurement for active patch antenna
using sensor patches also the possibility of using this technique to find the power
accepted by the antenna at harmonic frequencies is studied. Performance of the sensing
patch technique for measuring the power accepted at the antenna feed port of active
patch antennas at harmonic frequencies is evaluated using an electromagnetic (EM)

simulator Ansoft Designer® [12] in terms of the current distribution.

Chapter 5 discusses genetic algorithm and adaptive meshing program the design of
coaxially-fed air-dielectric microstrip harmonic-rejecting patch antennas for 2.4 GHz
was investigated, enforcing suppression of the first two harmonic frequencies, using a

genetic algorithm. The designs included patch antennas with shorted and folded walls.

Chapter 6 harmonic suppression antennas using generic algorithm the micro strip patch
antenna acts as a radiator and also provides circuit functionality by matching circuit and
band pass filter. However, in the harmonic radiation is not suppressed it could cause

unwanted electromagnetic interference (EMI) in the system. To address this limitation,



shorting pins, slots photonic band gap structures or matching stubs on the antenna
feeding line. A microstrip line fed slot antenna was developed for harmonic suppression
without using reference antenna and this resulted in complex geometry for 5 GHz
operation. However, if the frequency is altered in way, then the complete antenna
structure needed to be modified. Matching good impedance at the fundamental design
frequency (fo) with an ideal maximum first two harmonic (2fo and 3fo) is considered to

be a harmonic suppression antenna (HSA).

Chapter 7 a coplanar edge-fed technique has been proposed and investigated for
designing a triangular patch antenna operation at 1.02 GHz with suppression
characteristics over harmonic frequency bands . The reflection coefficient was about -
1.75 dB at the second harmonic and -2.53 dB at the third harmonic. According to the
results obtained, this antenna with its simple harmonic suppression structures is quite

effective.

Chapter 8 provides an integrated conclusion to this phases of the work, and indicates

How these foundations will be taken forward in future.
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CHAPTER TWO

2 Literature Review

2.1 Harmonic Control for Microstrip Antennas

Microstrip patch antennas are regarded as one of the most widespread antennas used in
modern wireless-communication systems, the reason being their compactness,
inexpensive and ease of integration with microstrip technology, ease of integration with
circuit elements, and can easily be designed to have vertical, horizontal, right-hand
circular (RHCP) or left-hand circular (LHCP) polarizations. However, these antennas
can introduce a harmful electromagnetic radiation into the system if not properly
designed. To overcome this problem, a bandpass filter is put in place between the
microstrip antenna and the power amplifier. However, by the addition of this filter the
impedance matching of the microstrip antenna can considerably be affected that leads to
poor performance of the system. Other solutions proposed by several researchers
comprise modification of the patch geometry [1], use of a photonic bandgap (PBG)
structure [2], the use of shorting pin and embedded slots at the feeding point [3], and the

use of a filter [4-7] for the antenna.
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2.1.1 A Selection of Reported Harmonic Suppression of Microstrip

Designs

Previous works that have already applied harmonic control to the design of microstrip

antennas would be reviewed and presented in this section as follows:

- An approach that applies new harmonic-suppression method for the square
microstrip antenna was presented in [8]. The authors’ objective was to achieve a
suppression of the second and third harmonics by adding loads to the antenna’s
feeding line. The design involved geometries of two microstrip antennas
involving similar parameters to operate at the fundamental frequency of 1.8 GHz.
A square radiating patch comprising side length of 40 mm was printed on the
same substrate as of the loaded transmission line. The microstrip line had an inset
length of 12.8 mm. The gap between the inset microstrip line and the radiating
patch was set to 1 mm. The first antenna with two loading cells achieved good
suppression of the second harmonic. The second antenna with two large and one
small loading cells realized the same performance as the first antenna as well as
achieving the suppression of the third harmonic. This paper shows that the
fundamental-mode radiation patterns of the second antenna were similar to the
reference antenna. Further, an advantage is realised in terms of the suppression of

the first two harmonics for the proposed antenna.
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In [9] the method for suppressing the first two harmonics of a rectangular
microstrip patch antenna is described. A current density distribution method on a
conventional rectangular patch is employed so that the exact positions of shorting
pins and slots can be found. The antenna was designed to operate at 2.45 GHz
where the patch had length of 38.65 mm and width of 57.7 mm. The simulated
results for the rejection of the second harmonic using shorting pins exhibited
maximum current density at the fundamental and third harmonic and minimum at
the centre of the patch for the second harmonic. The suppression of the third
harmonic was realised using little slots where the current density is maximum.
The suppression of both second and third harmonics were realised using three
shorting pins and two slots. The consequence of shorting pins and slots on the
input impedance resulted in reduction from 64 Q to 2 Q for the second harmonic
and 83 Q to 2.7 Q for the third harmonic. The shorting pins and slots had very
little effect on the gain of the antenna, which was approximately 8 dB. The paper
also showed that the radiation polarization for the rectangular patch was same as

the usual designs.

In [10] the method to suppress the spurious radiation of patch antennas is
described with the help of the band-stop characteristic of split-ring resonators.
This involved the design of band-stop filter. In order to suppress the first and
second spurious modes, four split-ring resonators of different dimensions were
used. The rectangular patch antenna was designed with length 13.5 mm and

width 16.9 mm in order to operate at 6 GHz. This design shows that the first two
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modes were effectively suppressed without affecting the performance of the main

mode.

In [11] a rectenna design is described, which includes a microstrip harmonic-
rejecting circular sector antenna operating at 2.4 GHz. This design involved a
circular sector angle of 240° and feeding angle of 30° for the circular antenna.
This paper shows that the proposed design can effectively suppress the first two

harmonics and generate high output power.

In [12] the microstrip-fed slot antennas with simple structure are described. The
design included a novel rectangular slot antenna where the size of this antenna is
miniaturized by meandering of the slot. The harmonic suppression was achieved
by placing conductor lines attached with ground plane inside the slot. The
rectangular slot antenna by meander type slot radiators had sizes of
17.23 mm x 0.7 mm and 6.75 mm x 4.55 mm, respectively. The results showed
that the antenna resonate at 5.4 GHz and suppress second and third harmonic at
10.8 GHz and 16.2 GHz frequencies respectively. The second and third harmonic
radiations of the proposed rectangular type slot antenna were less than -28 and
-33 dB for the normalized peak power of the fundamental frequency, respectively.
In case with meander type slot antenna, the second and third harmonic radiations
were less than -32 and -35 dB. These antennas showed good operation as

radiators and ability to suppress the second and third harmonics effectively.
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2.2 Harmonic Suppression for Active Integrated Antennas

The active integrated antenna (AlA) has been attractive area of research more recently,
due to their compact size, low cost, and multiple functionalities. The AIA can be
regarded as an active microwave circuit where the input or output port is free space. In
all cases, the antenna is fully (or closely) integrated with the active device to form a
subsystem on the same board and can provide particular circuit functionalities such as
resonating, duplexing, filtering as well as radiating, that describes its original role. The
AlA's are classified into three types: amplifying-type, oscillating-type and frequency-

conversion-type, according to how the active device acts in the antenna [13-20].

2.2.1 A Selection of Reported Harmonic Suppression of AIA Designs

Previous works that have already applied harmonic suppression to the design of AIA

would be reviewed and presented in this section as follows:

- In [21] an inset-fed antenna with a shorting pin and slots is presented for
harmonic suppression of an AIA. This antenna had a fundamental frequency of
5.8 GHz. The results for the antenna show that the second and third harmonic

return losses are suppressed to 6.7 dB and 17.7 dB with respect to the
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conventional patch antenna, respectively. This antenna design is particularly

appropriate as the harmonic tuning load for a class F amplifier.

In [22] the integration of an H-shaped microstrip antenna with a bipolar junction
transistor (BJT) oscillator is described. This design is aimed to operate at
2.4 GHz. This paper shows that the first two harmonics are reduced by about
10 dBm. The antenna was designed with thickness h of 1.0 mm and loss tangent
of 0.0002. The antenna dimensions were adjusted to achieve high return losses at
the second and third harmonics for suppressing harmonic radiation. The
integrated BJT oscillator had a bias voltage of 12 V. The active antenna was
measured with Tektronix 2782 spectrum analyzer which showed that the
radiation-power was reduced as 10.51 and 8.38 dBm at the second and third
harmonic frequencies, respectively. This paper concludes that the proposed

design can successfully reduce the electromagnetic radiation.

In [23] integration of an active antenna using a T-shaped microstrip coupled
patch antenna is described. The design is based on feedback-antenna oscillator
that uses T-shaped microstrip-coupled patch antenna. This antenna design
removes the need of using chip capacitors for blocking the dc current in the radio
frequency path resulting in a low-cost solution. The feedback-antenna oscillator
was designed with length and width of 16.6 mm to operate at 5.8 GHz. This
oscillator antenna design achieved an effective isotropic radiation power of

19.2 mW and reduced cross-polarization levels.
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In [24] the design of a T-shaped microstrip-line-fed slot antenna for 10 GHz is
given. This design is based on the feedback-antenna oscillator circuit. The
antenna had a slot size of 4.3 mm x 10.8 mm with an optimised T-microstrip line
length of 8.8 mm and width of 1.56 mm, which was similar to the width of the
50-Q microstrip line. This oscillator antenna design achieved an effective
isotropic radiation power of 37.79 mW and good cross-polarization levels in both
planes. This paper also suggested its potential use in circuits for low-cost

transmitting systems.

In [25-30] the researchers have reported the possibility of integrating microstrip
bandpass filter with patch antenna in order to suppress antenna harmonics . This
involved compact microstrip pseudo-interdigital, stepped impedance bandpass
filter design with enhanced stopband. The purpose of this was to replace
microstrip line in inset microstrip-line fed patch antenna. The design of the filter
used impedance ratio of 0.72 with the second pass band at 3.85fo. The patch
antenna was designed using fundamental frequency of 2.4 GHz. The designed
filter was then integrated to this patch antenna. The additional transition section
consisting of microstrip taper and meander line was used to improve impedance
matching. The simulated return-loss results of the integrated antenna-filter
showed that both second and third harmonics were fully suppressed. The results
also showed that the gain of integrated antenna-filter was 1.3 dB, which was less

than conventionally fed antenna.
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In [31-41] the design for new dual-frequency rectifying antenna operating at 2.45
and 5.8 GHz is given. The design included two small ring slot antennas, a low
pass filter, and a rectifying circuit. The slot annual ring antenna was used to
operate at 2.45 GHz and the slot rectangular ring antenna was used for 5.8 GHz.
The slot annual ring antenna used the notched meander line. The slot rectangular
ring was inset within the meandered slot annual ring. This rectenna had
dimensions of 38.09 mm x 25.54 mm, whose area (regardless of thickness for the
substrate) is around 15% of the previous reported designs. Therefore, this makes
it the smallest dual-frequency rectenna design. The low pass filter was designed
that is based on elliptic-function filter as reported in [40]. This uses two hairpin
resonator components to achieve a sharp cut-off frequency response. The length
of the filter used was 8.36 mm, which was shorter than Ag/ 10 at 2.45 GHz. This
hairpin filter showed a good suppression of second and third harmonics at both
operation frequencies. The rectenna showed good maximum gains and improved
RF-to-dc efficiencies at both operating frequencies. This paper suggested that the
dual-frequency rectenna design could find its use in applications including
microwave power transmissions, embedded sensor, or in combination with other

wireless communication components.

In [42] the AIA based rectenna design is described that uses a new probe-fed
U-slot antenna for harmonic suppression. The design uses a u-slot that was

located in the centre of the patch. The microstrip patch was fed using a 50-ohm
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coaxial probe. The purpose of using the coaxial feed for this antenna was firstly
to separate the electric circuit and the antenna by the ground plane, and secondly,
to realise the benefit of the layered structure for reduced occupied area. The
physical size of this antenna was reduced significantly compared to square patch
antenna. The gain of this proposed antenna was 6.96 dBi, which was 2.6 times
greater than the gain of a square patch antenna. Due to the u-slot antenna in the
rectenna design, the second and third harmonics were suppressed successfully.
Therefore, this removed the need for band pass filter as generally required in

conventional rectenna [43-49].

In [50] a novel microstrip antenna for 2.4 GHz with harmonic rejection is
described. This design have the same advantages as the earlier reported low cost,
low profile, and light weight active integrated antennas [51-53]. The antenna was
designed with arc-slot with dimensions W=9 mm, L = 25 mm, D = 38 mm,
K =17 mm, Theta = 25° on a substrate with thickness of 0.80 mm. The arc-slot
was used to lengthen the surface current path. Therefore, the physical size of this
novel antenna was reduced by 40% in comparison to the conventional square
patch antenna for probe-fed. Advance design system (ADS) 2006a and Agilent
Momentum full-wave software were used to optimise antenna's dimensions. The
results showed good suppression for both the second and third harmonics. The

results also showed that this antenna has linear polarization.
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In [54-57] the design for a 2.4 GHz patch antenna is presented that includes the
use of harmonic tuning with Composite Right/Left-handed (CRLH) transmission
lines. The width for a 50 Q transmission line was worked out using ADS
transmission line calculator [59]. The integrated patch antenna was designed
using simulation called Sonnet Lite [58]. The antenna dimensions used in this
design were 41.1 mm x 50 mm, and were worked out using cavity (resonant)
approach [60]. The results showed that the second and third harmonics could be

suppressed using CRLH transmission lines.

In [61] a wide band harmonic suppression microstrip patch antenna using
Koch-shaped defected ground structure (DGS) is described. This proposed
antenna design could be applied in active integrated antenna systems. The
microstrip circuit of the patch antenna was constructed by Koch patterns on the
ground plane of a standard transmission line. The non-uniform distribution was
applied to narrow the dimensions of the etched Koch-shaped DGS units [62]. The
third iteration order and the iteration factor of 1/3.5 were applied in Koch fractal
patterns. The distance between the two adjacent units was set to 12.5 mm. The
feed line was fabricated on the substrate with thickness of 0.8 mm. The whole
antenna was fabricated on the same substrate as above. The Koch-shaped DGS
circuit was adopted as the feed part of the proposed antenna. The source signal
was fed directly to the antenna by the 50-microstrip line. The parallel slots were
inserted to adjust the impedance matching of the antenna. The length and width

of the parallel slots were 11mm and 1.5mm, respectively. The simulated and
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measured results demonstrated that the spurious radiations from second to sixth
harmonic were suppressed effectively. This paper shows that in comparison with
antennas reported in other literatures, the proposed antenna exhibited excellent

spurious suppression characteristics.

2.3 Antenna Design Using Genetic Algorithm

The genetic algorithm (GA) can be used to optimize performance of existing antenna
designs and in creating new types of antenna designs. The GA gives the possibility of
setting down the desired performance of an antenna and let the computer to search the

parameters for the proposed design.

The GA has been applied to several different antenna designs for electromagnetic
optimisation as reported in [63-99]. The GA technique is extremely useful for many

reasons, involving:

= Antenna principles that are based on Maxwell’s equations, are very difficult to
understand.

= There are numerous high-speed antenna simulators available that requires only
seconds to generate correct results.

= There is minimum amount of design information required to produce

high-quality results.
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2.3.1 A Selection of Reported Antenna Designs Using Genetic Algorithm

Previous works that have already applied GA to the design of various antennas would

be reviewed and presented in this section as follows:

The Crooked Wire antenna is probably the most well-known GA-designed
antenna due to its fascinating and non-intuitive shape [100]. Derek Linden
designed this antenna as part of his PhD thesis from MIT, with the intention of
optimizing the polarization and radiation pattern. Specifically, the search was for
a right-hand circularly polarised (RHCP) antenna that radiates over one
hemisphere. Each wire component of the antenna was defined by its (X, Y, Z)
coordinate for its start and end points. In binary GA, 5 bits were allowed for each
axis coordinate, such that there were 323 possible vertices at which the wires
could be connected. The antenna was composed of 7 wire segments. The cost

function solely optimised the radiation pattern.

Gene: 5-bits for each axis coordinate, 3 axis coordinates per point, 7 design
points

Chromosome/Individual: 5x3x7 = 105 bits

Cost Function: Hemispherical Coverage with RHCP—Using NEC2, computes

hemispherical radiation pattern at increments of 5° in elevation (6 = -80° to +80°)
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and 5 percent in azimuth (¢ = 0° to ¢ = 175°), calculates average gain for RHCP
wave for elevation angles above 10°: Score = Xfor all 0, ¢[Gain(6,¢) — Avg.
Gain]"2

Population: 500 individuals

Crossover: 50%

Mutation: Variable, <8%

Generations: 90

Result: The result of this experiment GA antenna clearly has no resemblance to

existing antenna designs and concepts yet it functions all the same.

In [100] the Yagi-Uda antenna consists of an array of elements—a driven dipole,
a reflector, and parasistic elements. It is lightweight and inexpensive and has
been widely used in high gain and narrowband applications. Because the
performance of the Yagi-Uda antenna has been slow to improve, Linden and
Altshuler set about optimizing the Yagi-Uda antenna using genetic algorithm.
The goal of their first GA optimisation was to increase the gain and improve

VSWR for four N-length (N = 14, 17, 18 and 22) Yagi-Uda antenna.

Gene: The genes were again mapped in binary to represent the lengths of the
different elements and spacings between the elements. Each element was
constrained to a maximum length of 0.75A and with a set boom (total length of
spacings), each spacing had a minimum of 0.05 A between the elements.

Chromosome/Individual: Entire set of element and spacing values.

23



Cost Function: F= -G + C1 x (VSWR), Where G is the gain, and C1 is 1 when
VSWR is greater than 3.0 and .01 when VSWR s less than 3.0. The goal was to
minimize F.

Population: 50

Crossover: 30%

Mutation: 2%

Generations: N/A

The GA configurations were much different from the typical Yagi antennas with
the same boom length. Conventional Yagi antennas have elements whose lengths
gradually decrease and spacings gradually increased along the array. The GA
Yagis however, the lengths and spacings along the array showed no pattern and
appeared to be random. The GA antenna had a higher gain at the design
frequency of 432 Mhz. Other GA optimizers were utilized to control gain,
sidelobe level, backlobe level, VSWR, and polarization of Yagi antennas. One
GA-designed antenna had low sidelobes over a specified region in space and
another created a circularly polarised Yagi antenna, both design features that did

not previously exist with Yagi antennas.

In [65] the GA optimisation of broadband patch antenna design is described. This
includes a simple patch antenna that was optimised to produce a wider operational
bandwidth than classical designs. Specifically, the goal was to produce a patch

antenna with a 2:1 VSWR over 20% bandwidth centered at 3 GHz. A 5.0 x 5.0
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cm patch was suspended 0.5 cm above the ground plane. The GA optimised the

patch by removing square metal subsections from the patch region.

Gene: 1-bit string representing the presence or absence of a subsection of metal
in the patch

Chromosome/Individual: A/2 square patch, fed by simple wire feed

Cost functions: Minimize S11 magnitude at three frequencies, 2.7 GHz, 3 GHz,
and 3.3 GHz. The s-parameter S11 is yet another metric to measure the reflection
of energy between two media, like I' and VSWR. A value of S11 = -10 dB
corresponds to a VSWR value of 2. Therefore, S11< -10dB signifies the
antenna’s impedance bandwidth. Fitness = min (S11n)

Population: 100 Individuals

Crossover: 70%

Mutation: 2%

Generations: 100

Result: the patch antenna had a bandwidth of approximately 6%. After GA

optimisation, this bandwidth increased to the desired 20.6%.

In [96] Choo et. al. uses a similar approach in designing a broadband patch
antenna as the Johnson patch antenna described above. Again, they began with a
metallic patch, in which sub-patches were represented by either ones (metal) or
zeros (no metal). The goal was to broaden the bandwidth of a microstrip antenna

around the center frequency of 2 GHz by changing the patch shape. The
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implemented cost function was defined as the average S11 values that exceed -
10dB within the frequency range of interest. The bandwidth of this design is
found to be ~8 % by simulation and measurement where a regular square
microstrip antenna (36 x 36 mm) has a bandwidth of only 1.98%. This four-fold
increase in bandwidth is a result of creating an unusual ragged-shaped patch

antenna that makes no intuitive sense.

In [101] the goal was to design a dual-band patch antenna for wireless
communications operating at 1.9 GHz and 2.4 GHz. The hybrid fitness function
combines the VSWR at the desired frequencies as well as the cross-polarised far

field (low desired).

Gene: Like other GA patch antennas, 1-bit string representing the presence or
absence of a subsection of metal in the patch.

Chromosome/Individual: 2D rectangular array of 46 binary metallic elements.
Population: 260

Crossover: 70%

Mutation: 5%

Generations: 200

Results: The resulting GA-optimised design has 5.3% and 7% operating

bandwidths at 1.9 GHz and 2.4 GHz.
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In [95] the study not only used genetic algorithms to optimize specific antenna
designs, but compared the GA-optimised designs to determine which design has
better bandwidth performance. The two designs are the bowtie antenna and the

reverse bowtie antenna, both over an infinite ground plane.

Gene: The antenna height H and the flare angle o were the variable genes in this
experiment. The reverse bowtie had an additional parameter, the feed height hf,
which is the distance of the feed point above the ground plane.
Chromosome/Individual: Bowtie or reverse bowtie antenna with specified
height H, flare angle o, and feed height hf in the case of the reverse bowtie.
Population: For each antenna type, population size was 60.

Crossover: 50%

Mutation: 2-4%

Generations: N/A

Results: The results showed that the RBT could achieve 80% fractional
bandwidth with a significantly smaller size than the regular BT. Fractional
bandwidth means that 20% fractional bandwidth around 1 GHz would be
900 MHz — 111 MHz. The GA-optimised antennas were also built and physically

tested, of which the measured results matched the simulated results.

The implications of this paper are more than that the RBT has a better broadband
performance than the regular bowtie design. The paper also demonstrates that
genetic algorithms are an effective way of evaluating antennas, and specifically

the bandwidth of antennas.
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In [102] the GA optimisation for circular microstrip antenna is discussed. The
new approach based on GA method [103] was used to optimize circular
microstrip antenna. This method was used to determine the optimal parameters of
a microstrip antenna, with circular radiant element, fed with coaxial probe. The
objective was to find the values of the three parameters: radius a, substrate

thickness H and relative permittivity €r, so that the antenna satisfies the constraint

(a resonant frequency equal to 5 GHz). The DERNERYD [104] model was used

as an analysis method. The simulation results of the GA optimisation after 3
seconds were obtained as: a = 1.25 cm, H =0.35 cm and &r = 1.36. The technique

used in this paper had the advantage of escaping the local solutions; it produced
global optimal results without requiring a great deal of information about the

solution domain.

In [105] the optimisation of E-shaped patch antenna is given. This paper
describes that the bandwidth of the antenna can be optimised using fuzzy logic
such as fuzzy decision-making. For the fuzzy system, input parameter included
population, and output parameters included recombination to generate the next
generation. The fuzzy inference system was adopted for the control of the
parameters [106]. The antenna bandwidth was increased by adding two slots into
the patch. The results showed that this antenna can produce wide bandwidth and
can be used for 1.9 and 2.4 GHz. This paper showed that this novel technique is

faster in terms of simulation time as compared to conventional genetic algorithm.
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In [107] the techniques of Multiobjective Genetic Algorithm, Multiobjective
Simulated Annealing and Divided Range Multiobjective Particle Swarm
Optimisation (DRMPSQ) are compared in terms of their suitability for designing
an antenna tuning unit. The optimisation of harmonic suppression and reflection
coefficient of an antenna has been applied in the Pi-Network arrangement to
obtain impedance matching. The results show that DRMPSO technique produces
the similar standard of optimisation as other techniques and stands out in terms of
good algorithm efficiency. This paper also presents significant improvement over

the previously reported antenna filter tuning [108-109].

In [110] the GA optimisation of planar monopole antennas is given. This GA
optimised antenna represents an improvement over previously reported notch-
band and monopole designs [111-120]. In this design, a matrix-based
chromosome was used to explain the shape of the planar monopole element. It
was revealed that the pattern symmetry in the notch band could be enhanced by
optimizing both impedance matching and radiation pattern characteristics at the
same time. This GA optimised antenna exhibited considerably wide attenuation

bandwidths than the conventional band-notched planar monopole designs.

In [121] the microstrip patch antennas with harmonic suppression are designed
and optimised, using a GA and applying a novel adaptive meshing program to

generate a wire-grid simulation. Two coaxially fed air dielectric patch antenna
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designs with shorting walls were investigated. The measured results for the
suppression of second and third harmonics were very good and the presented
examples showed the capability of the FORTRAN program in antenna design

using GA.

In [122] the new design strategy for miniaturization of antennas is proposed by
operation of chromosome-length in GA. Proposed design technique provides a
minimum area necessary for keeping antenna characteristics . And, efficient
miniaturization of a antenna and removal of many undesirable conductors in a
design area is possible. Removing undesirable conductors provides lower-cost
designing of antennas. The new design method can become rational design

strategy for antennas miniaturization.

In [123] the novel types of genetic algorithms are used as a global optimisation
method to seek the geometry of ultra-wideband slot-line antenna (UWB SLA).
The global optimisation method is combined with local optimisation method for
accurate results of optimisation. For accurate and wideband computation, time
domain method in CST MW Studio is used. The antenna is optimised for two
basic parameters: wideband impedance matching and directivity pattern of the
antenna. The algorithm exhibits good accuracy of the analysis, fast optimisation

and universality of optimisation for similar EM problem.
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In [124] GA is used to design the patch geometry, substrate thickness and
permittivity in order to optimize the gain and bandwidth of the antenna. The
design parameters and content of fitness function were changed and tested for
achieving higher bandwidth properties. The results show that including antenna
parameters such as patch geometry, substrate thickness and permittivity in GAO
improves the antenna performance than conventional rectangular shape antenna.
Using higher thickness values in substrates give comparatively higher bandwidth

improvements than reducing return loss value limits.

In [125] the design of a micro-strip patch antenna is proposed by optimizing its
resonant frequency, Bandwidth of operation and Radiation resistance using GA.
The disadvantage of micro-strip patch is limited bandwidth (usually 1 to 5%). To
overcome this problem the proposed design in this work is an appropriate
alternative, which generates an optimised bandwidth in the simulation, as high as
25.52% bandwidth for the resonant frequency of 18 GHz. The design is done for
frequency range 3-18 GHz. Therefore, this microstrip antenna is suitable for any
application in the microwave frequency band S (3-4 GHz), C (4-6 GHz) and X

(8-12 GHz).

In [126] an optimisation on the input impedance of Koch triangular quasi-fractal
antennas using an efficient GA is described. The impedance matching is done by
using an inset-fed, which is optimised to minimize the return loss. The excitation

of this structure is done using a microstrip line. The antennas are designed using
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the Ansoft Design TM software and the new structures that are optimised with
GA are simulated, measured and compared with the same patch antenna but with
the lengths of the inset-fed (y0) calculated by well-known models available in the
literature [127-128]. The return loss value of the GA optimised antenna is below

-40 dB at the resonant frequency of 2.4 GHz.

In [129] a simple dual-frequency microstrip antenna based on the second iteration
of modified Koch fractal configuration is presented. Complex structure of fractal
shape is built up through replication of a base shape. The aim of this research is
to examine new modified fractal element antenna through simulation and
optimisation procedure. In the absence of any available closed-form formulae,
this scheme uses a real coded genetic algorithm (RCGA) in conjunction with
electromagnetic simulation. Parametric definition of conventional Koch shape
evolves new geometries of antenna structure, which suggest wide space design
[130]. Genetic algorithm efficiently searches the possible combinations of
parameters and finds the best structure for the antenna's operation at 5.8 GHz and

2.4 GHz.
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2.4 Triangular Patch Antennas

The triangular patch antenna (TPA) has been an attractive area of research recently, due
to their small size compared to other shapes like the circular and rectangular patch
antennas. The most commonly used shapes of TPA are equilateral TPA (ETPA), right
angle isosceles TPA (RAITPA), 30°-60°-90° TPA and 30°-30°-120° TPA. The 30°-60°-
90° TPA has the least area among all these triangular shapes [1]. A miniaturized
structure is often obtained by applying techniques such as shorting pin or embedding

slot onto this triangular shape.

2.4.1 A Selection of Reported Triangular Patch Antenna Designs
Previous works that have used the design of TPA antennas would be reviewed and

presented in this section as follows:

- In [131] a triangular patch antenna design with 15°-75°-90° angles is presented.
The simulations have been performed using IE3D full-wave simulator on this
design to obtain the resonant frequency. It has been established that for the same
resonant frequency, this design have the least area among all common triangular
shapes. The antenna with reduced size has been simulated with side length of 95
mm and substrate thickness of 1.6 mm for 900 MHz operation. The resonant
frequency has been found to be close to the resonant frequency of 30°-60°-90°
triangular antenna with the same dimensions, but with significant reduction in

area. A 15°-75°-90° TPA has been fabricated and measured to confirm the

33



simulation results. A 15°-75°-90° TPA with a shorting pin at the tip has been
simulated for reflection coefficient and compared to usual 15°-75°-90° TPA
without shorting pin. It has been found that a reduction of greater that 75% in the

resonant frequency is achieved by shorting the tip of the triangular patch.

In [132] the design of tri-loaded slotted equilateral triangular antenna is presented.
In this paper, a new technique of embedding an equilateral triangular slot in the
equilateral triangular patch antenna is used to obtain the antenna size reduction.
The antenna was designed with side length of 48 mm and substrate thickness of
1.6 mm. The antenna had an operating resonance frequency of 1915 MHz. A tri-
slot with a side length of 33 mm was centered at the null-point of the triangular
patch. The antenna had a size reduction of 38% as compared to triangular patch
antenna without tri-slot at a fixed frequency. Further 50% size reduction was
obtained by vertically splitting the proposed antenna in two equal parts and by
optimising the feeding position to ensure the same resonance frequency operation.
Therefore, a total of 70% antenna size reduction was achievable with a single

band operation.

In [133] the design of right angle triangular patch antenna with slot is described.
The design for reduced antenna size has been achieved by embedding a narrow
slot on the proposed antenna and introducing a single feed. The proposed antenna
with a truncated tip was designed with substrate thickness of 0.6 mm and was

mounted above ground plane at a height of 8 mm. The probe feed method was
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used to ensure the feed can be placed at any location in the patch to match with its
50 Q impedance. This proposed antenna had a resonant frequency of 3.25 GHz
and impedance bandwidth of 310 MHz or 9.5% with stable gain and cross

polarization characteristics.

In [134] the design of triangular patch antenna with truncated tip is described.
The design for reduced antenna size has been attained by cutting all three tips of
the triangular patch antenna and placing a single coaxial feed. The proposed
antenna with all three truncated tips was designed with substrate thickness of
1.6 mm and was mounted above ground plane at a height of 6 mm. The coaxial
feed method was adopted to ensure the feed can be placed at any location in the
patch to match with its 50 Q impedance. This proposed antenna had a resonant
frequency of 3.43 GHz and impedance bandwidth of 380 MHz or 11% with stable
gain and cross polarization characteristics. This makes the antenna useful in
applications such as modern communication systems where multi-frequency

operating modes are required.

In [135] the design of triangular patch antenna with V-slot is presented. The
design for reduced antenna size has been attained by embedding two narrow slots
(each of length 29.5 mm) in V shape on the triangular patch antenna and inserting
a single feed. The proposed antenna with V-slot was designed with substrate
thickness of 0.6 mm and was mounted above ground plane at a height of 6 mm. It

was found that the antenna’s fundamental resonant frequency can be reduced by
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increasing the length of the probe feed. This proposed antenna had a resonant
frequency of 3.6 GHz and impedance bandwidth of 330 MHz or 9.2% with
antenna gain and return loss observed. This antenna has also shown a good

broadside radiation pattern.

In [136] the design of a short-circuited triangular patch antenna with truncated
corner is described. The compact design has been achieved by truncating all the
corners of the triangular patch. The antenna design includes insertion of two
shorting walls with a V-shaped slot patch, so that the two resonant frequency
modes can be excited at the same time. The proposed antenna was designed with
substrate thickness of 0.6 mm and was mounted above ground plane at a height of
6.4 mm. The antenna was fed by coaxial transmission line having radius of 0.6
mm. The shape of the patch used was equilateral triangular kind having side
length of 60 mm. After corner truncation each side of the patch was reduced to
39.1 mm. This proposed antenna had two resonant frequencies of 2.53 GHz and
3.5 GHz covering the first and second band. The impedance bandwidth of 50
MHz has been achieved for the first band and 310 MHz for the second band. This

antenna also had a return loss of below -10 dB over the entire frequency band.

In [137] the design of right triangular patch antenna (30°-90°-60°) with and
without air gap is described. This design has been developed based on previous
work of equilateral and right isosceles triangular antennas under different

modifications [138, 139]. The proposed antenna was designed with substrate
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thickness of 0.159 mm with the backplane conductor to produce a microstrip
antenna. The length of the proposed antenna was 51.9 mm and the height used
was 30.6 mm. The probe feed method was used to ensure good 50 Q impedance
matching of the antenna. This proposed antenna had a resonant frequency of 3.11
GHz. However, poor radiation efficiencies of around 38% was achieved at this
resonant frequency. To improve the design, an air gap between the ground plane
and radiating element was applied where the structure had two dielectric layers
separated by air gap of 1.5 mm. This enabled the antenna to resonate at two
frequencies giving dual band with improved bandwidth. The radiation efficiency
at resonance frequency of 3.24 GHz was about 62%, which was much higher as
compared to radiation efficiency of antenna design without an air gap. The
antenna with air gap design also showed remarkable improvement in terms of

gain and directivity values.

In [140] an equilateral triangular patch antenna design with T-shaped notch is
presented. The shape of the patch used was equilateral triangular type having side
length 100 mm with height from ground plane of 1.7 mm. The proposed antenna
was designed with a centre frequency of 1.8 GHz. This proposed antenna with T-
notched exhibited a gain of 9.5 dB at 1.8 GHz, which was higher as compared to
the gain of the conventional equilateral triangular antenna without notch. It has
been found that higher gain is achievable at the cost of greater T-notch patch area

as the ratio of patch surface area.
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In [141] an equilateral triangular patch antenna design with bow-tie aperture
coupling is described. In this paper, triangular patch design is achieved by
electromagnetically coupling the patch using two orthogonally oriented bow tie
shaped apertures. This equilateral triangular patch had a side length of 52 mm.
The antenna was designed to transmit and receive the two different types of
polarised wide band signals at the same time using a single antenna. The use of a
thick dielectric foam gave enhanced improvement in bandwidth. The impedance
bandwidth was improved by 7.16 % and the ellipticity bandwidth was improved
by 10.14% for the proposed design as compared to the patch of alike geometry
with usual rectangular shaped apertures. The use of dielectric foam was

beneficial in achieving a low cost and light weight antenna.

In [142] the design of right triangular patch antenna with and without slits is
presented. The antenna was designed having three layer structure in between the
ground plane and radiating patch. It was discovered that antenna with no slits
present and with an air gap of 1 mm resonated at a single frequency. However,
much better bandwidth of 32.8 % was achieved as compared to previous designs.
When the two parallel slits in this patch were applied, the proposed antenna
exhibited high impedance bandwidth of 33% and showed antenna resonating at
two different frequencies. With this antenna, the directivity of up to 7.52 dBi can
be achieved. However, further work is needed in experimentation before

reaching any conclusion.
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In [143] the design of a short-circuited triangular patch antenna is described. The
compact design has been achieved by truncating the corner of the equilateral
triangular patch, which is embedded with a V-shaped slot. The antenna design
includes insertion of two shorting walls at the opposite edges of a tip-truncated
triangular patch with a VV-shaped slot, so that the two resonant frequency modes
can be excited at the same time. The proposed antenna was designed with
substrate thickness of 0.6 mm and was mounted above ground plane at a height of
6.4 mm. The antenna was fed by coaxial probe having radius of 0.6 mm. The
shape of the patch used was equilateral triangular kind having side length of 60
mm. This proposed antenna was designed to cover UMTS bands (1.92 - 2.48
GHz). It was found that the centre frequency of the operating frequency band of
the proposed antenna can be reduced by 20% than that of the similar-size Planar
inverted-F antennas with one shorting wall. The antenna results showed that the
10 dB impedance bandwidth is greater than 25%, and its total antenna height is

less than 0.06 free-space wavelengths.

In [144] the reflection loss of a slotted triangular patch antenna is presented. In
this paper, the reflection loss of the equilateral triangular patch at three broadside
modes, TMio, TMy, and TMy; is shown to be decreased by the insertion of
triangular slots that perturb the broadside modes’ magnetic field pattern. The
resonant frequencies of the triangular patch were calculated using equations as
found in [145]. The simulation studies were carried out using antenna patch with

side length of 102.5 mm and height of 88.8 mm. The antenna patch had a
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substrate thickness of 3 mm and infinite ground plane was assumed. The antenna
was fed using coaxial feed. The antenna patch was simulated from 0.5 GHz to 8
GHz. The results showed that the reflection loss at the resonant frequencies for a
triangular patch can be decreased by inserting triangular slots nearby the magnetic
field nulls. The results suggested that reduced reflection loss can also be attained
at higher order resonant frequencies. This method of suitable placement of
triangular slots, can be used to further reduce the reflection loss for a particular
resonant frequency in a traditional patch antenna. However, further work is
required on developing a more accurate location for the triangular slots or using
slots of other shapes.

In [146] the design of an equilateral triangular patch antenna fed by coplanar
waveguide is described. This design is based on feeding system that uses
electromagnetic coupling to avoid the disadvantages of probe technique. The
electromagnetic coupling here is used as microstrip line and coplanar waveguide.
This design presents further development to the dual-frequency triangular patch
antenna design using microstrip feed line as previously reported in [147]. The
proposed antenna was designed using a pair of slits to increase the bandwidth.
The antenna was designed with substrate thickness of 1.57 mm. The antenna was
operated at the frequency of 4 GHz and had a side length of 26.6 mm. The two
slits were inserted at the bottom of the patch antenna symmetrically and parallel
to each other with fixed slit height of 12 mm and slit width of 1 mm. The two
slits were also separated with a distance g, which was varied. The two resonant

frequencies were produced by controlling the distance between the two slits. The
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return loss of -25.31 dB at 3.01 GHz and return loss of -23.51 dB at 3.96 GHz
was obtained when the distance between the two slits was at 5 mm. The results
showed the impedance bandwidth can be increased to 27.26% for the proposed

antenna.

In [148] the design of a triangular patch antenna with a folded shorting wall is
presented. The proposed patch antenna was designed with the shape of an
isosceles triangle with side lengths 30 mm and 20 mm respectively. The antenna
patch was excited by coaxial probe and was placed 6 mm above the ground plane.
The folded shorting wall was connected to the edge of the triangular patch and the
ground plane. The shorting wall had dimensions of height 3 mm and width of 6
mm. A stable gain of 6.4 dBi was found over a bandwidth of 28.1%. The
proposed antenna exhibited 48% area reduction and 34% bandwidth improvement

compared to the traditional rectangular patch antenna designs.

In [149] the design of tuneable equilateral triangular patch antenna with variable
air gap is investigated both experimentally and theoretically. The resonant
frequencies for different air gap heights were theoretically calculated using
equations based on improved cavity model [150]. These results were confirmed
with measurements performed for a coaxially-fed antenna. The tunability of the
antenna as a function of the air gap height was investigated theoretically giving
over 200% tunable range of an equilateral triangular patch antenna having a side

length of 50 mm. Bigger patches with high dielectric constant substrate would
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offer larger tunable frequency ranges. The computed results for the antennas with
no air gap height were compared with a standard spectral domain moment
technique analysis as carried out by other earlier reported experiments. A good

agreement was shown in all comparisons.

2.5 Conclusions

Several microstrip patch antennas were reviewed for harmonic rejection. The square
patch design for 1.8 GHz operation can be used to suppress the first two harmonics by
adding loads to the antenna’s feeding line. The rectangular patch design using shorting
pins and slots has the same radiation polarization as of the conventional patch designs.
The rejection of spurious radiation of patch antennas can be achieved using split-ring

resonators comprising band-stop filter.

As compared to a conventional square-patch, the circular-sector antenna using inset

feeding has high reflection coefficients at the second and the third harmonics.

The active integrated antennas are attractive due to their compact size and low cost. An
H-shaped microstrip antenna integrated with a bipolar junction transistor oscillator for
2.4 GHz operation can suppress the first two harmonics. An active antenna integrated
using a T-shaped microstrip coupled patch design removes the need of using chip

capacitors for blocking the dc current in the radio frequency path resulting in a low-cost
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solution. The rectifying antenna (rectenna) design using a new probe-fed U-slot
antenna for harmonic suppression gives a reduced antenna physical size as compared to

square patch antenna. The rectenna also has higher gain than the square patch antenna.

The genetic algorithm can be used to optimize performance of any antenna design. This
method can effectively search the possible combinations of parameters and find the best
structure for the antenna at the operating frequency. The genetic algorithms are an

effective way of evaluating antennas for bandwidth.
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CHAPTER THREE

3 Square Microstrip Antenna Operated
by 1.8 GHz with Harmonic Control

3.1 Introduction

In modern wireless networks; it would be feasible to incorporate built in active micro
strip antennas in diverse applications such as electronic tag, wireless local area network
and electronic point of sales terminals. In these applications, not only the microstrip
antenna is functioning as a radiator, it also serves as a resonator for the power

transformers and amplifies in the active circuits [1-8].

In such a set up, unless attempt is made to suppress harmonic resonance, it is likely that
unwanted electromagnetic interference (EMI) would occur. To overcome this; bandpass
filter should be installed between micro strip antenna and the power amplifier.
Nevertheless, the added filter can have an effect on the impedance matching of the
microstrip antenna operated at the fundamental frequency. Furthermore, by operating at
higher frequencies, the interconnects added as a result of the supplementary components
will not be effective and the system output would equally be compromised. There are

however other methods such as modifying the patch geometry [1-3] or alternatively
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using photonic bandgap (PBG) ground plane [4-5] for the micro strip antenna has also
been illustrated. By altering the patch geometry, the specifications of using a circular
sector radiating patch at the patch’s centre line [2] or radiating edge [3] with several
shorting pins are identified. By using PBG ground plane, which restricts the
electromagnetic wave propagation within the designed stopband, the suppression of the
second and third harmonic resonances of the microstrip antenna has been presented in
[9-16]. The embedded PBG revolves within the antenna’s ground plane causing the
radiation patterns of the antenna at the fundamental frequency to become two

directional.

3.2 Antenna Design Concept

This design illustrates the basic harmonic control system for micro strip antenna; using
inserted micro strip line feed that can be used for integrating with the device. It is
shown that the suppression of the second harmonic resonance of the micro strip antenna
can be realised by adding an open circuited tuning stub of proper length at an
appropriate position from the micro strip feed line. Additional details are presented

below and experimental results are given and discussed.
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Figure 3:1: The geometry of the square microstrip antenna fed by 50 Q inset microstrip-
line and the proposed 50 Q inset microstrip-line (a tuning stub to the ground dielectric

substrate is not shown).

3.3 Antenna specification

The geometries of the regular and suggested inset microstrip-line fed are shown in
Figure 3.1. The square radiating patch has a side length of L and is engraved on a

microwave substrate of thickness h and relative permittivity of e. The inset microstrip-
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line is a 50 Q characteristics impedance and with a width of w f. The inset length of the
microstrip-line is In and the gap between the inset microstrip-line and the patch is
represented as g, which is confined to only 1mm. The open-circuited tuning stub has a
length of I, which is measure to 0.125 guided wavelengths at the fundamental resonant

frequency (f01) and is placed at 11 from the feed point.

The distance between the tuning stub and the microstrip line is represented by 12 which
is expected to be 0.125 guided wave length at the fundamental resonant frequency. As
the antenna is designed to operate at the fundamental resonant frequency, the likely
second harmonic (2f01) signal into the antenna can be impaired and blocked. It is as a
result of the tuning stub length of 0.25 — guided wavelength at the frequency 2(f01).
Therefore the impedance at point (b) is seen in the tuning stub zero or short-circuited
and as a result the impedance at point (a) is visible in to the microstrip antenna's infinite
or open circuited. This suggests that the likely second harmonic radiation of the

proposed antenna is suppressed and equally the undesirable EMI is resolved.
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3.4 Simulated Antenna And measurement Results
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Figure 3:2: Reflection Coefficient |S11| versus the operating frequency.
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3.5 Results and Conclusions

The existing and proposed microstrip antenna is represented in Figure 3.1. It is designed
to operate at TMO1 mode, the fundamental resonant mode at around 1.8 GHz.
Therefore, the square radiating patch is measures 40mm (I) and the FR4 dielectric

substrate ish =1.6mm; e, = 3.1 and L4 = 17.56mm.

Figure 3.2 gives the measured real input impedance against frequency. At the second
harmonic resonant frequency (2fo1) is not zero which makes it possible to generate the
second harmonic radiation. The measured imaginary impedance of the proposed
antenna is illustrated in Figure 3.3. It is evident that the real part of the input impedance
at (2fo1) is down to zero, thus the increase in the second harmonic resonance is

suppressed.

The measured return loss against frequency for the designed antenna is given in
Figure 3.4 and compared with other antennas described in references. The proposed
antenna with w = 5mm shown in the diagram is compared to other antennas. A strong
excitation of the fundamental resonant mode is apparent and it is likely that excitation of
high order modes (TMO02 and TMZ21 modes) close to 2fy; are suppressed. The
suppression of the third harmonic resonance caused by the addition of two or more stubs

lengths to the inset microstrip line at appropriate locations is given in Figure 3.3.
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The results show that the good suppression at the second and third harmonic frequencies

can be achieved using a suitably designed square patch antenna fed by 50 Q inset

microstrip-line and by adding more stub lengths to the feeding point.
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CHAPTER FOUR

4 Harmonics Measurement on Active

Patch Antenna Using Sensor Patches

4.1 Introduction

More recently, the active integrated antenna (AIA) has been an attractive area of
research, due to its compact size, low weight, low cost, and multiple functionalities. In
all cases, the antenna is fully (or closely) integrated with the active device to form a
subsystem on the same board and can offer particular circuit functions such as
duplexing, resonating, filtering as well as radiating, that describes its original role.
AlAs are classified into three types: amplifying-type, oscillating-type and frequency-

conversion-type, according to how the active device acts in the antenna [1-12].

In general, radiated power by the active integrated antenna at the targeted design
frequency and its harmonics can be measured using Friis transmission equation in the
anechoic chamber [13]. In addition, a simple measurement technique for measuring the
power accepted by the active patch antenna, using a sensing patch feeding the network
or spectrum analyzer, was first proposed in [14]. The technique eliminates many

uncertainties and errors, such as cable losses, effects of the pattern, effects of nearby
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scatterers, and gain estimation errors, and even makes it unnecessary to operate in the
far field. This technique was originally developed for the measurement of amplifying-
type active patch antennas at their fundamental design frequency. It was subsequently

applied to measurements on oscillating-type antennas [15].

This work introduces the possibility of using this technique to find the power accepted
by the antenna at harmonic frequencies. Performance of the sensing patch technique for
measuring the power accepted at the antenna feed port of active patch antennas at
harmonic frequencies is evaluated using an electromagnetic (EM) simulator Ansoft
Designer [16] in terms of the current distribution. A prototype antenna, including two
sensors at appropriate locations around the patch, is fabricated and tested at three
designated frequencies to estimate the accepted power by the antenna, including
determination of the sensor calibration factor. It is shown, based on experimental
results, that the original technique can also be employed to measure the second
harmonic power; measurement of the third harmonic power is also possible if another

sensing patch is added in an appropriate position.

4.2 Antenna Design Geometry

An inset microstrip-fed patch antenna, resonating at 2.44 GHz, was chosen for the test,
since this type of antenna is convenient for the design of active oscillator antennas. The

important dimensions of this antenna are illustrated in Figure 4.1.
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| L

Figure 4:1:Important dimensions of the patch antenna studied (W=38.15,
L=45.96, L;=18.32, W,=4.24, L,=17, W=2.54, L=10.02, Gs=2, W,;=5, W;,=3 and

Ls=3; all dimensions are in millimetres).

The performance of the sensing patch method at the fundamental, 2" and 3™ harmonic
frequencies was evaluated with this antenna. The current distribution on the patch at
harmonic frequencies was first studied to find the proper position for the sensing patch.

Figure 4.2, Figure 4.3 and Figure 4.4 show the corresponding harmonic current

distributions on the patch.
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Figure 4:4: Current distribution on the patch antenna at 3" harmonic frequency.

The position of the sensing patch is optimally set adjacent to a point of maximum
voltage, which corresponds to a point of minimum current distribution on the patch.
Thus, the position of the sensing patch can be set next to the middle of the end edge of
the patch for the 2" harmonic and one-third of the way along one side of the patch for
the 3" harmonic. It was found that the presence of the sensing patch has very little
effect (about 0.2 dB) on the return loss at the input port of the main patch at the

fundamental operating frequency and the first two harmonics as shown in Figure 4.4.
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Figure 4:5: Simulated antennas return loss with and without the sensor patch.

The antenna with two sensing patches was mounted on 1.524 mm thick Duroid
substrate material with relative permittivity of 2.55 and loss tangent of 0.0018. The
sizes of the sensing patches used for the 2" and 3™ harmonic frequencies were 3 mm x
5 mm and 3 mm x 3 mm, respectively. A spacing distance of 2 mm between the sensing
patches and the antenna patch (see Figure 4.5) was found acceptable for sufficient
coupling and had no noticeable effect on the antenna input return loss. It has to be
noted that the sensing patch at the 2" harmonic has the same location as at the
fundamental. The sensing patch was linked to ground via a 50 Q chip resistor. The
inclusion of the 50 Q resistor creates a relatively well-matched source for the attached
cable. A 50 Q coaxial probe was mounted at the rear of the circuit board and connected

to the resistor load: this fed the sensor output to a traceably-calibrated network analyzer.
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Figure 4:6: Fabricated antenna showing sensor locations: (left) Top view, (right)

Underside.

The sensing patch for the 2" harmonic was first tested. According to the work presented
in [14], the performance of the sensing patch for harmonics can be evaluated using the
calibration factor |Sy;’|, which relates the sensor’s output power to the power accepted

by the radiator from RF circuitry (e.g. a RF power amplifier or oscillator), as follows:

2 =|521|2/(1—‘3112D 1)

‘321

S11 S
where [S]:{Sz Siﬂ

The scattering parameters [S] in Egqn. 1 were obtained by measuring two-port
S-parameters between the antenna input feed line and the sensor’s output from 2 GHz to

8 GHz using a traceably-calibrated network analyzer (HP 8510C). The variations of the
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measured [S]’s extended over the fundamental frequency and the first two harmonics
are presented in Figure 4.6; the corresponding calibration factor from the measured
antenna data was computed using Egn. (1). The measured return loss and computed
calibration factors are presented in Table 1 at 2.44, 4.88, and 7.32 GHz, respectively.

In order to evaluate the sensor’s calibration factor for harmonics, a 0 dBm RF signal
was injected into the main patch from a sweep oscillator HP 8350B at the fundamental
and harmonic frequencies. The measurement setup is illustrated in (Figure 4.6,
Figure 4.7 and Figure 4.8). The Return Loss (R.L.) of the antenna tested was optimised

at its fundamental frequency into an impedance of 50 €, as shown in Table 4.1.

Table 4.1: 2" harmonic sensor measurement results for the fundamental and harmonics.

2
Freq S11 |521,| Lcable F)reading Paccepted Paccepted’

(GHz) | (dB) | (dB) | (dB) | (@Bm) | (dBm) | (dBm)

244 | -24.86 | -23.20 | 1.33 | -25.33 | -0.0144 | -0.8

4.88 -1.75 | -20.42 | 2.67 | -285 | -4.796 | -5.412

7.32 | -4.241 | -23.45 4 -27 -2.052 0.45
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4.3 Measured two-port S-parameters
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Figure 4:7: Measured two-port S-parameters between the antenna input port and the

sensor’s output port at fundamental frequency.
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sensor’s output port at the 2"* harmonic frequency.
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Figure 4:9: Measured two-port S-parameters between the antenna input port and

the sensor’s output port at the 3" harmonic frequency.

However, at harmonic frequencies, the input impedance of the antenna was greatly

different from 50 Q. Thus, the power accepted by the antenna (Paccepted) IS given by:

Paocepted = Pincident(l_ |F|2) 2
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where T' is the reflection coefficient at the input of the antenna and |[|* =
Preflected/Pincident- Preflected 1S the power reflected at the antenna input, and Pincigent 1S the
power outgoing from the signal generator (in this case, Pincigent = 0 dBm at all
frequencies). The power from the sensor’s output (Preading) Was observed using a
spectrum analyzer (HP 8563A). Care was taken to find the loss in the cable (Lcabie)
before measuring the output power from the sensor. The estimated power accepted by
the antenna (Paccepted”) Can be found as:

2

Paccepted = Preading _‘821 —Lcable 3)

A summary of measured parameters for the 2" harmonic sensor is presented in
Table 4.1. The technique shows that the power accepted by the antenna at the
fundamental and 2" harmonic frequencies can be achieved using the same sensing
patch. It can be seen from Table 4.1 that the accuracy of this technique is around 0.7 dB
(i.e., the maximum difference between the Paccepted 8N Pacceptea” at the fundamental and
2" harmonic). It should be noted that the power accepted at the 3™ harmonic frequency
varies greatly in the measurement and this is because the sensor at this position is

weakly coupled to the maximum voltage of the 3" harmonic.
Similarly, for the 3™ harmonic sensor, the same process was used as with the 2"

harmonic sensor. A summary of measured parameters for the 3™ harmonic sensor is

presented in Table 4.2
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Table 4.2: 3" harmonic sensor measurement results for the fundamental and

harmonics.

2
Ffeq Sll |821’| Lcable I:’reading Paccepted I:)accepted'

(GHz) | (dB) | (dB) | (dB) | (@Bm)| (dBm) (dBm)

244 |-26.09 | -32.403 | 1.33 | -33 -0.0109 0.733
488 | -1.74 | -25.25 | 2.6 -33 -4.814 -5.155
7.32 | -4.19 | -23.59 4 | -30.67 -2.084 -3.08

Figure 4:10: Photograph of measurement setup in this study.
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It is shown that the technique is still valid within 1dB accuracy for 3™ harmonic power
measurement. In addition, this sensor can also be applied for the 2" harmonic power
measurement, with very good accuracy. This is because the current distribution at the
2" harmonic frequency near to the location of the 3™ harmonic sensor is close to
minimum, and this can be easily seen from Figure 4.5. It is notable that the power
accepted at the fundamental frequency varies greatly in the measurements. In addition,
care should be taken on means of improving the port impedance matching at the sensor
patch port in order to eliminate measurement errors and improve measurement accuracy
at fundamental and harmonic levels using this proposed technique. This challenging
problem including the antenna operation over a wide frequency band is left to future

work.

4.4 Conclusions

The measurement of the power accepted by a microstrip patch antenna, using the
sensing patch measurement technique, has been demonstrated at both fundamental and
first two harmonic frequencies. The results of the present work are shown to be
acceptable and agreed with direct measurements. The proposed technique is shown to
achieve good accuracy of 0.7 dB and 1 dB for the 2™ and 3™ harmonic measurements

respectively.
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CHAPTER FIVE

5 Genetic Algorithm And Adaptive

Meshing Program

5.1 Introduction

Active transmitting antennas often suffer from significant non-linearity; the driving
transistor drain (or collector) produces time-harmonic currents which feed directly into
the radiator, resulting in unwanted radiated power [1]. In active antenna design these
unwanted harmonic currents can be terminated (or substantially eliminated) using the
radiator itself, in which case the active circuit does not require any additional
complexity for harmonic tuning, thus contributing to the desired compactness of the

design.

Harmonic suppression antennas (HSAs) are used to suppress power radiation at
harmonic frequencies from active integrated antennas. An antenna that presents a good
impedance matching at the fundamental design frequency (f,) and maximised reflection
at harmonic frequencies is said to be a harmonic suppression antenna. In addition, the
input impedance of any HSA design has to have minimised resistance at the harmonic

frequencies and hence will be largely reactive [2]. Several techniques have been

84



proposed to control such harmonics, such as shorting pins, slots or photonic bandgap
structures [3, 4]. In [5], the modified rectangular patch antenna with a series of shorting
pins added to the patch centre line was applied to shape the radiated second harmonic
from the active amplifying-type antenna, in order to increase the transmitter efficiency.
Unfortunately, the proposed design does not give the termination for the third harmonic.
A circular sector patch antenna with 120° cut out was investigated and proved to
provide additional harmonic termination for the third harmonic, also claiming a further
enhancement in the transmitter efficiency [2]. Further, an H-shaped patch antenna was
designed and applied in oscillator-type active integrated antennas for the purpose of

eliminating the unwanted harmonic radiation [6, 7].

Generally, most of the published designs for modified patch HSA have been based on a
specific reference antenna, suggesting that the proposed techniques for rejecting
harmonic radiation have specific constraints imposed onto them. For example, in [8] a
microstrip-line fed slot antenna was developed for harmonic suppression without using
a reference antenna. This was achieved with a rather complex geometry for 5 GHz
operation. This process does not usefully generalise, so that if a new operating
frequency is required, then the whole structure must be redesigned. Thus there exists a
clear motivation to develop a coherent design strategy for microstrip HSA in active
integrated applications. In this design we adopt a computational technique using

adaptive surface meshing driven by a genetic algorithm.
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5.2  Genetic Algorithm and Adaptive Meshing Program

Genetic algorithms (GA) are stochastic search procedures modelled on natural genetics,
selection and evolution. They are adapted from Darwinian concepts of natural
evolution, thus making them plausibly thorough in seeking an optimal design [9]. After
its first introduction in the 1960s by J. Holland, GA has become an efficient tool for
search, optimisation and machine learning; however in the pre—GA era, similar concepts
had been looming and applied in game playing and pattern recognition [10]. Over the
recent years, it has proven to be a promising technique for different optimisations,

designs and control applications.

An approach to the use of GA in collaboration with an electromagnetic simulator has
been presented for antenna designs and has become ever more accepted more recently
[11]. For example, GA has been used to design wire antennas [12, 13] and microstrip
antennas [14]. Other uses have also been developed such as wideband antenna designs
based on the fundamental requirement for near field imaging tools such as are needed
for microwave breast cancer detection: this was reported using GA as the main
optimisation tool [15]. Another application applied to beam-control of an antenna array
was also derived through the use of a genetic algorithm, based on adjusting the required
reactance values to obtain the optimum solution [16]. In addition, GA can enhance
antenna designs for multiple input multiple output (MIMO) systems, which dramatically

increase channel capacity in wireless communication systems [17-20]. The GA-
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optimised MIMO antenna designs provide substantial size reduction, reduced power

consumption [19] and cost minimisation [18] in such systems.

The advantage of using GA methods is that they give high-speed, high accuracy and
reliable solutions for the antenna structures. A genetic algorithm driver [21], which was
written in Fortran, was employed in this work in combination with the authors’ Fortran
source code [22]. Several antenna designs, derived using GA in previous work by the
authors [23-25], have shown GA method to be an efficient optimiser tool that can be

used to search and find rapid solutions for complex antenna geometries.

An adaptive meshing program was also written in Fortran by the present author and
added as a subroutine to the GA driver, with the main purpose of simulating air-
dielectric planar microstrip patch antenna designs: this used a surface patch model in
cooperation with a GA. The program is also able to support the design of any 3D
antenna geometry structure, including moderate amounts of dielectric materials. The

present work is an extended version of preliminary work reported in [26].

An antenna under GA optimisation needs to be defined by a number of parameters that
can define its configuration. For the electromagnetic surface patch model used, the
antenna geometry is divided into optimum numbers of trilateral and quadrilateral
polygons, each polygon node being specified by its x, y and z co-ordinates, subject to
the defined antenna parameters. These polygonal surfaces are then optimally

subdivided into a set of rectangular and triangular surface patches, constrained to be
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small compared with the operating wavelength, and then an appropriate basis functions
are adaptively generated over these patches using a designated algorithm as shown in

Figure 5.1 and the following subsection.

Triangular surface
patches

Rectangular surface
patches

Figure 5:1: The adaptive surface patch meshing used for antenna modelling.

5.2.1 The GA Driver

Review procedure was attempted and was observed that various versions of Genetic
Algorithms drivers are available for optimisation process such as the ones implemented
in C, MATLAB and FORTRAN 77. From review and experience on home programmes
(From Antenna and Advanced Electromagnetics Research Group University of
Bradford) , FORTRAN 77 seemed more friendly and easier to manipulate for the
present research work. The FORTRAN 77 version of the GA driver, written by David
L. Carroll of the CU Aerospace USA [21], uses the randomized approach to initialize its

start individuals and the tournament selection with shuffling techniques in choosing
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random pairs for mating. Binary coding also enabled the uniform and non-uniform

process of single point crossovers.

The GA driver can be controlled and adjusted through an associated input data file as
shown in the Fig. 5.2. This figure illustrates a set of parameters, these include: GA
driver elements and the variables that need to be optimised and used through the
electromagnetics computational codes. The functions of samples of these parameters
have been highlighted in the data file of Figure 6.3. These variables are the most
important and influential to the GA driver in the antenna design and should be
adaptively adjusted according to the various design types or objectives, in order to
maximize the GA driver performance in searching for optimum solutions of antenna

designs.

vga Number of population size in each generation

irestrt=0, V/////////'
:mlcr09~a=l¢4_,_:/Number of parameters of each individual
! g_'_.O'Léa'j../Thejump mutation probability

*********

ipcross=0.5d0,i  _The crossover probability
itourny=1,

ielite=1,

icreep=0,

pcreep=0.04d0,

iunifrm=1,

iniche=0,

nchild=1,

iskip= 0, iend= O,

nowrite=1,

nichflg=2*1,
Send

Figure 5:2: A sample of GA driver input file
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5.2.2 Implementation of antenna designs using GA driver

The FORTRAN source code in [22] was adopted inside the GA fitness function to
perform the required calculations for the cost functions. The source code was modified
to accept the input data file generated by the GA code within the fitness calling
function. These modifications are found very helpful to reduce the execution processing

time and manipulate the output data files between the sources codes.

It should be noted that before the optimisation process is initiated, the target objectives
and number of parameters required for the whole process to achieve the optimum
desired goal were estimated. These include the most important antenna parameters that
are directly measured by the fitness function. Sometimes a relationship was required to
define a threshold for the GA which enables it to evaluate the designed antenna
performance and terminate where necessary. Usually, this is a complex procedure to be
applied; however, one can apply a certain constraints inside the cost function to support
the data processing when nearly reaching the optimal design requirements. The cost
function is usually included in the algorithm and it measures the fitness of the

individuals produced in each generation of the algorithm.

A flow chart to represent the easiest way in which the GA optimizer coordinates its
functions is represented in Fig. 5.3. The algorithm randomly initiates its population and
converts the parameters of the initiated individuals to the electromagnetic code to
developed the meshing process and execute the MOM to compute the induced currents

and radiation performances and return back the targeted variables to the cost function.
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The process will continue till the maximum value of the fitness function is obtained for

convergence, otherwise the whole process is repeated until optimal results are

produced.

State the vaniable
constraint

Yes

Has max. no. of generations

been reached?

No
GA driver parameters:
Mutation rate, .
population, no. of ) Check optimum
generation, etc. value
Adaptive meshing code l Yes
I I I Print results
1 42 ... N =no. of passes (State Optimum
Electromagnetic Solutions)
Code

Figure 5:3: Flow chart of the genetic algorithm adopted in this study.

5.2.3 Method of Moment Formulation

In The approach for MOM it is assumed that the surface current is allowed to have

components both parallel to, and transverse to the surface patch segments. This leads to

an equation of the form:
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Zj“lj.L(Jj)=(Ei) (5.1)

where |; is a basis function for the surface current J;, E; is the incident electric field
strength and L is the integro-differential operator given by:

L) =(JoA+V )., (5.2)
where A and ¢ are the vector and scalar potentials. If a set of testing functions Wy, is

defined, equation (5.1) may be rewritten as:

Zj:|i<wm'L(‘]j)>:<Wm’Ei> for j=12,..N (5.3)

where
<Wm, L(J ,—)> = _[” (Wi L(J;))ds'ds = Z; (5.4)
(Wi, 1) =[] (W E)ds =V (55)

where ds’ and ds are the differential areas on the patch surface for the source and the
observation points respectively, m = 1, 2, ...N is the index of the testing function and Z
and V are the conventional abbreviations for the interaction matrix and excitation vector
terms in the Method of Moments. The impedance matrix elements Z; can be written

using the closed surface integral identity [27] as follows:
- 1 1
Z, = jou j j j j (J W, —F(V.Jj)(V.Wm)jg(R)ds ds (5.6)

where g(R) is the free-space Green function [28-29] and is given by the expression:
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o IR

4R G.7

g(R)=

R is the distance between the observation and source points on the patch surface.

Singular integral occurs when R =0 (i.e., g(R) — ).

Any arbitrary surface shape can be modelled by a number of surface patches to
represent a discretised version of a complex current distribution. The currents were
represented by overlapping surface dipoles, where the current basis functions are
generally continuous and may have continuous derivatives. The Electric Field Integral
Equation was applied to evaluate the current distribution. For the problem shown in Fig.
5.1, the rectangular and triangular patches were used as discretising elements of the

geometry. The self and mutual impedances of these surface dipoles were obtained from:

Z, = jou[[ [[ 3,8, T (M) (P)— = F()T'(P) GRYSES' (5.5

Z, = Ja)yﬂﬂ (& (u)f(u) £ 5 VF(U)VE'(u)) G(R)dsds’ (5.9)

Z,, = jou[ [[ (8, F(u) f (p) £ VF(u') F'(p)) G(R)dsds’ (5.10)
where Z,; and Zy are the self-impedances of the current basis functions on rectangular
and triangular patches respectively. Zn = Zy is the mutual impedances between the

current basis functions on the triangular patches. f(p) is the current basis function for

the rectangular patch, whereas the f(u) is the vector basis function of the triangular basis
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function. f{u) and f{p) are the derivatives of f(u) and f(p) respectively. &, is the unit

vector that specify the current basis function direction for the rectangular patch. k =
2n/A is the propagation constant, and A is the operating wavelength. G(R) is the free
space Green function. Similarly, the source code also includes the self and mutual
impedances over wire segments and attachment patch modes that are not shown here. It

should also be noted that weighting functions are a copy of the basis functions.

5.3 Conclusions

The description of the numerical method employing the genetic algorithm and the
electromagnetics codes has been presented. Set of the most appropriate parameters
included in the GA and incorporated with the electromagnetics solver was
demonstrated. A computational technique using adaptive surface meshing driven by GA
has been written in Fortran and has been examined in the next chapter which can
support the design of 3D antenna geometry structures such as the design of coaxially-
fed, air-dielectric, microstrip, harmonic-rejecting patch antennas for 2.4 GHz was

investigated, enforcing suppression of the first two harmonic frequencies.
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CHAPTER SIX

6 Harmonic Suppression Antennas Using

Genetic Algorithm

6.1 Introduction

This chapter examines the design of microstrip patch antenna for harmonic suppression
with the aid of a generic algorithm. Active antennas generally have considerable non-
linearity and are compact in their specification. For this reason, the transistor drain
would be generating harmonic current in to the radiator and would invariably be
radiating undesirable power. In active antenna design, these undesirable harmonic
elements could be removed with the aid of the radiating element. To achieve this, the
circuit can be designed in a compact form without additional circuitry for harmonic

tuning.

To increase the effectiveness of the harmonic suppression the rectangular patch antenna
shape was modified with a series of shorting pins added to the patch centre line,
included to shape the radiated second harmonic from the active amplifying-type
antenna. Since the intended antenna does not provide the termination harmonic, a

circular sector patch antenna with 120 degrees cut out was analysed and it provided
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additional harmonic termination for the third harmonic. To overcome, the unwanted

harmonic radiation, an oscillator type integrated antenna was included.

The micro strip patch antenna acts as a radiator and also provides circuit functionality
by matching circuit and band pass filter. However, if the harmonic radiation is not
suppressed it could cause unwanted electromagnetic interference (EMI) in the system.
To address this limitation, shorting pins, slots photonic band gap structures or matching

stubs can be used on the antenna feeding line.

A microstrip line fed slot antenna was developed for harmonic suppression without
using reference antenna and this resulted in complex geometry for 5 GHz operation.
However, if the frequency is altered in a way, then the complete antenna structure

needed to be modified.

Good matching impedance at the fundamental design frequency (fo) with an ideal
maximum first two harmonic (2fo and 3fo) is considered to be a harmonic suppression
antenna (HSA). However, the response of the HSA, bearing in mind the antenna return
loss (S11), is that of a band pass filter having an ideal rejection outside the concerned
frequency bands. In certain HSA specifications the antennas may have resonances at
frequencies beyond the intended frequency (fo, 2fo and 3fo) but are still considered as

antennas for harmonic suppression.
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An additional constraint in the HSA regards the input impedance. This has to be
reactive at the harmonic frequencies, since the HSA was initially intended for harmonic

termination to get class F operation for the amplifying category antenna.

The primary criteria of antenna for harmonic suppression is return loss and input
impedance. In this study, a sample of designs are examined and presented and are all

designed to operate at 2.4 GHz.

6.2 Microstrip Patch Antenna with Fully Shorted Wall

The design of harmonic suppression antenna with a shorted wall can be seen in
Figure 6.1. This gives an overview of the proposed antenna sub-divided into four
trilaterals and two quadrilaterals. It has six parameters to be assigned in Figure 6.1 and

Figure 6.2 illustrates the 3D of the adaptive wire grid segmentation results.

\ Feed point — O

Figure 6:1: Top elevation view of antenna geometry used for adaptive meshing using GA.
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Figure 6:2: Top elevation view of resulted wire mesh used for Figure 6.1.

Table 6.1 shows the GA input parameters with likely values for the GA chromosomes
for the optimisation, that were applied. In this chapter, first, second and also
fundamental frequencies were considered for the GA cost function. The randomly
generated antenna configurations were calculated for maximum fitness using the cost

function below:

. -1
F = [1+Wl‘w + gnlzwi {|F(ifo) —]1 +%H 1)

Where F represents the fitness of the cost function, n = 3, wy, w, and ws are the weight
coefficients of the cost function and they are optimally found to be 0.6, 0.4 and 0.4; the
geometry configuration of the optimal antenna was within the maximum generation and

is given in Figure 6.1.

101



The computation time taken for each of the randomly generated antenna samples ranged
from 60-70 seconds using various length, width and height of the patch antenna selected

of the given antenna configuration.

Table 6.1: Summary of GA input parameters, antenna variables and optimum solutions.

Harmonic suppression antenna Fully
parameters shorted
GA parameters Optimal
Parameters (m)
(m)
Antenna length (L) (0.03-0.06) 0.03950

No. of population size =
41

No. of parameters: 6

Antenna width (W) (0.02-0.06) 0.03305

(Figure 1 (al)), 7 Shorting or folded wall position 0.00872
(Figure 1 (a2)), 8 (d) (0.002-0.03) '
(Figure 1 (a3)),
Probability of mutation )
—0.00 Antenna height (h) (0.003-0.01) 0.0079
Maximum generation Feeding point at x-axis (Xy) (0.004-
0.00723
=500, 0.02)
No. of Feeding point at y-axis (Ys) (0.004-
_— g pointaty-axis (Y7 0.01752
possibilities=32768, 0.02)
Variable shorting wall width (Ws)
(0.001-0.03)

Extend folded wall length (Ly)
(0.005-0.015)

Extend folded wall height (hy)
(0.001-0.0035)
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A prototype GA optimised harmonic suppression antenna with a shorted wall is
presented in Figure 6.1. A copper sheet with thickness of 0.5mm is used for the antenna
patch, shorting wall and the ground plane with measurement 140mm x 140mm. The
return loss was validated and the rejection of 2nd and 3rd harmonics was satisfactory.
The prototype antenna resonates at 2.47GHz and has a bandwidth of 500MHz, with
reflection coefficient of 1.71dB and 2.47dB for the first and second harmonics. The

observed resonance frequency agreed with the predicted value.

W

— heasurement
-—=Simulation -

,/ind8

-35

2 3 a 5 6 7 8 S
Frequency in GHz

Figure 6:3: The measured and simulated return loss of the patch antenna with fully

shorted wall.

Furthermore, the input impedance of the proposed antenna was equally measured over a
wide frequency band and is given in Figure 6.4. An additional input impedance plot is
also presented, in Figure 6.5, showing a constant input impedance of under 10 Q at

harmonic frequency bands.
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The measured input impedance of the harmonic rejection antenna with shorted wall for

fundamental frequency and with its first harmonic rejection antenna is illustrated in

Table 6.2. It gave matching of 50 Q at fundamental frequency and resistive impedance

at harmonics was found thus agreeing with the objective of the design.
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Figure 6:4: The overall measured input impedance of patch antenna with fully shorted

wall.

Figure 6:5:

shorted wall.
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Table 6.2 : Performance of antenna input impedance of the harmonic rejection antenna

with shortened wall at the fundamental and first and second harmonics.

Full-width shorted wall
Frequency Antenna input impedance
(GH2) ()
F Real Imaginary
fo: 247 49.87 -0.587
2f, 1 4.94 6.283 -28.917
3f: 7.1 839 7.64

The measurements for the far field radiation patterns of the prototype were done in a far
field anechoic chamber. The fixed antenna (broadband horn) had a spacing of 4m
between the antenna and the horn. Two pattern cuts were taken for four selected
operating frequencies that cover the complete bandwidth. The radiation patterns in zx
plane and zy plane for the GA-optimised HSA with shortened wall at fundamental,
second and third harmonic frequencies were measured. These results are given in
Figure 6.6 showing 2nd and 3rd harmonic radiations of the HSA with shortened wall to
be less than 13dB and 18dB for the zx plane and 10dB and 9dB for the zy plane subject
to the normalised accepted power of the fundamental frequency. The measured

maximum gain of the GA optimised antenna is give as 4.14dB.
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f,=2.47 GHz f,=4.94 GHz f,=7.41GHz

(b)

Figure 6:6: Measured and simulated radiation patterns of the proposed GA-

optimised HSA with full-width shorted wall for 2.47 GHz, 4.94 GHz and 7.41 GHz

over: (top) z-x plane; (bottom) z-y plane; (¢ ’measured Ey, (‘0 0 o’simulated Ey,

‘- - - -> measured Ey, ‘x x X’ simulated Ey).
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6.3 Microstrip Patch Antenna with Partially Shorted Wall

After the design of harmonic suppression antenna with a partially shorted wall a new
design can be made to control the harmonics with the variation of the width of the
shorting wall. This design operates at 2.4GHz. The antenna geometry for this is shown

in Figure 6.7.

\ Feed point - 0—

X

Figure 6:8: Top elevation view of resulted wire mesh used for Figure 6.7.
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Table 6.3 presents the GA input parameters in which the possible range of values is
shown for shorted wall. Similar optimisation process was applied as to the previous
example except the optimal weight coefficients of the cost function were found to be

0.6, 0.4 and 0.4 after a few trials.

Table 6.3: Summary of GA input parameters; antenna variables and optimum solutions.

Harmonic suppression Truncated
GA parameters antenna parameters shorted
Parameters (m) Optimal (m)

Antenna length L) (0.03- 0.033 0

0.06)

No. of population size =4, Antenna width (W) (0.02- 0.03820
0.06)

No. of parameters: 6 (Figure 1 Shorting or folded wall 0.00986

(@l)), 7 (Figure 1 (a2)), 8 (Figure | position (d) (0.002-0.03)

1 (a3)),

Probability of mutation =0.02, Antenna height (h) (0.003- 0.00336

0.01)

Maximum generation =200, Feeding point at x-axis 0.01685
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(X7) (0.004-0.02)

width (Ws) (0.001-0.03)

No. of possibilities=32768, Feeding point at y-axis 0.01923
(Y) (0.004-0.02)
Variable shorting wall 0.02474

Extend folded wall length

(Ly) (0.005-0.015)

Extend folded wall height

(hy) (0.001-0.0035)

For validation, prototypes of the GA-optimised harmonic-suppression antennas (HSAS)
of the three models shown in Fig. 6.7 were designed and tested. Copper sheet with
thickness of 0.5 mm was used for the patch antenna, shorted/folded wall and the ground
plane. The ground plane size was set to 140 mm x 140 mm, the relatively large size was
chosen in order to attenuate the effect of the edges of the finite ground plane. The return
losses were validated and measured results compared with calculations are shown in
Figure 6.9. As can be seen, the results for rejection levels of 2" and 3" harmonics were

quite encouraging and no other resonances or ripples were found over the harmonic

frequency bands.
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Figure 6:9: The measured and simulated return loss of the patch antenna with a

partially shorted wall.

It was found that the full-width shorted-wall prototype antenna was resonant at
2.47 GHz and presents quite a wide bandwidth of around 500 MHz. The reflection
coefficient level at the first and second harmonic frequencies was found to be 1.71 dB

and 2.45 dB, respectively.

These results are quite acceptable, as compared with HSAs published in the open
literature [27]. It is notable that the measured resonant frequency of the prototype
antenna shows good agreement with the prediction. The second prototype antenna was
resonant at 2.48 GHz and presented a narrower bandwidth (around 150 MHz),

compared to the first design. This is mainly because the height of this antenna is much
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lower (about 3.36 mm) than the first design (7.9 mm), correlating with previous
experience that has shown that the antenna height has a most important influence on
bandwidth enhancement of microstrip patch antennas. The third prototype exhibited
approximately 380 MHz bandwidth, centred at a 2.45 GHz resonance frequency. The

rejection levels of the 2" and 3" harmonics were about 1.5 dB and 1.9 dB respectively.

The input impedances of the prototype antennas were also measured over a wide
frequency band as shown in Figure 6.10. The measured input impedance of these
antennas at the fundamental operating frequency and its first two harmonics shows that
almost perfect matching to 50 Q was attained at the fundamental frequency, while fairly
small resistive impedances at harmonic frequencies were observed, as illustrated in
Table 6.4.
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Figure 6:10: The overall measured input impedance of the patch antenna with a

partially shorted wall.
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Figure 6:11: Measured input impedance of the harmonic suppression antenna with a

partially shorted wall.

Table 6.4 : Performance of antenna input impedance of the harmonic rejection antenna

with shortened wall at the fundamental and first and second harmonics.

Truncated shorted wall
Frequency Antenna input impedance
(GH2) Q)
Real Imaginary
fo: 2 48 52.75 7.828
2f, 1 4.96 254 -713.672
3f,: 7.44 5.332 15.54
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The radiation patterns in zx plane and zy plane for the GA-optimised HSA with partially
shorted wall at fundamental, second and third harmonic frequencies were measured.
These results are given in Figure 6.12 showing 2nd and 3rd harmonic radiations of the
HSA with shortened wall to be less than 13dB and 18dB for the zx plane and 10dB and
9dB for the zy plane subject to the normalised accepted power of the fundamental

frequency. The measured maximum gain of the GA optimised antenna is 4.14dB.

180 180 180

f,=2.48 GHz f,=4.96 GHz f,=7.44GHz
(b)
Figure 6:12: Measured and simulated radiation patterns of the proposed GA-
optimised HSA with a truncated shorted wall for 2.48 GHz, 4.96 GHz and 7.44
GHz over: (top) z-x plane; (bottom) z-y plane; (‘——measured Ey, (‘o0 o
o’simulated Ey, ‘- - - -” measured Ey, ‘x x x’ simulated E,).
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6.4 Microstrip Patch Antenna with Folded Patch

Here a new design for patch antenna for harmonic suppression using GA is extended. A
novel coaxial-fed, air-dielectric with folded patch at 2.4 GHz is designed. The antenna

geometry for this is shown in Figure 6.13.

\ Feed point “lise—d—

Figure 6:13: Top elevation view of antenna geometry used for adaptive meshing using GA.

Figure 6:14: Top elevation view of resulted wire mesh used for Figure 6.13.

Table 6.5 presents the GA input parameters in which the possible range of values is

shown for folded patch. It has a folded patch extended underneath the main patch as
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shown. The weight coefficients of the cost function used in this example is similar to the

previous example.

Table 6.5: Summary of GA input parameters; antenna variables and optimum solutions

(0.001-0.0035)

G parameter Harmonic  suppression  antenna | Folded
parameters wall
Parameters (m) Optimal (m)
Antenna length (L) (0.03- . 6 0. 4540
No. of population size | Antenna width (W) (0.02-0.06) 0.03006
=4,
No. of parameters: 6 | Shorting or folded wall position (d) | 0.00748
(Figure 1 (al)), 7| (0.002-0.03)
(Figure 1 (a2)), 8
(Figure 1 (a3)),
Probability of | Antenna height (h) (0.003-0.01) 0.00989
mutation =0.02,
Maximum generation | Feeding point at x-axis (X) (0.004- | 0.00571
=500, 0.02)
No. of | Feeding point at y-axis (Ys) (0.004- | 0.01392
possibilities=32768, 0.02)
Variable shorting wall width (Ws) | -
(0.001-0.03)
Extend folded wall length (Lf) | 0.01327
(0.005-0.015)
Extend folded wall height (h) | 0.00159
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Figure 6:15: The measured and simulated return loss of the patch antenna with a folded

patch.
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Figure 6:16: The overall measured input impedance of the antenna with folded

patch.
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Input Impedance, Ohm

Frequency, GHz

Figure 6:17: Measured input impedance of the harmonic suppression antenna a folded

patch.

Table 6.6 : Performance of antenna input impedance of the harmonic rejection antenna

with shortened wall at the fundamental and first and second harmonics.

Folded wall Patch Antenna
Frequency Antenna input impedance
(GH2) Q)

F Real Imaginary
fo: 2.45 49.33 -11.88
2f, 1 4.90 5.021 -24.81
3f,: 7.35 4.606 27

The radiation patterns in zx plane and zy plane for the GA-optimized HSA with folded
wall at fundamental, second and third harmonic frequencies were measured. These

results are given in Figure 6.18 showing 2nd and 3rd harmonic radiations of the HSA
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with folded wall to be less than 13dB and 18dB for the zx plane and 10dB and 9dB for
the zy plane subject to the normalised accepted power of the fundamental frequency.

The measured maximum gain of the GA optimised antenna is 4.14dB.

(a)

Y

f,=2.45 GHz f,=4.90 GHz f,=7.35GHz

(b)

Figure 6:18: Measured and simulated radiation patterns of the proposed GA-

optimised HSA with a folded wall for 2.45 GHz, 4.90 GHz and 7.35 GHz over:

(top) z-x plane; (bottom) z-y plane; (¢ ’measured Eg, (‘o 0 o’simulated Ey, ‘- - -

-> measured Ey, ‘x x X’ simulated Ey).
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6.5 Conclusions

A novel technique for the design and optimisation of harmonic-suppression patch
antenna, applying adaptive surface patch models and genetic algorithms, has been
presented. Hardware realisations of three coaxially-fed air-dielectric microstrip patch
antennas were used to assess and confirm the design theory. The return losses were
validated for microstrip patch antennas with full and partial shorted walls, and for
microstrip patch antenna with folded patch. The results showed good suppression at
both the second and third harmonics. The measured input impedance of these antennas
at the fundamental frequency showed almost perfect matching to 50 Q, while fairly

small resistive impedances were observed at the first two harmonic frequencies.

The comparison of return loss and far field radiation pattern measurements exhibited
good agreement with the predictions. The examples presented confirmed the capability
of the proposed method for antenna design using GA and adaptive surface meshing,

showing reasonable stability and accuracy in the results.
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CHAPTER SEVEN

7/ Harmonic Rejection Triangular Patch

Antenna

7.1 Introduction

Good antenna designs feature low manufacturing cost, high reliability and compact size
for acceptable performance. For electrically small antennas, performance criteria place
most emphasis on impedance matching, bandwidth and radiation efficiency and there is
limited scope for controlling the pattern. Microstrip patch antennas satisfy the first two
criteria fairly well. One of their biggest advantages is that they are low in cost as well as
being light in weight. Various shapes of patch antenna design have been tried but the
most common shapes are rectangular, circular and triangular [1]. Within this class of
antennas, the Triangular Patch Antenna (TPA) has received relatively little attention, yet
it has been claimed to have very small size for a given resonant frequency [1]. Like
other patch antennas, it can be further miniaturised by increasing the permittivity of the
dielectric material used for the antenna. On the other hand a major disadvantage
associated with such types of antennas is that they are prone to excess harmonic
radiations especially at high frequencies. This means that they provide little rejection of

harmonic frequencies if these are present at the input of the antenna. Fortunately several
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methods have been proposed to overcome such downsides in these types of antennas.
One of the modern techniques is known as an electromagnetic band gap structure (EBG)
which is especially used in microstrip patch antenna design. EBG structures are quite
useful for high gains of about 20dBi. EBG structures have been found very useful to
reject higher harmonics and this makes them attractive in the design of filters and other

microwave circuits [2][3][4][5].

Besides the EBG, another useful approach to rejecting higher harmonics and reducing
harmonic radiation from microstrip patch antennas EBG is known as a Defected Ground
Structure (DGS). DGS is a convenient method to recognise the effect caused by the
slow wave nature. DGS on one hand is used to miniaturise the size of the antenna, and
on the other hand it may be used with different defect patterns to reduce the harmonic

radiations.

Some of the common patterns include a “dog bone” structure, spiral DGS and
rectangular DGS. Another common problem associated with the EBG is the backspace
radiations due to cut-out slots just below the patch radiator. The DGS is quite useful
under such circumstances because it helps in curing the problems by minimising the
effects of back side radiation, providing that the proper shape of DGS is used, e.g. a

cross shape is useful for polarisation and good radiation pattern [4][5].

The shape of a DGS structure is significant in an antenna design in order to suppress

radiation of a particular harmonic. Circular and dumbbell shapes are particularly
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important to suppress a particular harmonic. Each harmonic of a particular order has to

be treated separately because of its different wavelength [6][7].

An attractive feature of the triangular patch antenna is that it is possible to obtain a
given natural frequency by using less area as compared with many other shapes e.g.
rectangular, equilateral etc. The shorting pin technique is also useful in patch design,
whether for size reduction or control of harmonic radiation. This method helps in
reducing the size of an antenna to around 75% of its original size which is useful in
various applications where size remains a key issue [10]. Another technique of size
reduction is to split an antenna patch into equal parts each having half of the full size.
One of the equal parts can be discarded while the same resonant frequency can be
retained. The split can be made along a plane of symmetry of the structure or along a
voltage or current null line of the resonant mode. This procedure has a penalty as it is
important to realise that there is always a trade-off between the size of the antenna and
both its bandwidth and efficiency. Other factors which can effect the antenna size are

the substrate permittivity and permeability [11].

Minimum return loss, maximum bandwidth, compact size and high efficiency are all
factors which are important considerations for an antenna design engineer. Other major
requirements in modern communications include multi frequency and broadband
communication modes. These can be achieved by using slot patches for radiating
elements. In applications such as Wi-Fi significant impedance bandwidth can be

achieved by using this technique, which has the attractive feature that it keeps the size
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of the antenna as compact as it can be and the overall layout remains simple which is
important for communication systems [12]. More enhancement in the input impedance
bandwidth can be made by using a truncated tip in a single probe feed triangular patch
antenna. In [12] the impedance bandwidth can be enhanced to 9% of the working Wi-Fi,
here the impedance can be enhanced to over 11% of the working Wi-Fi. This shows that
antenna design research has advanced considerably in recent times and much has been
done to improve the antenna design technology for modern communications [13][14].
One useful design is the corner- truncated short circuited antenna with triangular shape.
This type of antenna provides very good impedance matching and the size of the
antenna remains small as well. Another good point about such an antenna is that it can
cover dual frequency bands and it remains low in profile and light in weight [14][15].
Replacing dielectrics with air where possible also plays an important role, and can have
effects on the gain, directivity and the bandwidth of antenna. When there is an air gap,
an antenna may resonate at two different frequencies and this may also provide
improved bandwidth [16][17]. The right- angled isosceles design is another good option
for a patch radiator. In right- angled types of design, computations are made in order to
calculate harmonics of the antenna. Inputs of the antenna consist of two possible

configurations with computations involved to get best possible results [18][19].

In this chapter a triangular patch antenna has been proposed with a coplanar feed strip
and an integrated stubline. The design aims to obtain a good impedance match to 50 Q
at the fundamental frequency while suppressing radiation of the harmonics, which is

achieved by having a reflection coefficient near unity in a 50  system at the harmonic
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frequencies. The work is similar to [8], but the performance of the design has been

optimised.

7.2 Antenna Design Concept

The triangular patch antenna designed for this investigation is shown in the Figure 7.1.
Key design details are that the material used is FR4, thickness is 1.6mm, and relative
permittivity (€g) is 4.4. The dimensions of the printed antenna patch are 90 x 25 mm
and it lies above a complete copper ground plane of 135 x 65 mm on the reverse side.
To match impedance to 500, a through-board feed pin can be placed at any point within
the triangular patch. If the strip feed technique is used, it can be placed at any point on
the periphery of the patch, and it has more flexibility for incorporating additional
printed structures. To design the antenna, Ansoft’s High Frequency Simulation Software
(HFSS) has been used [9]. The design uses an additional stub line whose length,
optimised together with the position of the attachment point on the main patch, allows
good impedance match to be obtained at the resonant frequency while providing good
rejection at harmonics. This proposed antenna had a resonant frequency of 3.43 GHz
and impedance bandwidth of 380 MHz or 11% with stable gain and cross polarization
characteristics.  This makes the antenna useful in applications such as modern

communication systems where multi-frequency operating modes are required.
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Figure 7:1: Basic geometry of the proposed antenna.

7.3 Result and Discussions

Figure 7.2 shows the reflection co-efficient for the above designed antenna. It can be
seen from the results that antenna is designed for a fundamental frequency of 1.02GHz.
The corresponding second and third harmonics are at frequencies of 2.04 and 3.06 GHz

respectively. Impedance matching has been obtained very easily at 1.02GHz
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fundamental frequency by adjusting the location of the feeding strip. At the fundamental
frequency the harmonic suppression does not produce any noticeable harmful effects in
impedance matching. The results obtained as results of simulations have been carried

out all by using HFSS.
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Figure 7:2: Reflection Coefficient |S11| VS Frequency.

It can be noticed that the return loss at 1.02GHz is less around -26dB, which is well
within the requirements of the design; in addition the results satisfy the fundamental
requirements of such design in terms the significant harmonics levels for practical

realization.
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Table 7.1: Return Loss in dB vs Frequency in GHz for Fundamental and two

Harmonics Frequency.

Name Frequency (f) in GHz | Return loss in dB along
along X-Axis Y-AXis

Frequency Fundamental(fl) 1.02 - 26.31

Frequency 2nd( 2f1) 2.04 -1.75

Frequency 3ed( 3f1) 3.06 -2.53

Table 7.1 is the measured return loss values in dBs at the fundamental and the first two
harmonics. It can be seen from the table that at frequency of 1.02GHz which is the
fundamental frequency the return loss is measured as -26.31 dB. The return loss is less
than -20 dB over the stated bandwidth at the fundamental frequency which satisfies the
requirement specifications of the design. For all harmonics the return loss should be as
small as possible, and from the table above it can be seen that for the first two
harmonics of the design the return loss remains less than 3dBs. The design
characteristics of the above design triangular patch antenna meet the requirement
specifications for the antenna as outlined in the requirement specifications for the first
and second harmonics of the antenna. The antenna had a size reduction of 38% as

compared to triangular patch antenna without the tri-slot at the same target frequency.
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The circuit impedance has also been measured in order to check and normalise
according to the requirements. The simulation results of the impedance are shown in the

figures below consisting of both real and imaginary parts of the impedance.
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Figure 7:3: Circuit Impedance consisting of real and imaginary parts.

Table 7.2:Impedance measured in () VS Frequqncy measured in GHz for

Fundamental, first and second Harmonics.

Name Frequency (f) in GHz | Impedance Measured in ()
along X-Axis along Y-Axis

Frequency Fundamental( f1) 1.02 50.24

Frequency 2nd( 2f;) 2.04 10.23

Frequency 3rd( 3fy) 3.06 17.55
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The table above shows the comparison of impedance measured in ohm's versus the
frequency measured in GHz; in which at the fundamental frequency of 1.02GHz, the
impedance value measured is given as 50.24Q. This impedance value is quite
satisfactory at the fundamental harmonic. The impedance value at 2™ harmonic are
given as 10.23 Q, which are not very much closer to the one obtained at fundamental
harmonic. The values of impedance at 3" are given as 17.55 Q. The impedances
matching for the harmonics of the antenna design show almost perfect matching
however fairly small resistive impedance at harmonic frequencies has also been
observed. From the simulation results achieved it can be seen that both imaginary and
real part of the impedance at the fundamental frequency meet the requirement

specifications laid down, both values are well below 1.
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Xzplane3.06 GHz Xzplaned.06 GHz

Figure 7:4: Measured and simulated radiation patterns for 1.02 GHz, 2.04 GHz

and 3.06 GHz over: (top) z-x plane; (bottom) z-y plane; (‘x x X> measured E,, (¢- - -

-’simulated Ey, ‘0 0 0’ measured Ey, ¢ > simulated Ey).
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Figure 7.4 shows the radiation pattern for all harmonics of the antenna designed above.
The radiation patterns have been measured inside the anechoic chamber at Bradford
University. Radiation pattern is categorised with main beam with 3dB beam width with
side lobes at different harmonics. Radiation patterns are shown in YZ plane as well as in
XZ plane for all harmonics. XZ is the horizontal plane whereas YZ is the vertical plane
to show the radiation pattern. Radiation pattern of antenna at fundamental frequency
(1.02GHz) shows that antenna has an omnidirectional pattern in the YZ plane.
Comparing results of antenna at fundamental frequency and at all harmonics, it shows
that radiation pattern fulfils the requirements of the design at almost all frequencies.
Harmonic rejection antenna has the differences in the radiation pattern at 1.02 GHz and
all harmonics of about 2dBi in YZ plane and about 4dBi in XZ plane. These are quite
satisfying values of the radiation pattern comparing with many different design with
various different shapes of the antenna. At the given dimensions of the antenna this
design radiation pattern shows almost the ideal values which are quite satisfying for this
design. The dimensions of the antenna are quite small compared with the wavelength at
the fundamental and first two harmonic frequencies. From the comparison of radiation
patterns of all harmonics with each other it can be said that the radiation pattern of the
antenna at 1.02 GHz is better than at all harmonics. Results achieved in both planes YZ

as well as XZ plane are almost perfect for such a type of triangular patch antenna.
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7.4 Conclusion

In this design, an edge-fed technique has been proposed and investigated for designing a
triangular patch for operation at 1.02 GHz with suppression characteristics over
harmonic frequency bands. The reflection coefficient was about -1.75 dB at the second
harmonic and -2.53 dB at the third harmonic. According to the results obtained, this
antenna with its simple harmonic suppression structures is quite effective. Therefore,
the proposed antenna can be suitable for active integrated antennas where generation of
harmonics in the active device can be substantial. Antenna design parameters were
almost perfect with satisfactory impedances at the fundamental frequency and dominant
harmonics, and measured results were in good agreement with simulation. An
acceptable omnidirectional pattern was obtained at the fundamental frequency. It is
suggested that by employing the array technique the gain, directivity and selectivity can
be enhanced and design can be made even better as well. It can be concluded that the
antenna design was successful and fulfilled all the design requirements and

specifications in terms of return loss, impedance matching and radiation pattern.
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CHAPTER EIGHT

8 Conclusions and Future Work

8.1 Conclusions

This work has been based on the design of band - rejected antennas using adaptive
meshing and genetic algorithms (GA). The new type of antennas designed and proposed
in this work can be used in any wireless communications devices such as mobile
handsets and communication terminals in order to increase the systems performance
with reduced noise levels and interefernce between electromagnetic components by
reducing the harmonic radiations at the secong and third frequencies and will also serve
as a bandpass filter.The main target frequency was 1.8 GHz, combined with rejection of
its second harmonic (3.6 GHz) and the third harmonic (5.4 GHz). To meet the given
design frequencies modelling have been done by adaptive meshing whereas the optimal
parameters for the design have been determined by using the genetic algorithms (GA).
GA has proved an excellent optimisation tool in antenna design technology in recent
years. With the requirements of compact size and harmonic rejection, GA is the one of
the fundamental tools which can be exploited. The good thing about GA is that it can
evolve a generic optimum point by applying the pressure on the given group with

multiple outcomes and by managing the results. The square patch antenna fed by 50 Q
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inset microstrip-line for 1.8 GHz operation showed good suppression at the first two
harmonic frequencies. The sensing patch measurement technique for the microstrip
patch antenna has been shown to achieve good accuracy for the second and third
harmonic measurements. Several examples were demonstrated, all including design of
coaxially-fed, air-dielectric patch antennas implanted with shorting and folded walls.
The measurement results for the radiation pattern showed good agreement with the
predictions. The presented results showed a good impedance matching at the
fundamental frequency with good suppression achieved at the first two harmonic
frequencies. A computational technique using adaptive surface meshing driven by GA
was adopted for optimizing the antenna design parameters and theresults produced
allowed us to conclude that the GA method can provide outstanding optimization
parametrs in order to provide high-speed, accurate and reliable solutions for the

proposed antenna design structures.

Chapter 1 introduced the aims and objectives of this research, and reviewed the adaptive

meshing and GA methods and their usefulness in antenna design.

Chapter 2 is about background study. It reviews the similar work already been done in
the field of antenna design. Significant amount of work has been review and studied and
has been included in the review. Main study has been done in key areas including
harmonic suppression, harmonic control, adaptive meshing, genetic algorithms and

triangular patch antenna for mobile and wireless communications.
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Chapter 3 described the major design study and presented a square microstrip antenna
design for a fundamental frequency of 1.8 GHz with harmonic control. Simulated
results of square microstrip antenna fed by 50Q inset microstrip line at given
specifications have presented. As the design is based on the fundamental frequency, the
aim of this design is to check the reception of harmonic as well as observe any sort of

specious radiations.

Chapter 4 treated the harmonic radiation measurement for active patch antenna using
sensor patches. This method is applicable to active integrated antenna designs and
solves the problem of measuring the total harmonic radiation from the active antenna
where it is difficult both to measure the power incident on the radiating structure at
harmonic frequencies and to integrate the total radiated flux density over all angles. This
design work is extension of the design in chapter 3 as it explores a method of evaluating
the radiation of wanted power at the fundamental frequency as well as unwanted power
at second and third harmonics. A parametric study of the sensor patch design was
conducted using S-parameters between the input feed line of the antenna and the

sensor’s output, measured by using HP8510C network analyser from 2GHz to 8GHz.

In chapter 5 further detailed discussion of the genetic algorithm (GA) and adaptive
meshing has been provided. The chapter explored how GA can be used in conjunction
with an electromagnetic simulator, making GA an efficient tool for search, optimisation
and machine learning. In addition to its use for design of air and dielectric filled patch

antennas, the chapter also demonstrated GA’s use for wideband antenna designs based
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on the fundamental requirements of near field imaging tools such as are needed for
microwave detection of breast cancer, and for the design enhancement of MIMO
applications.

In chapter 6 a micro strip patch antenna, designed for harmonic suppression with the aid
of a genetic algorithm, has been explored. Return loss and input impedance of a
conventional patch antenna as well as the input impedance of a harmonic suppression
antenna with fully shorted walls were measured, simulated and compared. Also, the
same parameters were measured and simulated for partially shorted wall antennas, and

microstrip patch antennas with a folded patch were also explored.

Chapter 7 explored a harmonic rejection antenna based on the triangular patch. A novel
design including an integrated stub line was described. This has good match at the
fundamental frequency with a reduced resonant size, as well as low transmission of
second and third harmonics. This chapter introduces new ideas for design of compact,
low cost, efficient antennas with good harmonic rejection. The measured and simulated
results were very good and design seemed quite successful useful. Overall it can be
concluded that this research has contributed significantly to bring new ideas in antenna

design technology for wireless communication systems.

8.2 Future Work

The research has brought significant areas for further study. Major considerations for

future work can be summarised as below:
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Design of active patch antenna can be extended for wider frequency operation.
In an active transmitting antenna, the trade-off between rejection of harmonic
radiation and optimisation of harmonic frequency inpedances for amplifier
efficiency can be explored in more detail. It has been found that nonlinearity due
to using active devices in an integrated antenna is an attractive subject of
research.

The other new subject that can be tackled is the performance of these devices
near high scattering electromagnetic fields environment.

The GA optimisation can be applied to the design of planar monopole antennas,
which exhibit both ultra-wide-band (UWB) operation and a narrow-band
frequency notch. It would also be worth looking at implementing notch filters
for other microstrip antenna designs.

The work can be extended for MIMO applications where the design could
consider using new innovations beyond EBG, such as Met materials, for design
of MIMO antennas for wireless communications. Such new techniques can be
investigated in order to minimise the size of the antenna as well as reducing the
natural frequency by artificially creating the antenna filling and support
materials. The idea of negative refractive index can be an innovative and useful
tool in antenna design technology for future systems.

In order to enhance system performance adaptive techniques can be
implemented between different MIMO schemes which can be based on the

statistics of the channel to enhance the overall performance of the system. For
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systems employing multiple users, adaptive MIMO algorithms can be

implemented for multiple transmissions.
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Harmonic-suppression Using Adaptive Surface Meshing and
Genetic Algorithms
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C. H. Seel, I. T. E. Elfergani!, and P. S. Excell?

'Mobile and Satellite Communications Research Centre, University of Bradford, Bradford, UK
2Centre for Applied Internet Research, Glyndwr University, Wrexham, UK

Abstract— A novel design strategy for microstrip harmonic-suppression antennas is presented.
The computational method is based on an integral equation solver using adaptive surtace meshing
driven by a genetic algorithm. Two examples are illustrated, all involving design of coaxially-fed
air-dielectric patch antennas implanted with shorting and folded walls. The characteristics of
the antennas in terms of the impedance responses and far field radiation patterns are discussed
theoretically and experimentally. The performances of all of the GA-optimised antennas were
shown to be excellent and the presented examples show the capability of the proposed method
in antenna design using GA.

1. REVIEW AND SUMMARY OF THE METHOD

Harmonic suppression antennas (HSAs) are used to suppress power radiation at harmonic frequen-
cies from active integrated antennas. An antenna that presents a good impedance match at the
fundamental design frequency (f,) and maximised reflection at harmonic frequencies is said to be
a harmonic suppression antenna. In addition, the input impedance of any HSA design has to have
minimised resistance at the harmonic frequencies and hence will be largely reactive [1,2]. Several
techniques have been proposed to control such harmonics, such as shorting pins, slots or photonic
bandgap structures [3,4]. In [5], the modified rectangular patch antenna with a series of shorting
pins added to the patch centre line was applied to shape the radiated second harmonic from the
active amplifying-type antenna, in order to increase the transmitter efficiency. Unfortunately, the
proposed design does not provide the termination for the third harmonic. A circular sector patch
antenna with 120° cut out was investigated and proved to provide additional harmonic termina-
tion for the third harmonic, also claiming a further enhancement in the transmitter efficiency [2].
Further, an H-shaped patch antenna was designed and applied in oscillator-type active integrated
antennas for the purpose of eliminating the unwanted harmonic radiation [6, 7]. The present work
presents a clear motivation to develop a coherent design strategy for microstrip HSA in active inte-
grated applications. The technical work, adopts a computational technique using adaptive surface
meshing driven by a genetic algorithm.

The benefit of applying GA methods is that they provide fast, accurate and reliable solutions
for antenna structures. A genetic algorithm driver [8-10], written in Fortran, was adopted in this
work in conjunction with the authors’ Fortran source code [11], which was used to evaluate the
randomly-generated antenna samples. Several antenna designs, derived using GA in previous work
by the authors [12-14], have shown that the GA method to be an efficient optimiser tool that can
be used to search and find rapid solutions for complex antenna design geometries.

An adaptive meshing program was also written in Fortran by the present authors and added
as a subroutine to the GA driver, with the primary objective of simulating air-dielectric planar
microstrip patch antenna designs: this used a surface patch model in cooperation with a GA.
In addition to microstrip patch designs, the program can support the design of any 3D antenna
geometry structure, including moderate amounts of dielectric materials. The present work is an
extended version of preliminary work reported in [15]. The design of coaxially-fed air-dielectric
microstrip harmonic-rejecting patch antennas for 2.4 GHz was investigated, enforcing suppression of
the first two harmonic frequencies, using a genetic algorithm. The designs included patch antennas
with shorted and folded walls.

2. SIMULATION AND RESULTS

Simple coaxially-fed air-dielectric patch antennas with shorted and folded walls, mounted on an
infinite ground plane and operating at 2.4 GHz, were selected for this study as a simple exemplar
to demonstrate acceptable harmonic rejection [5].
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The proposed outline antenna designs are shown in Fig. 1. The full width shorted patch is
subdivided into four trilaterals and two quadrilaterals, including the conducting shorted wall, as
illustrated in Figs. 3(a) and 3(b). This design required six parameters to be defined. The second
design example is similar to the first, but uses a modified folded wall, as shown in Figs. 3(c) and
3(d), in which the total surface area was subdivided into four trilaterals and three quadrilaterals.
The fold in the wall means that it is no longer electrically connected to the ground plane, although
the folded portion will provide strong capacitive coupling. In this model eight GA parameters were
considered.

Table 1 presents the GA input parameters in which the possible range of values is shown for two
examples considered. For this optimisation process, real-valued GA chromosomes were used. It
should also be noted that the fundamental, first and second harmonic frequencies were considered
within the GA cost function.

For validation, prototypes of the GA-optimised harmonic-suppression antennas (HSAs) of the
two models were designed and tested. Copper sheet with thickness of 0.5 mm was used for the patch
antenna, shorted/folded wall and the ground plane. The ground plane size was set to 140 mm x
140 mm, this relatively large size being chosen in order to attenuate the effect of the edges of
the finite ground plane. The return losses were validated and measured results compared with
calculations are shown in Fig. 2. As can be seen, the results for rejection levels of 2nd and 3rd

harmonics were quite encouraging and no other resonances or ripples were found over the harmonic
frequency bands.
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Figure 1: (a), (b) The proposed antenna models for full-width shorted wall: and (c), (d) folded wall. (a),
(¢): Top view; (b), (d): 3D view of surface patch meshing.

s

Measurement |
=== Simulation

IS,,lindB
IS,/ indB

4 5 [ 7
Frequency in GHz

4 5 8 7
Frequency in GHz

(a) (b)

Figure 2: Performance of the measured and calculated return losses of the GA-optimised HSAs; (a) full-width
shorted wall; and (b) folded wall.
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Table 1: Summary of GA input parameters, antenna variables and best solutions for the proposed designs,
including shorted and folded walls.

GA parameters AFMOIE Suppression Fully shorted | Folded wall
antenna parameters
Parameters (m) Optimal (m) Optimal (m)
Antenna length (L) (0.03-0.06) 0.03950 0.04540
No. of population size = 4 Antenna width (1) (0.02-0.06) 0.03305 0.03006
No. of parameters:
6 (ngure 1{al)), Shorting or folded wall position (d) 0.00072 0.00748
7 (Figure 1(a2)), (0.002-0.03)
8 (Figure 1 (a3))

Probability of mutation = 0.02 Antenna height (k) (0.003-0.01) 0.0079 0.00989
Maximum generation = 500 Feeding point at z-axis (X1) 0.00723 0.00571
(0.004-0.02)

Feeding point at y-axis (Y,
No. of possibilities = 32768 ceding point at y-axis () 0.01752 0.01302
(0.004-0.02)
Variable shorting wall width (W)
(0.001-0.03)
Extend folded wall length (Ly) ) 0.01397
(0.005-0.015)
Extend folded wall height (h
xtend folded wal flg (hy) i 0.00159
(0.001-0.0035)

Table 2: Simulated and measured gain values at the fundamental frequency for the two antennas shown in

Fig. 1.

Type of antenna Full shorted wall Folded wall
Antenna gain (dBi) | Measured | Simulated | Measured | Simulated
Frequency (GHz) fo =247 fo=245
H.P! —8.35 —24.74 —13.45 —23.71
z-z plane T — —
V.P. 4.14 4.06 5.01 5.03
H.P. 171 2.29 3.11 3.98
y-z plane
V.P. 0.54 0.16 2.04 2.50

The input impedances of the prototype antennas were also measured over a wide frequency band
as shown in Fig. 3. The measured input impedance of these antennas at the fundamental operating
frequency and its first two harmonics shows that almost perfect matching to 50 {2 was attained at
the fundamental frequency. while fairly small resistive impedances at harmonic frequencies were
observed.

The simulated and measured radiation patterns in the z-z plane for the prototype antenna shown
in Fig. 1 is presented in Fig. 4 the fundamental, second and third harmonic frequencies. The results
are in good agreement and confirm viable levels of suppression of 2nd and 3rd harmonic levels. The
fields for the second antenna design is quite similar thus are not shown here. These levels may
be summarised as follows: for the fully-shorted wall design the maximum 2nd and 3rd harmonic
radiation amplitudes were lower than 13dB and 18dB (respectively) below the fundamental for the
z-z plane and 10dB and 9 dB below for the z-y plane.

The simulated and measured gain values at the fundamental frequency for the two antennas
shown in Fig. 1 are presented in Table 2. The simulated and measured co-polar gain values show
reasonable agreement, although the differences in the cross-polar gain values are more significant.
The cross-polar results are inherently weaker and hence more susceptible to minor deviations in
the practical test implementation.

It was found that the full-width shorted-wall prototype antenna was resonant at 2.47 GHz and
presents quite a wide bandwidth of around 500 MHz. The reflection coefficient level at the first and
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4

second harmonic frequencies was found to be 1.71 dB and 2.45dB, respectively. These results are
quite acceptable, as compared with HSAs published in the open literature [15]. Tt is notable that
the measured resonant frequency of the prototype antenna shows good agreement with the pre-
diction. The third prototype exhibited approximately 380 MHz bandwidth, centred at a 2.45 GHz
resonance frequency. The rejection levels of the 2nd and 3rd harmonics were about 1.5dB and
1.9dB respectively.
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Figure 3: The overall measured input impedance of the patch antennas; (a), (b) full-width shorted wall; and
(c), (d) folded wall. (b), (d) show detail expanded from (a), (c).

0

Jo=247 GHz fi=4.94 GHz f=7.41GHz
Figure 4: Measured and simulated radiation patterns of the proposed GA-optimised HSA with full-width

shorted wall for 2.47 GHz, 4.94 GHz and 7.41 GHz over: z-z plane; (*—' measured Ey, ‘ooo’ simulated Ej, *-
- -" measured Ey, xoa’ simulated Ey).
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3. CONCLUSIONS

A novel technique for the design and optimisation of harmonic-suppression patch antennas, applying
adaptive surface patch models and genetic algorithms, has been presented. Hardware realisations
of three coaxially-fed air-dielectric microstrip patch antennas were used to evaluate and validate the
design theory. Comparison of return loss and far field radiation pattern measurements showed good
agreement with the predictions. The examples presented confirmed the capability of the proposed
method for antenna design using GA and adaptive surface meshing, showing reasonable stability
and accuracy in the results.
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Absztract. Two novel reduced-size, printed spiral antennas are proposed for u
2 In personal commmmcations mobile termunals exploting the “big low earth
orbit’" (Big-LEOQ) satellite system (uplink 1.61-1.63 GHz; dowmhok 24325 G
Hz). The two proposed anfterma give 3.12—6.23% bandwidth at lower resonant

mode of 1600MHz, while at the higher resonant mode of 2450MHz a bandwa

dth of around &% 1z obtained. The experimental and simulated retumn lozses of

the proposed antennas show good agreement. The computed and measured gal

ns, and axial ratios are presented, showing that the performance of the propose
d two antennas meets typical specifications for the mtended applications.

Keywords: printed spiral antennas, bandwidth return losses, axial ratios

1 Introduction

Parsomal satellite commmnications systems provide global coverage, especially where there are
no nearby temestrial base stations [1,2]. The majority of systems cumently in operation nse the
‘big low earth orbit’ (Big-LEOQ) satellite system such as “Globalstar’, which was chosen as a
system for detailed study [1]. Handsets of this system require broad-besm radiation patterns
with low-cross-polarization, circnlarhy-polanzed antennas to get accepiable link margins. These
terminzls use an uplink band at 1.61-1.5214GHz (L-band) and downlink band ar 2.4835-
2.5GHz (ISM/5-band).

Satellite mobile compmnications systems have been available for some years. The systems
have experienced some commercial problems, particularly due to the unmexpectedly rapid
mrowth of termestrial systems, but they still bave a place in the overall range of wireless
COmMmuUnication systems.

The szize and appearance of the satwellite handset quadrifilar helix antennas and their
radomes presents a problem of image and convenience for a public used to the low-profile
antennas of temestoial systems [3-6], whilst the design must achieve specific antenna
requiremsnts appropriate for satellite commmnic ations.

Feducing the size of the antenna is not easy, since it requires us to have more directive
gain than the lowest order (dipole) mode. This canses difficultes if its size is required to be less
than about a half wavelength at the operating fequency, due to what is effectively a “law of
physics” for small antennss, the so-called Whealer limit [7]. Some success in reducing the size
of antennas has been achieved by coiling the wire elements, first into helices and later into
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spirals [8-13]. Understanding of traditional circular spirals is well advanced, but square desipns
are likely to fit more conveniently into practical produwcts [8, 9].

5piral antennas are particularly known for their ability to produce very wide band, almost
perfectly circularly-polarized radiation over their full coverage region. As a result of this
polarization characteristic and the sbility to produce a broad zenith-directed pattern, spiral
anfenmas are popular for nse in satellite mobile commonication handsats.

In this paper, the achievesble size of the Quadnfilar Square Spiral Antenna (Q5S5A)
dizcassed in [8- 10] was significantly reduced by a new design of Dual-Arm Square Spiral
Antenna (DASSA) on a thin dielectmic subsirate. This made the new antenna of a size that
would be easily mountable on the top of a3 handheld terminal for use with a low-earth-orbit
(LEQ) persomzl satellite commmmnications network. The present program of work has thus
initiated 3 smdy of a square version of the dual spiral antenna (DASSA) that should satisfy the
following design requirements: (i) hemispherical radiation pattern with elevation coverage from
the zenith to 3 Domina]l minimum elevation angle (fypically 10%and 20°); (i)circular
polarization with an axizsl ratio better than 5dB within the coverage angle; (ii)operatiomal
bandwidth to be covered with one anfenna operating by itself either with a single wide
bandwidth or, with the assistance of a3 simple matching circuit, over the two sub-bands of
interest; (Iv) the size to be minimized by implementing the DASSA over dielectric substrates of
high relative permuittivity.

The mew compact antenna designm for handheld satellite mobile commumication is
inwestigated and discussed at L band (1.51-1.6214GHz), ISM S5-band (2.4835-2.5GHZ) and
dual L-5 bands. Two different antenna fypes are presented using two-arm spirals connscted at
the centre by a small rectangular patch and fed via a smipline from each end. Various siripline
widths are smdied The inputs refurn less and field paterns show quite reasonable results that
satisfy the requirements of the communication strategy. The results in terms of the antenns size
and radiztion performance are addressed and compared to previous published data.

2 Antenna Design Concept and Geometry

The DASSA is an elecically small amtenna providing circolar polarzation over a broad
angular region. The antenna consists of two spirals equally spaced circomfarentizlly (placed at
180" to each other) and fed by equal ampliude signals with 180°-phase difference between
feading sources. The DASSA can also be described as two orthogonsl bifilar helix antennss fed
in phase quadrature, (where a bifilar is a two-element helix antenna) The two spirals are fad at
their ends, 50 that the feed lines in this case do not cause significant problems fom the point of
view of mumal coupling effects.

The desirable size for the DASSA will be that of the top of a typical personal handset;
however, the mitial desizn was made somewhast larger in order fo prove the concept [8]: the
work presented here uses a solid dieleciric beneath the spirals to reduce the antenna size Al
antennss were mounted on @ thin dielectric substrate of £,= 2.55, tan & = 00018 and thickness
of 1.524 mm_ Fig.]1 shows the geometry of the two proposed sntennas for dual-band (L and
ISM/5-band) operation As can be seen, the two anienna sizes and the sriplines width nsed for
L and ISM'S bands are (16 = 12 mm® and 0.25mm) and {12.5 = 2.4mm’ and 0.75mm)
respectvely. These two desipns will give a variety of choices for antenna desizmer to further
inwvestigate the required antenna performance. Moreover, from the anfenma sizes presented, the
anfennas can easily be mounted on top of a small area of the handset
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12 i 2.4 mm

port 2

Fig. 1. The geomeay of proposed dusl-band printed antenmas. (Lefi: Antl with stripline width
0.25 mm, Right: Ant? with stripline width §.75 mm )

3 Results and Discussion

The simmlated results of all antenna peometries shown in Fiz. 1 were carmied out using Agilent
Agdvance Design System (ADS) — Momentum 2.50 EM solver [14]. To validate the sinmlated
results, the practical prototypes of the amtenmas were constacted. Fig.2 and 3 illustates the
computed and experimental results of the two antennas. Two adjacent resonant frequencies in
the rangs of return loss = 10 dB are observed, 1e., 1.6] and 24385 MHz. “Antl’ shows the
measured impedance bandwidth of §.25% at 1.6 GHz and 6% at 2475 GHz whereas the “Ant2’
exhibits narmower bandwidth of 3.15% at 1.6 GHz and % at 2.525 GHz These resulis conSm
that the antennas completely satisfy the desired L frequency band (1.61-1.624 GHz) and ISM'S
band (2.4835-2.5GHz) band respactively.

Fig.4 and 5 depicts the axial ratio of the proposed antennas for y-z plane {p = 90%). As can
e noticed, an axial ratio of less than 3dB over =45"elevation angle for “Antl” whereas it is less
than 4 dB over =40%levation angle for “Ant?’. The messured gains for two proposed antenna
are showm in Fig.§. The measured gains for both antemnas varied between 1.25 and 2 25 dBi
over the entire L band; and between 1.4 and 2.75 dBi over the ISM/'S band. These results are

quite promising snd encouraging for practical deployment.
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Fig. 2. Retum loss of the proposed antenna (Antl),
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Fig. 4. Measured axial ratios for two operating frequencies versus elevation angle at @ = 90° for
antenna (Antl)
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Fig. 6. Measured broadsight gains of the propoesed dual-band sneennas. {(where xooe is for Antl
and oo is for Ant2).

4 Conclusion

A pew technique was discussed that reduced the antenna size for satellite-mobile handsets.
Different stmipline widths were ingoduced to achisve the frequency response and radiation
performance required for Big LEO satellite mobile communicatons. Two different antenna
geometries have been presented. The new designs were found to be very compact compared
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with four-square spirals on the same dieleciric substrate described in previous smdies. The
larger anfenna achieves a §%% impedance bandwidth in both bands, whilst the more compact
design is limited to 3.15% in the lower band The results i terms of the return loss are
extremely promising and the field radiations are acceptable for both bands of interest, almost
covering a =457 range of elevation angles.

References

(]

[FY]

Ln

10.

11.

13.

14.

Dietrich, F.J., Metzen, P. & Monte, P., ‘The globalstar cellular satellite system’, IEEE
Trans. Antennss and Propagation, Vol 446. Mo, §, pp. 935-942 (1998)

Evans, JW., “Satellite systems for personal commumications’, IEEE Antennss and
Propazation Magazine Vol 39, No_ 3, pp.7-20 (1997)

5M. Daddish R A Abd-Alhamesd, and P.5. Excell: ‘Wew Designs for Dual Band
Antennas for Satellite-Mobile Communmications Handsets’, Applied Computational
Electromagnetics Society Journal, Vel. 15, No_ 3, pp. 248-258 (2000)

Amius, A A Leach, SM., Suvannapattana, P. & Saunders, AR, “Effects of the human
head on the radiation pattern performsmce of the guadrifilar helix antenna’, IEEE Int
Symp. On Antennas and Propagation, 1999, Vel. 2, pp. 1114-1117 {198)
Suvammapattana P, Agins, A A & Saunders, 5B, ‘Methods for minimiring quadrifilar
helix antenna imtersctions with the huoman head’, IEE Seminar on Electromsgmetic
Aszsassment and Antenna Desizn Felating to Health Implications of Mobile Phones, IEE
Pub. Mo. 1989/043, pp. 11/1-11/4 {199%8)

Ermutlu, M E._, “Modified quadrifilar helix antennas for mobile satellite comominication’,
IEEE Conf on Antennss snd Propagation for Wireless Comrunications, pp. 141-144
{1998y

HA. Wheeler: ‘Fundamental Limitations of Small Antennas’, Proc. IRE, Vol 35, pp.
1470-1484 (1947)

E Ehalil, F2A Abd-Alhamesd and P.5. Excell "Dual-band quadrifilar square spiral
antenna for satellite-mobile handsers” IEE International Conference on Antennas and
Propagation, Exeter, Vol. 1, pp. 186-180 (2003)

D.Zhoun, B A Abd-Alhamesd CH. See, P.5 Excell, ¥.F Hu and etc, “Cadrifilar Helical
Antenna Design for Satellite-Mobile Handsets Using Genetic Algorithms”, Microwave
and Opiical Technology Letters, Vol.51, Mo 11, pp. 2668-2671 ( 2008)

F_ A Abd-Alhameed, D Thou, C.H.5ee and P.5 Excell, “Design of Dual-Band Quadrifilar
Spiral Antennas For 5atellite-Mobile Handsets", Microwave amd Opiical Technology
Letrars, Vol 52, pp 987850 (2010)

E. Alazhari FLA Abd-Alhameed, P.5. Excell and E. Ehalil ‘New designs for single and
dual band guadnfilar spiral snmtenmas (J5A) for satellite-mobile handsets’, IEE
International Conference in Antennas and Propagation, Manchester, Vol. 2, pp. 750-753
(2001)

H. Naksno, 5. Okuzawa, E. Ohishi, H. Mimski and J. Yamanchi, 4 Curl Antenna’, IEEE
Transactions on Antennas and Propagation, Vol. 41, Ne.11, pp. 1570-1575 (1993)

I 5 Colbum and Y. Fahmat-Samii, *Cmadrhfilar-Curl Antenna for the Big-LEQ Mobila
Satellite Service System’, IEEE Antennas and Propagation Seciety International
Symposium Digest, Viol. 2, pp. 1088-1091 (19946)

Momentum- 25D EM  Siommlator, Agilent Advance Desipn Systems, available:
hitp:(awrw home agilent com/agilent’

162



Harmonic Rejection Triangle Patch Antenna
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Abstract— A triangular patch harmonic-rejecting antenna at 0.7 GHz is proposed. Simulated
results obtained using HFSS software show that a triangular antenna with shorting pin feed, and
of compact size, exhibits high reflection coefficients at the second and third harmonics (—-0.12dB
at 1.4GHz and —0.1648 at 2.1 GHz) respectively.

1. INTRODUCTION

Patch antennas, based on printed circuit technology, are flat radiating structures on top of ground-
plane-backed substrates, and have the advantages of being compact antennas with low manufactur-
ing cost and high reliabilitv. However, there are difficulties in practice in achieving hirh bandwidth
and efficiency. Nevertheless, improvements in the properties of suitable dielectric materials and in
design techniques have led to an enormous growth in popularity of microstrip patch antennas, and
there are now a large number of commercial applications. Many shapes of patches are possible,
with varying applications, but the most popular are rectangular, circular or thin strips [1].

Patch antennas are typically light in weight, low in cost, and widely used in communications.
On the downside, they suffer from excess harmonic radiation. Fortunately, many methods have
been developed for suppression of these harmonics., One effective approach to suppress harmonics
in microstrip patch antennas (MPA) is to use electromagnetic band gap structures (EBG) [2-5].

In Ref. [1], periodic slots are etched in the ground plane of a MPA, which behave as EBG
structures. Higher order harmonics fall in the stop band of the EBG and are suppressed. Another
approach is to use defected ground structures (DGS) on microstrip feed lines. Up to third order
harmonic rejection was reported combining DGS and EBG structure [4]. However, a problem for the
EBG structure is backside radiation due to the etched slots just beneath the radiating patch [2-4].
The radiation pattern differs significantly from that of a single MPA. Recently, another approach is
reported which used a 1-D Photonic Band Gap (1-ID PBG) structure with a DGS on the feed line
for impedance matching and harmonic rejection [5). Up to second harmonic rejection was reported.

Additionally, a method involving a low-pass filter composed of a circular head dumbhell shaped
DGS structure and a circular head shunt open microstrip stub on the feed line was ahle to suppress
up to the fourth harmonic effectively [6]. Finally, second and third harmonics have been eliminated
with a microstrip patch antenna with a proximity coupled feeding line by adjusting the length of
feed line and introducing one resonant cell [7].

A triangular patch antenna with shorting pin used for suppressing the harmonics is proposed
in this paper. This work is very similar to [8], but its performance has been optimized to serve its
application.

2. ANTENNA DESIGN CONCEPT

The geometry of the proposed antenna is shown in Fig. 1. This triangular patch is designed on a
FR4 substrate of thickness 1.6 mm and relative permittivity of 4.4, mounted over the ground plane.
The sizes of the printed antenna patch and the ground plane are 00 x 25 mm? and 135 % 65 mm?
respectively. The co-axial or probe feed technigque is adopted on this antenna so that the feed point
can be placed at any place in the patch to match its 50 ohm input impedance.

3. RESULT AND DISCUSSIONS

Figure 2 shows the simulated reflection coefficient of the proposed antenna. As can be seen, the
antenna is designed to operate at 700 MHz and its corresponding second and third harmonics, at
1.4 GHz and 2.1 GHz, were eliminated. By adjusting the location of shorting pin good impedance
matching can be easily obtained at the fundamental frequency. As can be seen, the suppression of
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the harmonics does not produce any harmful effects on the impedance matching at the fundamental
frequency. The simulations were carried out using the HFSS simulator [9].

To overcome the spurious radiation problem, it is necessary to control the mput impedance of
the antenna and create a reactive termination at harmonic frequencies. The input impedance of
the proposed antenna was investizated over a wide frequency band as shown in Fig. 3. The input
impedance of this antenna at the fundamental operating frequency and its first two harmonics
shows that almost perfect matching to 50 ohm was attained at the fundamental frequency, while
fairly small resistive impedances at harmonic frequencies were observed.

Figures 4 and 5 show the corresponding harmonic current distributions on the patch. The posi-
tion of the shorting pin is optimally set adjacent to a point of maximum voltage, which corresponds
to a point of minimum current distribution on the patch.

14%min

Figure 1: Basic geometry of the proposed antenna.
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Figure 2: Reflection coefficient of the antenna, and Figure 3: The input impedance of the proposed
its harmonics. patch antenna.
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Figure 4: Current distribution on the antenna at the second harmonic frequency.
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xz plane 700 MHz

vz plane T MHz vz plane 1400 MHz vz plane 2104 MHz

Figure 6: Radiation patterns of antenna desipn at fundamental, second and third harmonic frequencies.
‘ooo’: Simulated co-polar, ****": Simulated cross-polar.

The radiation patterns in the zz and ¥z planes for the antenna shown in Fig. 1 18 presented
in Fig. 6, at the fundamental, second and third harmonic frequencies. The results confirm viable
levels of suppression of harmonics. In other words, these results show that the radiation patterns
at the harmonic frequency are acceptably suppressed.

4. CONCLUSION

In this paper, a shorting pin technique for designing a triangular patch with suppression character-
istics over harmonic frequency bands has been proposed and investigated. The reflection coefficient
was ahout —0.12dB at the second harmonic and —0.16 dB at the third harmonic. According to the
results obtained, this antenna with its simple harmonic suppression structures is guite effective.
Therefore, the proposed antenna can be suitable for active integrated antenna.
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Abstract: & novel design strategy for microstrip harmonic-suppression antennas is presented. The computational method is based
on an integml equation solver using adaptive surface meshing driven by a genetic algorithm (GA). Three examples are il lustrated,
all mvolving design of coaxially-fed ar-dielectne patch antennas incorporating shorting and folded walls. The charactenstics of
the antennas in terms of the impedance responses and far-field radiation pattems ane discussed theoretically and expermentally.
The pedformances of all of the GA-optimised antermas wene shown to be excellent and the examples presented show the

capability of the proposed method in antenna design using GA.

1 Introduction

Active tmnsmitting antenmas oflen suffer fom sigmficant
non-lingarity; the driving tmnsistor drain (or collector)
produces time-hamonic cumrents which feed directly into
the radiator, resulting n unwanted radiated power [1]. In
active antenna design these unwanted harmonic cumrents can
be attenuated (or substantially eliminated) wsing the radiator
itself, in which case the active circuit doss not require
any  additional  complexity  for  haomonic  tuning,  thus
contributing to the desired compactness of the desigm.
Harmomic-suppression  antennas  (HSAS) are used to
suppress power radiation at harmonic frequencies from
active mtegrated antennas. An anterma that presents a good
impedance match at the findamental design frequency ( f)
and maximised reflection at harmonic frequencies is said o
be a HSA. In addition, the input impedance of any HSA
design has to have minmised resistance at the hammonic
frequencies and hence will be lamgely reactive [2] Several
techniques have been proposed to control such harmonics,
such as shorting pins, slots or photonic bandgap structunes
[3. 4]. In [5], a modified rectangular patch antenna with a
series of shotting pins added to the patch centre line was
applied to shape the radiated secomd harmonic fom the
active amplifying-type antenna, in order to increase the
transmitter efficiency. Unfortunately, the proposed design
does not provide suppression for the third hamonic. A
circular sector patch antenna with 1207 cut oot was
investigated and proved to provide additional hamonic
suppression for the third harmeonic, also claming a further
enhancement in the tmnsmitter efficiency [2]. Further, an
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H-shaped patch anterma was designed and applied in
oscillator-type active integrated antennas for the purpose of
eliminating the unwanted harmonic radiation [6, 7).
Generally, most of the published designs for modified patch
HS5A have been hased on a specific reference anterma,
sugeesting  that the proposed techmigues for  mjecting
harmomnic radision have specific constraints imposed onto
them. For example, in [B] a microstrip-ling fed slot antenna
wis developed for harmomic suppression without using a
reference antenna. This was achieved with a rather complex
geometry for 5 GHz operation. This process  does not
uwsefully peneralise, so that if a new operating Fequency is
required, then the whole structure must be redesigned. Thus,
there exists a clear motivation to develop a coherent design
strategy for microstnp HSA in active integrted applications.
In this paper we adopt a computational technique using
adaptive surface meshing dnven by a genetic alporithm (GA).

2 GA and adaptive meshing program

An approach uwsing the GA m cooperation with an
electromagnetic simulator has been intoduced for antenna
design and has become increasingly popular recently [9].
For example, GA has been emploved to design wire
antermas [0, 11] and microstrip antennas [12]. Other uses
have also been deweloped, such as wideband antenna
designs based on the Aimdamental requirement for near-field
imaging tools which are needed for microwave breast
cancer detection: this was as having used GA as
the main optimisation tool [13]. Another application applied
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to beam-control of an antenna armay was also derived through
the wse of a GA, based on adjusting the required reactance
values to obtain the optimum solution [14]. In addition, GA
can erhance antenna designs for multiple input multiple
output  (MIMO)  systems, which dramatically  increase
channel capacity in wireless communication systems [15—
18]. The GA-pptimised MIMO antenna designs provide
substantial size reduction, reduced power consumption [17]
and cost minimisation [ 16] in such systemns.

The benefit of applving GA methods is that they provide
fast, accumte and rdiable solutons for antenna structures, A
GA driver [19], written in Fortmn, was adopted in this
work in conjunction with the authom’ Fortrim source code
[20], which was used to evaluate the randomly generated
antenna samples. Several antenna designs, derived using
GA in previous work by the authors [21-23], have shown
the GA method to be an efficient optimisation tool that can
be wsed to search and fnd mpid solutions for complex
antenna desigm peometries.

An adaptive meshing program was also writtenin F ortran by
the present authors and added as a subroutine to the GA dnver,
with the primary objective of simulating arr-diglectric planar
microstrip patch antenna designs: this used a surface patch
model in co-operation with a GA. In additton to microstrip
patch designs, the pmogram can support the design of any
three-dimensional  (3D)  antenna  geometry  structure,
including moderate amounts of dielectric materials. The
present work s an extended vemion of preliminary work
reported in [24].

An antenna under G A optimisation nesds to be defimed by a
number of parameters that can define its configuration. For the
electmmagnetic surfiee patch model used the antenna
peometry 15 adaptively divided into optimum numbers of
trilateral and gquadrilateral polygons, each polvgon node
being specified by its x, y and z coordinates, subject to the
defined anterma pammeters. These polvgonal sudfaces are
then optimally subdivided into a set of mctangular and
triangular surfice patches, constrained to be small compared
with the operating wavelength, and then the basis functions
are  adaptively  penerated over  these patches using a
designated algorithm as shown in Fig 1.

The design of coaxially-fed aiedielectric  microstrip
harmonic-rejecting  patch  antermas  for 24 GHe  was
investigated, enforcing suppression of the first two hammonic
frequencies, using a GA. The designs included patch
antennas with a shorted wall, as first presented in [24] and an
extended work on a new design with a folded wall s also
presented in this paper.

3  Simulation and results

Simple coaxially-fed  airdielectric patch  antennas  with
shorted and folded walls, mounted on an infinite ground

Triangular surface

E Rectangular surface
paiches

Fig. 1 Adapnive surface patch meshing used for antenna modeling
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doi: 10. 1049iet-map 2010.0218

168

www.ietdl.org

plane and opemting at 2.4 GHz, wene selected for this study
as simple eamples to demonstmte acceptable harmonic
suppression [5]. The proposed outhine anterma designs are
shown in Fig. 2. The designs include a full-width shorted
wall, a truncated shorted wall and a folded wall;, each
individual antenna configuration model is modelled vsing
surface patch meshing, as Fig. 2 illustrates. The fall-width
shorted patch is subdivided into four trilaterals and two
quadrilatemls, including the conducting shorted wall, as
illustrated m Figs. 2a and b This design required six
parameters to be defined The second  design was
subdivided into seven tilatemls to model the surface patch
and ome quadrilateral to represent the tuncated conducting
wall, as illustated n Figs. 2c and 4. This model was
implemented using seven GA input pammeters. The last
design example is similar to the first, but uses a modified
folded wall, as shown m Figs. 2e and f in which the total
surface area was subdivided mnto four trilaterals and three
quadrilaterals. The fold in the wall means that it is no
lomger electrically commectad to the ground plane, although
the folded portion will provide strong capacitive coupling to
gronmd. In this model sight GA pammeters were considensd.
Table | presents the GA input pammeters in which the
possible mnge of values is shown for all three examples
considered. For this optimisation process, realvalued GA
chromosomes were used. It should also be noted that the
fundamental, first and second-harmonic frequencies wens
considered within the GA cost function. The mndomly
penerated  antenna configurations  were  evaluated  for
maximum fitness using the ollowing cost fimetion

50

0

n 3 !
Fe [I o, Pe) =30 +Zm[|r{;‘:;}— 1 +R{”;’]j|
=2

(1

|\ Feetpont 4.y .

Ll . e
- r
Fg. 2 Proposed antenna model
a and & Fullwidih shonied wall
« and o Truncied shoried wall
e amal §f Folded wall
a, ¢ and e Top view
b, d and F 30 view ol surlsce paich meshing
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Table 1 Summary of GA input parameters, antenna varizbles and best solutions forthe proposed designs, including shorted and folded
walls
GA parameters HEA perameters Fully Trunceted Folded
shorted shorted wall
Parameters (m} Optimal {mh Optimal (m) Optimal {mh
antenna length (L} (0.03- 0006} 0.03950 0.03350 0.04540
no. of population size= 4 antenng width (W] (0.02-0.06) 003306 003820 003006
no. of paremeters: & (Fig. 1al, shorting or folded well position (d} 000872 QLDOSEE 0.00748
7 (Fig. 1c), 8 (Fig. 1} (0.002-0.03)
probability of mutation = 0LO2 antenna height (h) (0.003-0.01} 0.0079 000336 0.00580
meximum generation = 500 feeding point &t x-axis 0L00723 001685 0L005T1
(X5} 10.004-0.02)
no. of possibiliies = 32 768 feeding point 8t y-axia 001782 001923 001382
(¥ (0.004-0.02)
wariable shorting wall — QU474 —
width (W) (0.001-0003)
extended folded wall — — 0.01327
length (L (0.006-0.015}
extended folded wall — — 0.00158

height (heb (0.001-0.0035)

where F 15 the fitness of the cost function; n = 3; W, B and
Wy are the weight coefficients of the cost fimetion and they
were optimally found to be 06, 04 and 0.4 after a fow
trials. The ohjective is to maximise the fitness F. This
mmplies that wvery pood impedance matching at  the
fundsmental fequency  amd masamised reflection  wath
minimised msistance at the harmonic frequencies would be
desired to achieve a pood HSA desion solution. For this
optimisation procedure, real-valued GA chromosomes were
used to mvestigate the existence of the fundsmental and
first two harmonic frequencies.

For validation, prototvpes of the GA-optimised HSAs of
the three models shown n Fig 2 were designed and tested.

+

Copper sheet with thickness of 0.5 mm was used for the
patch antenna, shorted/folded wall and the ground plane.
The gound plane sime was set to [40mm = 140 mm; this
relatively larpe size being chosen in order to attenuate the
effect of the edges of the fnite ground plane. The retum
losses wene validated amd the measured results compared
with the calculations are shown i Fig 3. As can be seen,
the results for rejection levels of second and  thind
harmonics wene quite encoumging and no other resonances
or nipples were found over the harmonic frequency bands.

It was found that the fullwidth shorted-wall prototvpe
amterma was resonant at 247 GHz and presented quite a wide
handwidth of around 500 MHz, The reflecton coefficient

5 8 7 8 8

Fricpancy in GHe

[

Fig.3 Perfirmance of the measwrad and calowlared renorn losses of the GA-oprimised HEAs

a Fullwilh shorled wall
b Truncaied shored wall
& Fokled wall
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levels at the secondand thind harmonic frequencies wen found
to be 171 and 2.45 dB, mespectively. These results are quite
acceptable, as compared with HSAs published in the open
literature [25]. K is notable that the measured resonant
frequency of the prototype antenna shows good agreement
with the prediction. The second prototvpe antenna was
resonant at 248 GHz and presented a narower handwidth
(around 150 MHz), compared to the first design. This is
mainly because the height of this antenna s much lower
(about 3.36 mm) than the first design (7.9 mm), comelating
with previous experience that has shown that the antenna

Input impsdance, Ohm

« T e
Fregquency, GHz

Input impedance, Ohm

Input impadance. Ohm

B
Freguency, GHz

@

Fig. 4 (werall measurad input impedance of the patch antennas

a =l b Full-width shomed wall

c anad o truncated shorted wall

e amal §f Folded wall

b,a‘:md._,l" Show det] expanded fwm a, cand &

1ET Microw: Antennas Propag., 2011, Vol. 5, ka. 8, pp. 1054- 1061
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height has a most important  influence on bandwidth
enhancement of microstrip patch  antenmas. The  thind
prototype  exhibited approximately 380 MHz  bandwidth,
certred at a 245 GHz resonance frequency. The mgjection
levels of the second and third harmonics were about 1.5 and
1.9 dB, respectively. Tt should be noted that the suppression
performance at third hamonic frequency for the second
prototype antenna could be limited due to the degraded
return loss response amund 8 GHz, whereas its suppression
performance is superior to other two designs at the second
harmonic frequency.

Iepuit irspadanoa, Dhin

Inpaat impedance, Skm

Input impedancs, Ohm
a

[P ————

e e
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Table 2 Performeance of antenna input impedance at the fundamental and first two harmonics for the three amennes shown in Fig. 2

Full-width shorted wall Truncated shorted wall Folded wall
Frequency, GHz Antenna input Frequency, GHz Antenna input Frequency, GHz Antenna input
impedance, {1 impedancs, [t impedance {1}
Real Imeginary
£ 247 4987 - 0587 f:2.48 B2.78 7828 £ 245 49,33 -~ 11.88
2f,: 494 B2B3 ~ 28917 2f;: 496 4.254 ~T3.672 2f,; 4.90 5.021 ~24.81
36 7.0 B.B39 1764 3f: 7.4 5.332 15.545 3£:7.35 4. 606 20,07

The input mmpedances of the prototype antennas wens also
measired over a wide frequency band, as shown in Fig. 4.
The measured input impedance of these antennas at the
fundamental operating frequency and its first two harmonics
show that almost perfect matchmg to 50 £} was attained at
the fundsmental fequency, while farly small resistive
impedances at the harmonic frequencies were ohserved, as
illustrated in Table 2. This clearly shows that the design
ohjectives were met. The real part of the imput impedance
of the proposed antenna is almost constant (less than 10 £1)
across the hamonic frequency bands for all prototypes, as
observed This s a very promising charactenstic of the
desim  pmocedure for suwh hammonic  suppression. The
antennas were, therefore, capable of achieving rejection of
harmonics from the non-inear active devices, even when
the openting fequency was slightly varied This is because
the proposed antermas provide the required  reactive
termination around the harmonic frequencies.

Measurements of the fir-field radigtion patterns of the
prototype antennas were camied out in a far-field anechoic

=247 GHz

chamber usng an elevation-over-amimuth positioner, with
the elevation axis coincident with the polar axis (8 = 07) of
the antenna’s co-ordinate systern. The reference antenna
was a broadband horn (EMCO type 3115) positioned at 4m
from the antenna under test. The azimuth drive thus
generated cuts at constant ¢ The elevation positioner was
mtated over 8 from — 1807 to 1807 in 57 increments. Two
principal-plane pattern cuts (i.e. the z—r and z—y planes)
wene taken at the fAmdamental and second and  thind
harmonic fraquencies for cach design

The simulated and measured radiation pattemns in the z—x
and z—y planes for all prototype antennas shown in Fig. 2
are presented in Figs. 5-7 for the findamental, second and
thind harmonic  frequencies, respectively. The  radiation
mattems for all the three proposed antennas are similar for
both plane cuts. It should be noted that, like simple patch
antermas, the proposed HSA shows a  broadsidetype
mdiation pattern with maximum gam at around — 307 for
the z—x plane, whemas approximately symmetrical radiation
pattems with mixed conical and broadside radiation are

=T A1GH:

Fig.5 Measurad and simulsted radiation pattems of the proposed GA-optimised HE4 with fillbwidth shoried wall for 247, 4904

anmd T4 GHe (—— ‘measwred Es, 0 0 o simdated Ea ----"

a z-x planz
& zey plana

1068
(& The Institution of Engineering and Technology 2011

measured Eg x xx " sinaideted Eg)

1ET Microw:. Anternas Propag., 2011, Vol. 5, ks, 8, pp. 1054- 1061
dol 10,1048 et-mep 2010.0218

171



www.ietdl.org

L

A8 Gl 1,456 Glte (7 ASGH 1z
]
Fig.6 M. ed and simulated radiation patterns of the proposed GA-optimised HSA with a vuncated shorted wall for 248, 4.96
and 7.44 GHz (- “m ed Es, "0 0 0" simulated E@, - - - -" measured Eg, "x x x" simulated Eg)
a zx plane
b 2y plane
-
(4 R Gllz
a
LI s
o
1245 Gl 4 90 GHe £735GHz
n
Fig.7 Measwed and simulated radiation pagerns of the proposed GA-optimised HSA with a folded wall for 2.45, 490 and 735 GHz
(- _“measwed Es, ‘0 0 o simulated EB, ‘- - --" measwred Eg, x xx" simulated Eg)
a x plane
b 2y plane
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Table 3 Simulsted and measured gain values at the fundamental frequency for the three antennas shown in Fig. 2

Type of antenna Full shored wall Truncated shored wall Folded wall

Antznna gein, dBi Messured Sirmulated Messured Sirmulated Measured Simulated

Frequency, GHz =247 £, =247 f,=245

x-z plane H.p.* -8.36 ~2474 = 14.16 -3158 = 1345 -23amn
VP 4.14 406 356 4.37 5.01 503

y—z plane H.P. im el 054 182 in 398
VP 0.54 016 043 157 204 250

"H.PVP. indicates the polarsation of the reference Horn antenna; H.P: horzontal polarsstion, V.P: vertical polarastion

ohserved for the z—y plane. These results are in good
agreement and confirm a visble level of suppression of
second and thind harmonic levels. These levels may be
surmmarised as follows: for the fully shorted-wall desigm the
maximum second and third harmonic mdiation amplitudes
wene lower than 13 and 18 dB (mspectively) below the
fundamental for the z—x plane and 10 and 9 dB below for
the z—v plane; similarly for the tuncated shorted-wall
desigm they were lower than 12 and 9 dB below for the z—x
plang and 11 and 8§ dB below for the z—v plane. However,
for the folded-wall design the hamonic levels were mther
better, at 20 and 16 dB below for the z—x plane and 11 and
10dBE below for the z—v plane. The simulated and
measured gain values at the findamental frequency for the
three antennas shown in Fig. 2 ame presented in Table 3
The simulated and measured co-polar gain values show
reasonable agreement, although the differences in the cmss-
polar gain values ame more significant. The cmss-polar
results are inherently weaker and hence mome susceptible to
minor deviations in the prctical test implementation.

The designs including patch antennas with shorted and
folded walls are described as above and their corresponding
results  ame  discussed in terms of retum loss, input
impedance, mdiation pattems and antenna gain, subject o
the desigm  criteria  for a  hammonic-suppression  patch
mntenna. The design goals were met for all three designs,
based on the results as presented. The HSA design with a
folded wall shows superior harmonic suppression relative o
the shorted-wall design. Moreover, it is found that the
desin of a  folded-wall type tends to reach faster
convergence than the design of a shorted-wall tvpe when
the GA optimisation is performed. This is because the patch
with a folded structure provides more freedom in surface
peometry compared to the shorted one. Furthermore, the
desipn with a folded patch is also a more attractive
candidate  in  practical application due to its  easier
fabrication than the shorted-wall type.

4 Conclusions

A novel technique for the design and optimisaton of
harmonic-suppression patch  antenmas, appling  adaptive
surface patch models and GAs, has been presented.
Hamdware mealisations of three coaxially-fed ar-dielectric
microstrip  patch  antenmas  were used to evaluate and
validate the design theory. Companson of retum loss and
far-field mdiation pattern  measurements  showed  good
agreement with the predictions. The examples presented
confirmed the capability of the poposed method for
antenna design wsmg GA and adaptive surface meshing,

showing reasonable stability and accuracy m the results.
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The anterma designs presented have proved the desim
coneept for HSAs wsing GA in collaboration with adaptive
meshing code. HSAs are attractive for radio-fequency
front-¢nd systems of active antennas dirsctly integpmted with
high efficiency power amplifiers where the antenna
functions to suppress undesired hamonic power. However,
the curent desin  methodology  has  some  practical
limitations since it cannot include dielectric substrates in the
design of planar microstrip antennas. For fuhre  work,
further development of the methodology will address this
issue for planar antenna realisation.
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Abstract—Performance of the sensing patch technique for measuring
the power accepted at the antenna feed port of active patch antennas
has been evaluated at harmonic frequencies. A prototvpe antenna,
including two sensors at appropriate locations, was fabricated and
tested at the fundamental and two harmonic frequencies to estimate
the power accepted by the antenna, including determination of the
sensor calibration factor.
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1. INTRODUCTION

The active integrated antenna { AIA) has been growing area of research
over the recent yvears, due to its compact size, low weight, low cost,
and multiple functionalities. An AlA can generally be considered as
an active microwave circuit in which the output or input port is free
space instead of conventional 50 02 interface. In all cases, the antenna is
fully {or closely) integrated with the active device to form a subsystem
on the same board and can provide certain circuit functions such as
resonating, duplexing, filtering as well as radiating, that describes its
orginal role. AlAs are typically classified into three types: amplifying-
tvpe, oscillating-type and frequency-conversion-type, according to how
the active device acts in the antenna [1-8].

In general, radiated power by the active integrated antenna at
the targeted design frequency and its harmonics can be measured
using Friis transmission equation in the anechoic chamber [9). In
addition, a simple measurement technigue for measuring the power
accepted by the active patch antenna, using a sensing patch feeding
a network or spectrum analvzer, was first proposed in [10]. The
technique eliminates many uncertainties and errors, such as cable
losses, effects of the pattern, effects of nearby scatterers, and gain
estimation errors, and even makes it unnecessarv to operate in the far
field. This technigue was originally developed for the measurement
of amplifving-type active patch antennas at their fundamental design
frequency. It was subsequently applied to measurements on oscillating-
type antennas [11].

In this paper, the possibility of using this technigue to find the
power accepted by the antenna at harmonic frequencies is studied.
Performance of the sensing patch techmigue for measuring the power
accepted at the antenna feed port of active patch antennas at harmonic
frequencies is evaluated using an electromagnetic (EM) simulator
Ansoft Designer® [12] in terms of the current distribution. A prototype
antenna, including two sensors at appropriate locations around the
patch, is fabricated and tested at three designated frequencies to
estimate the accepted power by the antenna, including determination
of the sensor calibration factor. It is shown, based on experimental
results, that the original technigue can also he employed to measure
the second harmonic power; measurement of the third harmonic power
is al=o possible if another sensing patch is added in an appropriate
position.
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2, SENSOR SIMULATION AND MEASUREMENT OF
HARMONICS

An inset microstrip-fed patch antenna, resonating at 2.44 GHz, was
chosen for the test, since thiz tyvpe of antenna 1= convenient for the
design of active oscillator antennas. The important dimensions of
this antenna have been illustrated in Fig. 1. The performance of
the sensing patch method at 2nd and 3rd harmonic frequencies was
evaluated with this antemna. The current distribution on the patch
at harmonic frequencies was first studied to find the proper position
for the sensing patch. Figs. 2 and 3 show the corresponding harmonic
current distributions on the patch. The position of the sensing patch
iz optimally set adjacent to a point of maximum wvoltage, which
corresponds to a point of minimum current distribution on the patch.
Thus the position of the sensing patch can be set next to the middle
of the end edge of the patch for the 2Znd harmonic and one-third of
the way along one side of the patch for the 3rd harmomie. It was
also found that the presence of the sensing patch has very little effect
(about £0.2dB) on the return loss at the input port of the main patch
at the fundamental operating frequency and the first two harmonics as

| L .:'Hﬁ

Figure 1. Important dimensions of the patch antenna studied in this
paper (W = 3815, L = 4596, Ly = 1832, W, = 424, L, = 1T,
Wy =254 Ly = 1002, G, =2, Wy =5, Wea = 3 and L, = 3; all
dimensions in millimetre).
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Figure 2. Current distribution on the patch antenna at 2nd harmonic
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Figure 3. Current distribution on the patch antenna at 3rd harmonic
frequency.

shown in Fig. 4.

The antenna with two sensing patches was mounted on 1.524 mm
thick Duroid substrate material with relative permittivity of 2.55 and
loss tangent of 0.0018. The sizes of the sensing patches used for the
2nd and 3rd harmonic frequencies were 3 mm x 5 mm and 3 mm x 3 mm,
respectively. A spacing distance of 2mm between the sensing patches
and the antenna patch (see Fig. 5) was found acceptable for sufficient
coupling and had no noticeable effect on the antenna input return loss.
It has to be noted that the sensing patch at the 2nd harmonic has the
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Figure 4. Simulated antenna return loss with and without the sensor
patch.

Figure 5. Fabricated antenna showing sensor locations: (left) Top
view, (right) Underside.

same location as at the fundamental. The sensing patch was connected
to ground via a 50-ohm chip resistor. The inclusion of the 50-ohm
resistor creates a relatively well-matched source for the attached cable.
A 50-ohm coaxial probe was mounted at the rear of the circuit board
and connected to the resistor load: This fed the sensor output to a
traceably-calibrated network analyzer.

The sensing patch for the 2nd harmonic was first tested.
According to the work presented in 10, the performance of the sensing
patch for harmonics can be evaluated using the calibration factor |Sj, |,
which relates the sensor’s output power to the power accepted by the
radiator from RF circuitry {e.g., a RF power amplifier or oscillator),
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as follows: 5 5
|84 |” = 1S |/ (1 — | SR} (1)

Sit Sia
where 5] = [521 51‘2]

The scattering parameters [S| in Eq. (1) were obtained hy
measuring two-port S-parameters between the antenna input feed
line and the sensor's output from 2 GHz to 8 CHz using a traceahly-
calibrated network analyzer (HP 8510C). The variations of the
measured [5]'s extended over the fundamental frequency and the first
two harmonics are presented in Fig. 6; the corresponding calibration
factor from the measured antenna data was computed using Eq. (1).
The measured return losz and computed calibration factors are
presented in Table 1 at 2.44, 4.88, and 7.32 GHz, respectively.

In order to evaluate the sensor’s calibration factor for harmonics,
a 0dBm RF =signal was injected into the main patch from a sweep
oscillator HP 83508 at the fundamental and harmonic frequencies. The

Table 1. 2nd harmonic sensor measurement results for the
fundamental and harmonics.

Freq Sy |5 Lcakie Frending | — I ——
(GHz] (4B} (dB}) {dB} (dBm) {dBm) (dBm)]
2.44 —24. 86 —23.20 1.33 —25.33 —0.0144 —0.8
4.B8 —1.7Th —30.42 26T —285 —dA.706 —5.412
T7.32 —4.241 —23.45 4 27 —2 052 0.45
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Figure 6. Measured two-port S-parameters between the antenna
input port and the sensor’s output port at, (a) fundamental frequency,
(b) 2nd harmonic frequency, (¢) 3rd harmonic frequency.

measurement setup is illustrated in Fig. 7. The Return Loss (R.L.) of
the antenna tested was optimized at its fundamental frequency into
an impedance of 5012, as shown in Table 1. However, at harmonic
frequencies, the input impedance of the antenna was greatly different
from 50€). Thus, the power accepted by the antenna (Puccepted) I8
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Figure 7. Photograph of measurement setup in this study.

given by:
Paccepted = Pracides (1 1) (2)

where I' iz the reflection coefficient at the input of the antenna and
|l"|'} = Pofected) Prcident: Preflected 15 the power reflected at the antenna
input, and P, dene 18 the power outgoing from the signal generator (in
this case, B Gjene = 0dBm at all frequencies). The power from the
sensor's output { Freding) was observed using a spectrum analyzer (HP
8563A). Care was taken to find the loss in the cable (L.yp.) before
measuring the output power from the sensor. The estimated power
accepted by the antenna {F;wmgdj can be found as:

5

P;:ul:\epled — Prl:ading - |S'5r!1|‘ — Leabie LE}
A summary of measured parameters for the 2nd harmonic sensor is
presented in Table 1. The technique shows that the power accepted by
the antenna at the fundamental and 2nd harmonic frequencies can be
achieved using the same sensing patch. As can be seen from Tahle 1,
the accuracy of this technique is around 0.7dB (ie., the maximum
difference between the F..oppeq and P;“Phd at the fundamental and
Ind harmonic). It should be noted that the power accepted at the
Ard harmonic frequency varies greatly in the measurement and this is
becanse the sensor at this position is weakly coupled to the maximum
voltage of the 3rd harmonic.

Similarlv, for the 3rd harmonic sensor, the same process was used
as with the 2nd harmonic sensor. A summary of measured parameters
for the 3rd harmonic sensor is presented in Table 2 at the intended
frequencies. It is shown that the technique is still valid within 1dB
accuracy for 3rd harmonic power measurement. In addition, this
sensoT can also be applied for the 2nd harmonic power measurement,
with very good accuracy. This is because the current distribution at
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Table 2. drd harmonic sensor measurement results for the
fundamental and harmonics.
Freq S |55, Lcabils Frending | ] S —_—
(GHz) (dB) (dB} (dB) {dBm) (dBm) (dBm)
244 —26.09 | —32.403 1.33 -33 —0.00104 0.733
488 174 | —25.95 26 —33 —4.814 —5.155
7.32 —4.19 | —23.50 1 —30.6T — 2084 —3.08

the 2nd harmonic frequency near to the location of the 3rd harmonic
sens0r is close to minimum, and this can be easily seen from Fig. 3.
It is notable that the power accepted at the fundamental frequency
varies greatly in the measurements. In addition, care should be taken
on means of improving the port impedance matching at the sensor
patch port mn order to eliminate measurement errors and Improve
measurement accuracy at fundamental and harmonic levels using this
proposed technique. This challenging problem including the antenna
operation over a wide frequency band i left to future work.

3. CONCLUSION

The measurement of the power accepted by a microstrip patch
antenna, using the sensing patch measurement technique, has been
demonstrated at both fundamental and first two harmonic frequencies.
The results of the present work were exhibited to he acceptable and
agreed with direct measurements. The proposed technique was shown
to achieve 0.7dB and 1dB relative accuracy for the 2?nd and 3rd
harmonic measurements respectivelv.
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Abstract. A frequency tunable planar inverted F antenna (PIFA) o presented
for nse in the following bands: DCS, PCS, and UMTS. Initially, the tuning was
achieved by placimg a lumped capacitor, with values m the range ot 1.5 to 4 pk.
along the slot of the radiator. The final tuning circuit uses a varactor diodz, and
discrete lnmped elements are fitlly infegrated with the antenna. The arfenna
protorype is tunable over from 1850 MHz to 2200 MHz. with an associated
volume of 21x13.5%5 mm’. making ir suitable for potential integiation in a
comnercial hendset or wobile user leruinal.

Keywords: PIFA, slol antzmna, varactor diods.

1 Introduction

Low profile and spacc cfficicnt antcnna designs with suitable bandwidth for usc in
multi-standard mobile handsets and user terminals continue to pose a major design
challenge. Microstrip patch radiators are a common starting point for such
applications, but are constrained in both bandwidth and gain. Various techniques have
been proposed to improve on both of these criteria, and onc of the most comman
configurarions is tha planar inverted F anfenna (PTFA) [1]. PTFA stmchires possess
omni-directional radiation patterns. and have improved average power where the
cross polarisation is relatively large [2]. They are of course. physically small and
compact. The most basic PIFA realisation consists of a rectangular planar patch,
shorting pins and a ground plane. Dual band operation may be achieved in several
ways, but the introduction of a slot is among the most commeon [3]. However, the use
of a slot may not be optimal in desizn terms as they can only generate narrowband
resonances at two or three frequencies on interest. depending on the number and
configuration of the pernwbartions, and resonators. Proper modal identification may
also be an issue. A possible workaround. which preserves the same owverall
electromagnetic geometry, is the introduction of PIN or varactor diodes, the resulting
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tuning mway have a large dynainic range [4]. Swiiches may be less desirable as (heir
reactive load may affect the bandwidth of the PTFA: both performance improvement
and degradation are both possiblz | 5].

Recent attempts at producing viable mnulti-standard designs for small
antennas heve used a variety of techniques including RF switching, MEMS (relay)
switching and the use advanced materials [6] [7]. Varactor diodes are an mportant
depuarture here, as they combine the advanlages ol o lurge capacitance ratio, a suilable
small size. and NC voltage conol over the mining of the resonant frequency. PTFA
structures are eminently suited to this approach. in spite of the relatively narrow
operating bandwidth [8]. Since a varactor tuned antenna uses a DC bias. two DC
blocking capacirtors are typically required. In the PIFA case. the antenna shorting pin
is already connected 10 ground. and one of the DC capacitors can be removed. The
final strmctre 1s still consistent with the volime constraint of a fypical handset
chassis.

This paper presents a new mned PTFA-slofr type antenna which covers the
operating ranges of DCS. PCS and UMTS. The antenna 1s designed iteratively using a
frequency domain finite element analysis (Ansoft HFSS). and work bench results. The
tinal design optimisation was cross validated using CST Microwave Smudio. and a
representative protorype was constrered on this basis

2 The Basic Antenna Geometry

The antenna is placed on the ground planc of dimensions by means of a shorting pin
of height of 5 mm and width 2 mm. as shown in T'ig. 1. The antenna is fed by means
ola vertical plate, of maximun height 4.5 mon and width 2 o It is connected (o the
feeding probe through the slot in the ground plane and the effective substrate is air.
The slot has a uvniforin width of lmm. The detailad dimensions of the radiator patch
are illustrated in Table I. The structure and lumped element parameters were
simulated using HFSS. The tuning range was investigated mitially through
manipulating lumped capacitance parameters in the range [1.5, 4.0] pF.
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Fig 1. Basic antenna structure; (a) plan view (h) 3D

Table L. Detailed Dimensions of Radiator Patch

Parameter Value/mm Parameter Value
Ll 7.5 L7 4
12 9 L8 72
L3 14 L9 1.8
L4 9 L10 6.5
£ 1 L1l Z5
Lo . Wants Las 21,835

3 The Impact of the Loading Capacitor

The mmpact of the loading capacitance on overall antenna performance, including the
retrn lace and radiation pattarn neads ta he inveatigated hath in cinmlation, and

through performance nssessments on the physical prototype. For comparison purposes
in simulation, we require a fully characterised reference amntenna which omits the



varactor, this structure resonates at 2.36 GHz (see Fig. 2). A loading capacitor with
values selected from {1.5. 2. 3. 4} pF 1s placed over the slot radiator in a fixed
location, making the antenna resonate over the range 1.88<f;=2.2 GHz. In the first
instance the tuning is investigated via a lumped (ceramic) capacitor. instead of a
varactor, therefore the DC bias and circuit parasitic effects are excluded. The effects
of lumped capacitors have been tested on the working prototype. without the DC
circuit. in order to find out how the loaded capacitors could affect the antenna
performance: and the optimal location on the slot ‘arm’. The working prototype in
Fig. 3 was tested withourt the bias circuit. The loading capacitor was varied over [1.5,
4.0] pF. which was found to be sufficient to control the antenna response.

in

=
(=]

-
(%3]

=—measured without loaded-cap
===simulated without loaded-cap

Return lcss in dB

8

X

12 14 16 18 2 22 24 16
Frequency in GHz

Fig. 2. Return loss of antenna prototype, without loading capacitor present.

Fig. 3. The prototype (loaded) antenna structure.

4 Results and Discussion
The tuned working prototype relies on the introduction of the slot on the radiator arm,

and the placement of a varactor diode over the slot, to achieve the required tuning
range. As the capacitance is varied tuning may be demonstrated over the range
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1,885‘_?},'32,3 GHZ. Measiements mom 4 VINA are ]]l't':Qt':Ill'&}l’l in Fig, 4c) illllSU'HI‘i]lg
this performance for the antenna reflection coefficient. Both the predicted and
measured retwrn loss results of this anfenna are presented for different values of
capaciiors (vatacior), Fig (4) shows fanly good agreement between siimulated wud
measured results. By increasing the capacitor value from 1.5 to 4 pF the resonant
frequency is inereased from 1.85 to 2.2 GHz, The simulated gain of the proposed
tued PIFA over (e varivus agel Oequencies is shown i fig. 3. The simulated
radiation patterns are shown in Fig. 6, along with the maxumum gain forecast. Two
pattern cuts were selected (H-plane, E-plane) for the three operating fiequencies,
covering the designated composite bandwidth, Corresponding measwements were
made tor the workmng prototype, with radiation patterns presented in the xz-plane and
yz-plane at 2.1 (GH7_ 1 95 GH7_and 1 85 (GH7.
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Fig. 6. Simulated radiation field patrerns of the antenna for various operating frequencies: left: Xz plane, right: yz
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6 Conclusions

A tmmed PIFA prototype has been designed and constructed. This antenna consists of
a radiating element, and a funing circuit. The tuning circuit consists of simple fixed
capacitor that is equivalent to varactor diode operation 10 control the frequency
response of the antenna. The antenna has an effective operating band which covers
the union of the DCS. PCS and UMTS frequency standards. The simulated and
measured reflection coefficients, gains and radiation patterns are consistent. and
indicate a potentially good performance, and the physical dimensions are consistent
with the volume constraint for a mobile handset. The actual antenna volume is
21<13.5<5 mm’. This tuneable PIFA design may be used in other wireless
applications.
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Abstract- A compact duzl U-zhaped slot FIFA antenna with Electromagnetic Bandgap (EBG) material on a relatrvely
low dielectric constant substrate 15 presented. Pertodic structures have found to reduce mutual coupling and decrease the
separation of antenna and ground plane. A design with EGB matenial suitable for a small terminal mobile handset
operating at 2.4 GHz was studied. Simulated and measured scattering parameters are compared for U-shaped slot PIFA
antenna with and without EBG structures. An evaluation of MIMO antennas is presented, with analysis of the mutual
coupling, conelation coefficient, total active reflection coefficient (TARC), channel capacity and capacity loss. The
proposed antenna meets the requirements for practical application within a mobile handset.

1. INTRODUCTION

The potential for MIMO antenna systems to mmprowve reliability and enhance channel capacity in wireless mobile
communications has generated great mterest [1]. A major consideration in MIM(O antenna design 15 fo reduce
correlation between the multiple elements, and in particular the mutual coupling, electromagnetic interactions that exist
between multiple elements, 15 significant, because at the recerver end this could largely determme the performance of
the system. Lower mufuzl coupling can result in higher antenna efficiencies and lower comelation coefficients. The
effect of mmtnal coupling on capacity of MIMO wireless channels 15 studied m [2]. Spatial drversity 15 strongly affected
by mutual coupling and comelation. For mimmal coupling, it has been shown m [3], than the separation between
mulfiple antenna elements should be at least 0.5 3. A 2 x2 MIMO meander planar inverted-F antenna (PIFA) at 2.6 GHz
15 reported m [4] to obtam 2 mumal coupling of -15 4B, wath a separation between two antenna elements of 0.23 i
Authors i [5] introduced a U-shaped slot patch antenna operating at 2.6 GHz for mobile handset applications, with
iselation of -20 dB achieved by pattern diversity and a capacity loss of 0.2bts/'sHz.

EBG structures have the ability to act like perfect magnetic conductors (PMC), so that the distance between the
antenna and ground plane can be smaller than /4. This can be compared to perfect electnie conductors (PEC) where a
distance of L4 15 essenhal so that the reflected wave interferes constructively with the emitted one [6]. When the height
of the antennas to the ground plane is reduced, mutual coupling can be expected to be decreased [7, 8]

This paper presents a compact dual U-shaped slot PIFA antenna with EBG matenal on a relatively low dielectric
constant substrate, operating at 2.4 GHz and suitable for for compact mobile handsets. S-parameters for U-shaped slot
FIFA antennas with and without EBG matenals are compared. In addifion, the MIMO antennas are analysed in terms of
their pmtual coupling, correlation coefficient, total active reflection coefficient (TAR.C), channel capacity and capacity

loss.
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I AMINO

1.1Basic theoretical concepts

1.1.1 Total active reflection coefficient (TARC)

TARC 1s defired as the ratio of the square root of total reflected power divided by the square root of total incident

power. The TARC for a 2 x 2 antenna array can be directly caleulated from the scattenng matnx elements as follows [3]

TARC = /{1 (511 + 5128 )7 41 (521 + 52287 )2 )WZ (1)
where 8 represents the phase from 0 to 2n.

1.1.2 Correlation coefficient
Previous work shows that the correlation coefficient, p,of 2 2 x 2 antenna system can alse be determined usmg
S-parameters [9]

p= §5a51+ 5557
(1= 510 %= 821 %) 1= S22 F= 5127)

]

1.1.3 Channel Capacity
Based on the channel transfer matrx, H, the Shannon eapacity, €, for the MIMO system channel is [1]

c=logs {dac |[f+ % H:-.rf]l)

3}
where H' is the Hermitian of the matrix H. M is is the pumber of receivers and SNE is the estimated channel
signal-to-noise ratio.

1.14 Capacity Loss
In case of high SNE, the capacity loss 15 given by [10]

C(lozs) = —log,det( &™) 4)
where " is the receiving antenna comrelation matrix.

3. Design of I » I U-zhaped slot PIFA antenna integrated with EBG material
The basic geometrical confizuration and dimensions of the PIFA with the U-shape slot structure 15 shown in Fizure 1.
The design frequency in this study 15 2 4 GHr, and the anterma assembly 15 mounted on a 0.36 A = 0.63 L ground plane.
The antennas are constructed from 0.5 mm thick plate, with a maximum area of 0.12 A = 0.12 L. The antenna 15 shorted
to the ground plane by a metallic stip and fed by a standard 50 @ SMA connector. The antennas are mounted on FE4
substrate with relative perouttivity of 4.5, and loss tangent of 0.002 at 2.4 GHz. The substrate thaickness 15 1.6 mm, and
the distance between two antenna elements is 0.24 L

Swrface waves play 2 dommant role m the mutual coupling between the antenna amay elements. Since the EBG
strueture has the ability to suppress surface waves, an EBG structure [11] is implemented with the antennas as shown in
Fizure 1. The EBG umt cell 15 shown 1o detail in Fiz. 1 (%), with the dimensions of a=97 mm, b=0.2 mm, ¢ = 4.0 mm,
g=02 mm and w =02 mm In [7], the reduction in height between the PIFA: and the EBG material 15 shown te
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mitigate the effects of mutual coupling. and thus improves the antenna efficiency. Therefore, the height of the antennas
m this study has been reduced to 2 mm_ with other dimensions of the antenna unchanged.

iv)

(i)

Fizure | Geometries and dimensions: U-shape antenna (1) top view, (11) side view, (m1) 2-D schematic: U-shape antenna
with EBG (1v) 2-D schematic, (v) EBG unit cell, (v1) side view

4. SIMULATED AND MEASURED PERFORMANCE

Figure 2 and Figure 3 show the simulated and measured s-parameters output for PIFAs without and with EBG matenal
respectively. Measurements show that the predictions for retum loss and mutual coupling for both PIFAs are quite
accurate with impedance bandwidth approximately 11.2% for both designs. Apparent discrepancies are believed to be
due to minor inconsistencies in prototyping. It can be seen that an improved i1solation of -6 dB 15 achievable against the
PIFAs without EBG as shown in Fizure 4. Next. to show the performance of the MIMO system, the comelation
coeffictent, TARC, capacity loss and capacity are presented in Table 1. This shows that the PIFAs wath EBG matenal
have lower loss of capacity. and better performance for TARC and comelation coefficient compared to PIFAs without
EBG. The channel capacity of PIFAs with and wathout EBG 15 5.62 bits/s/Hz and 5.64 bits/s/Hz at 2.4 GHz, respectively,
as depicted 1n Figure 5.
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Table 1 Measured results for correlabion coefficient, TARC and capacity loss at 2.4 GHz

PIFAs PIFAs with EBG
Comelation Coefficient (dB) -43.99 -49.53
TARC (dB) -5.63 -1.17
Capacity Loss (bats/s/Hz) 0.45 0.43

4. CONCLUSIONS

Isolation improvement using an EBG structure on 2 = 2 U-shape slot patch traditional PIFA anfennas for 2.4 GHz
WLAN operation in mobile application has been verifiad. The proposed antenna can be affectively implemented on a
thinner profile FE4 substrate with a low cost and is thus particularly swmitable for compact mobile handsets. The use of
EBG matenal plays an important role in reducing the mutual coupling between dual antenna elements at 2.4 GHz. The
proposed antenna design was mounted on a reasonable ground size of 0.36 A = 0.68 L in which 3«5 EBG unit cells are
used, has achieved a good i1solation of 6 dB at 2.4 GHz. Further, the comelation coefficient, TARC, capacity and
capacity loss have been analysed for PIFA with and without EBG. It has been shown that the proposed antenna has met
the requirements for practical application in mebile handsats.
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Abstraci— In this paper, a dual band balanced-antenna for
mobile handsel applications, covering the 2.4 GHz and the entire
5 GHz WLAN frequency bands, is invesrigated and discussed.
The antemm 15 a (ilu-sip plasar Qipule Wil fulded siracie
and a dual avn on each monopole. The peorfonmance of the
proposed antenna was analvsed and opfimised against the tivo
targeted frequency hands. For validation, the antenna protatype
WAS TADFICATE And Tested. 1he Performance of Ths balancecd
antenna was verified and characterised in ternes of the antenna
rel loss, vadiation pattern, power gain and cnface cnrrent
distribution of the proposed antenna. The predicted and
measured results show fairly good agreement and the results also
wunfiem - goud  inpedance Dandw il chacacer ey wii
excellent dualband operation

I INTRODUCTION

Wireless comumumication has been characterized of the new
modern move to make the mobile handsets small and light as
POsSibIE; WITHOUT COMIProtising MNCHONalry. 10 iianuyize
in line with conswmsr nssds and aspiration aml retain
multiband funstionality, mebile handssts development must
he charactarizad hy making all physical components as small
as physically possible. The key concerns considered here on
the design of antenna systems for small handsets relates 10
keeping the antenna performance unchanged or improved,
aven though the anrenna size becomes small and reduces the
degrodutivn vl antern pefonmace vaused by e vpsiators
adjocent effect [1]. A bolanced strueture i o genunine cheies to
avenrd afowemenbionad af  the  anfanmn

he dogradation

performiance when held by wsers [2] since balanced currents
only flow on the anfenna element in tlis type of anterma, thus
dramatically reducing the effect of current flow on the ground
plane, As a resulf, balanced antennas shonld have good
efflclency and more bmpomant o malnrain thelr perfonnance
when in use adjacent to the human bedy [3]. In reeent yeara,
several novel mobile antennas designed with the Lalanced
technique have demonstrated the enhanced stability of antennn
performance. compared to the unbalanced type, when the
handset 15 approximately placed next to the hmman head
anclor hand [4-5].

A Dlll-i plandr 1efal plate anfénna Ior mobie Nandsers
with balanced vperation is presented in this paper. The
antenna wae decigned by foldng o thm stap planar dipole

with extra arm on each monopols. The antemna features
balanced operation. is to reduce the cirrent flow on the
conducting surface of the handset body, The antenna design
mede] mtends fo cover 2.4 GHz (2.4-2.4835 GHz) and the 5
GHz (5.15-535 GHz & 5.650-5925 GHz) WLAN
upplications.

In short, this paper presents and investigates o new desizn
of a built-in dual-frequency balanced antenna for WLAN and
showt range wirsless comnmnications The characteristics of
this balanced folded dipole antenna with a novel dual-ann
structure  for mobile handsets are amalysed. including
caleulating the retwmn loss and the radiation patrerns for
comparizons.

Fig. 1 Balanced mobile antenna confimuration stusded.

11, ANTENNA DESIGN CONCEPT
The proposed dual-band balanced mobile anfenna was
achieved to generate another resonant frequency by using a
two ter process. Firstly, it was started by folding the
monopole amm and having a slot inside each monopole with a
cur on e bowow side, @y shwwn Figue 1 Secondly, an
additional thin-strip arm was nscrted inte cach amm of the
planar dipala. This falded slement of the prapased antenna
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was designed to operate at 2.4 GHz with a single arm to
generate the second resonant frequency for 5 GHz frequency
band [9]. In order to achieve a low=profile folded (i.¢ lower h)
balanced antenna, wlule maintam the sutficient umpedance
bandwidth required at the wo WLAN bands, a long $1ot i35
inoduced on e gacl folded wu of e dipole aulewss, Iu
this way. the cquivalent wavelength of the surface current at
2.1 GHz s mereased. compared to the case without the long
slot As a resnlt, the folded antenna height (h) can he rednced
by 50% and the low-profile design is therefore realised.

The dimensions of the antenna geometry were found
comparable to the practical handset sizes. Parametric study
has Leen carried out to optimize the impedance matching
bandwidth for the proposed antenna in order to achieve the
required fmpedance marching covering the frequencies bands
ol ierested al 2.4 GHz aud 3 OHz Lamds fur WLAN and.
The ontenna hesght (h) waos considered 1o be one of the most
sensitive parameters 10 control the impedance bandwidth of
the proposed antenna for meeting the design goals.

The parameter h was varied from 2 to Snun with I each
step, The optimum value of b was found to be 4 nun as shown
in Fig. 2. By modifying the length and location of the
additional amn of the proposed antenna. it was able to let the
antenna covers the required two frequency bands at acceptable
retum 10ss = -10 dB (see Fig. 2).

Return _oss, d3

ICICETT

2 28 a as a A8 6
Froquency, GHz

Fiag. 2 Vanation of the parameter b on the affect of the returmn loss

The optimal antenna configuration studied in ternms of
return loss, radiation patterns and power gain was achieved
and the important parameters are illustrated i Fig, 1, where
all presemad dimensions are in millimerss. the proposed
autcuna featwes of the vompact design used, has (e sice
dimensions of (1 = w o h) of 28 + 10 = 4 mum, The length and
location of the additional ann, ineluding other parameters of
the proposed anrenna. were adjusted and fisther optimised o
ensure that the desien entirely covered the required tweo
frequency bands at suitable working retumm loss < -10 dB,

I SIMULATION AND MEASUREMENT RESULTS
For the hardware realisation, coppsr sheet with .15 nun
thickness was used for fabricating the proposed balanced
antenna (sec Fig. 4). For a balanced antenna (e.g. dipole)

system, a balun 15 usually required as a support feeding
network, to provide a balanced feed from an unbalanced
source. A commercially hybrid junction from ET Industries
|10] that operates from 2 to 12 GHz has been utilized 1 thus
WOLK, MOreOVer, an S-Faramieter method ror measuring input
ipedance [ur (e Lalanced autewas [11] was also adopled i
order to verify the impedance of the proposed antenna. In this
case. balanced antennas are considered as two-port devices
and the S-Parameters can be obtamned from a well-calibrated
Network Analyzer. Subsequently, a simple formula is
employed to derive the differential input impedance of the
balanced antenna. Fig. % presents the measured return loss i
two different methods compared with the simulations, in
which a good agreement between the simulated and measured
retum loss (le sinnuared (ant) and measured (ant) and
weaswed (aut and Lalua)) was vbserved. This tesult verificd
the aetual impedanee response of the propoesed antenna,

Fig. 11k

h of protatype of the p d balanssd antesua docga.

P

s i mul ateclf ant}
o Meazcyadiant)
= == Moccued|antibalun
4 16 3 3B 1 15 B &8 b BB 7
Froquency, SHz

Fig 5 Compancon of cmulated and meaciued retum loss

Measurements of the radiation pattérns of the prototype
were carried out in a far-field anechoic chamber. TWo patiem
culs wele laken fon luee WLAN vperatiug feguencies that
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5

Fig. 6 Radiation patteens of the proposed antenns for 2.4 Gllz. &

measured Es and

cover the designated whole bandwidth in this study. The
1adiation patterns m the xz plane and yz plane for the balanced
antena al 2.43 Oz, 1.2 Oz and 3.8 OHz were meased, ay
presented in Fig. 6. The measured patterns at the lower band
have shown asymmetrical radiation, which is mainly due to
the asymmetnical antenna n fahrication  and
imbalanced outputs from the balun device

Measured broadside antenna power gain for the frequencies
across the 2.4 GHz, 5.2 GHz and 5.8 GHz WLAN bands were
also wvestigated. It 1s notable that the wsertion loss of the
Teeding nerwork was subsequenty compensated ror each
measwred power gain over all bands. It was found that the
marmum measursd antenna goin at lower and upper WLAN

stmichire

245 GHz

52GHz

¥ UHz

.2 Gllz and 5.0 Cllz at: (left) xz planc: (nght) yz planc. where *
- - measured E..

bands were 4 dBi, 6 dBi and 5.6 dBi ar the selected
trequencies, respectively.

T addition, cwrent disuibuion on e wobile phone
ground plane was analyzed using the EM simulator at three
specific frequencies (including 2.4 GHz, 5.2 GHz and 5.8
(tH7) of the frermency hands stadied in this wark and
presented in Fig. 7. As can be seen in Fig. 7. it was observed
that most of the current induced on the ground plane were
high in the area beneath the antenna and minimum current
distnibution appeared on the rest of the ground plane, as
theoretically expected. 1his proves 1ie model advantage or
using a balanced antenna designs for future mobile handscts,
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Which maicares that e proposed Nandsen aremd dJesign will

Lre tsensilive o e bawd luading effedl.

[= 245 GHe f=530GH

f= 5.2 GHe

Fig. 7 Surtace cuarent dastnbuncus for the proposed balanced antezma &t 2.4
HE 5.2 GH2 and 3.8 GHz. respectively.

IV, CONCLUSIONS

A very-low-profile dual-band balanced handset antenna
with novel structure for mobile devices operated over 2.4 Gz
and the whole 5 GHz WLAN bands has been prasented. 1he
proposed anienna model was sinmlaied and esied o verily
the design concept. The characteristies of designed balaneed
antanna wae analyead dn tapms of antaana retupen lace, radistion
pattern and power gain, The simulated and measured results
over the rwo frequensy bands considersd show a good
agtesment, which leads that the proposed design can be
recommendsd as a  promusing candidate  mobile-antenna
soluiiva for WLAIY applivativis.
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Absract-- In this paper, a planer printed momopole antenna for
Ultra Wide Bandwidth (UWB) applications is presented amd
dizcmssed. To obtain the required wide response, the base of the
monopole is tapered in five steps to match the width of the
feeding Ene as it emerges from the ground plane. A parametric
study is carried out for various antemna parameters uwsing the
HF55 software tools. The influence of variations and the
optimum valuwe of these parameters for TWE respomse are
dizcmssed. The antenna is fed via a microstrip line matched at
500 impedamce. The simmlated and measured resmlts are
presented and they show reasonable agreement over the whole
TUWE frequency band 2.1 to 10.6 GHz.

I INTRODUCTION

Ultra-wideband (UWB) 15 a technology 1n which information
1z transmiutted in the form of very namrow pulses or other
spread-spectrum transmissions. It 1s applicable to short-range,
low power demsity communications for which the allocated
band ranges from 3 1GHz to 106 GHz [1]. The technology
has gained a lot of populanty among researchers and the
wireless mdustry due to the oumerous advantages of UWEB
services and appheations, such as thew low cost, low energy,
capability to provide high channel capacity over a short range
whalst co-existing with more traditional narrower-band
services. The global interest in UWE 15 inereasmg rapudly into
numercus applicatons such as medical 1maging, ndoor
positioning, sensor apphcations and wireless commmnication
for which a compact and cheap UWE antennas are required.

The antenna 15 an important part of the communication system
since it has great impact on the performance, complexity and
size. However, the anterna desizn procedure for UWDHB
applications 13 a wvery challenging task because of the
dufficulty of achieving the required impedance match, high
radiation efficiency and umiform radiation pattern over such a
wide bandwidth UWEB monopole antennas are planar
stuctures [2-4] which requre a2 gzround plane, creating
problems for integration with an imtegrated cwremit. This
drawback limits 1tz practical apphication. However, one of the
serious limitations of conventional microstrip antennas 15 thew
narrow bandwidth, which is nommally only a few percent of
the centre frequency. Therefore, printed planer monopole
antennas may provide the best candidate for this application

for 1= low cost, hght weight and easy fabrication. Planar
meonopele antennas of vanouws configurations hawve been
proposed and offer different attractive feature [5-14].

In this paper the design process for an ultra-wndeband printed
monopole antenna 15 descenibed and an optiomsed design is
proposed. The antenna geometry consists of a conduchng
plate m a form of tnangular and rectangular pieces. The
starting width of the antenna base was gradually increased in
five steps starting from the feeding stnp width to the total
width of the monopole. The radiating patch 15 fed by a 508
microstrip line The steps and a partial ground are infroduced
to enhance the impedance bandwidth whale the antenna size 15
reduced.

o0 ANTENNA GEOMETEY AND DESIGH

Fizure | and Table [ show the detaled geometry and specified
lengths of the proposed antenna as pnnted on the FR4
substrate with dimensions 30 mm x 30 mm. The antenna is
designed and optmised wusing Ansoft High Frequency
Stucture Simulator (HFSS) [15] based on the Fimte Element
Meathod (FEM). The antenna 15 ophmised to operate over
3IGH=z to 14GHz band. The length and the width of the steps
and the size of the ground along with other parameter of the
antenna are optimised to cover the UWE bandwadth. The
parameine study belped to optimise the antenna performance
before the antenna was built and tested expenimentally.
Dhfferent parameters of the antenna are optumsed for
maximizing the bandwidth. Te check the mfluence of thess
parameters on the Impedance bandwidth each parzmeter is
vaned whalst the remaining parameters remain fixed.

Figure 2{a) illustrates the simulated retun loss for different
numbers of steps while the other antenna parameters remain
fixed. As can be seen that the -10dB retwm loss bandwidth of
the antenna vanes remarkably by inereasing the mumber of
steps. The antenna covers an extremely wide frequency range
from 3GHz to 14GHz by introducmg five taper steps.
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The operatmg bandwidith with and wathout emploving the
taper steps are shown in Figure 2(b). It 15 clearly showm that -
10dB bandwidth 1= critically dependent on the introduction of
the taper steps. The other parameter that undergoes parametric
study 15 the width of the ground plane. It can be noticed in
Figuwre 2(c) that the antenna operating bandwidth mereases
greatly by reducing the length of the ground plane. The
maxmum bandwidth of the anferna 1= achieved by reducing
the length of the ground to 3mm as shown in Figure 2(c).
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Fizure 1: Antenna Geometry with ground plane

Tahle I: Detail parameter of the antenna

W 30 mm
L 30 mm
M 15 mm
L 105 mm
Ly 10.25 mm
Lg 9 mm
Lw 3mm
Lg B mm
a'=s=h'=h=c'=c=d'=d 075 mm
g=s 0.5 mm

Figure 3 shows the varations the antenna impedance wversus
the operating frequency for the optimum achievable antenna
performance. Throughout the antenna bandwndth the real part
varies very closely to 508, whereas the imaginary part 15 not
far from zero

IO RESULT AND DISCUSSION
Uszing the ophmused dimensions, the proposed antenna was

manufactured and thewr characteristics were tested using an
HP 83510C petwork analyzer. The expenimental results show

reasonable agreement with the simulated ones, as shown m
Figure 4. A bandwidth from 3GHz to 14GHz defined by a
return loss 2 10dB  shows clearly that the antenna is 2 good
candidate for the UWDB application assigned by FCC.
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Figure: 2(b). Retum loss with and without taper steps
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Figure: 2(c). Retum loss for the different length of the ground plane

The measured and the simulated normalised radiation patterns
of the co and cross-polar component in the x-z and v-z planes
at three selected frequencies (e.g.. 4GHz, 7.5GHz and 10GHz)
are shown i Figure 5 and 6 respectively. The x-z radiation
pattern 15 ommdirectional at low frequencies but shll retains
good omnidirectionality at higher frequencies (7.5GHz and
10GHz). The v-z has a domut shape at 4GHz and then starts to
form humps, gethng more directional at higher frequencies. In
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summary, there were quite good agreement found betwreen the
measured and simulated results for both planes considered.
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Figure: 4. Measured and simulated return losses
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Figure: 5. Radiation patterns for -z plane of the proposed antenna at (a) 4
GHz. () 7.5 GHz, ()10 GHz (+++measured co, coo simulated co,
———— measured crods and .. sinmlated cross ).

The simulated 3D radiation pattern of the proposed antenna
at 4, 7.5 and 10GHz are shown in Figure 7. The radiation
pattern 15 similar to the dipole at the first resonance 1e. 4GHz.
At the second and thard resonances the radiation pattern 15 hike

a pinched donut. The antenna shows reasonable power gain of
42, 5 and 56 dB1 at 4, 7.5 and 12 GHz respectively. The
simmlated swrface cumrent dismbuhons of the printed
monopole anterma at different resonances are shown in Figure
8. Mmmum induced cwmrents have been confirmed on the
fimite ground except the small surface area swrounding the
feeding lme.
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Fizure: §. Fadiation patterns for y-z plans of the proposed antenra at (a) 4
GHz, (b} 7.5 GHz. ()10 GHz (+—+measured co, coo sionilated co,
- measured cross and ... sinmilated cress ).
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Figare: 7. 3D Radiation plots at (a) 3GHz. (b) 7.5GHz, () 12GHz
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Figure: 8. Cumrent distribution plats at (a) 2GHz. (b) 7.5GHz, (c) 10GHz

IV COMCLUSION

A compact pranted monopole antenna for UWE applications
has been presented. The surface taper steps proposed between
the feeding microstnp line and the antenna base has improved
the impedance bandwidth. Parametric studies of vanous
parameters were carried out to synthesize and maammze the
operatng bandwidth The simulated and measured results
showed good agreement in which the antenna covers a
maximum bandwidth from 3 to 14 GHz
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