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ABSTRACT

This thesis presents the results of research that has been carried out in
order to design circularly polarised microstrip antenna structures. In the
designs considered, there are conflicting contributions to the antenna
performance in terms of the two principal objectives, namely the impedance
matching and circular polarisation condition. Thus it is necessary to apply an
optimisation approach to determine an optimum set of design parameters. In
view of the relatively large number of design parameters the multi-objective
Genetic Algorithms (GA) optimisation approach is used. Equivalent circuit
models embodying the control parameters of the designs have been derived,
and, from which, the matching and the axial ratio objective functions have
been obtained. The antenna structures considered are used in two-way
microwave digital communication systems, and mobile communications. In
the thesis GA have been applied to a nearly square patch antenna, a dual feed

antenna, a cross-aperture-coupled antenna, and, a patch array type antenna.

A single off-set feed nearly-square circularly polarised patch antenna structure
has been designed to meet both the matching and axial ratio conditions. The
design achieves a maximum ratio between the patch’s dimensions in order to
reduce the manufacture errors. The matching objective function was obtained
from the transmission line circuit analysis. The axial ratio objective function
was obtained from far-field modal expansion analysis. Within parameter
constraints, feasible solutions are obtained. The design objectives of this

structure are very sensitive to the variation of the design of the five control



parameters. Very good agreement between the predicted, simulated and
practical results is obtained. Therefore, the GA is a very good approach that
can be applied to the design of this structure. Based on this work a
communication letter has been published in the IEEE Transactions on

Antennas and Propagation, Vol. 51, No 8, August 2003.

A dual-feed square patch antenna using complex impedance matching has
been designed to meet both matching and axial ratio conditions. In this
approach the size of the external feed network is reduced thereby producing a
more compact overall antenna structure. This achieved by replacing
conventional quarter-wave transformers by complex impedance matching.
This involved eight design parameters. The final design gave an overall area
reduction of 32% as compared with that of conventional design. Then this
single patch design was extended to a 2x2 patch array which involved twenty
parameters. The array gave an improved bandwidth of the axial ratio at 3dB
from 0.04 GHz to 0.256 GHz .and the impedance matching at -10dB from
0.152 GHz to 0.625 GHZ compared with that of the single patch. Good
agreement between the calculated, simulated and practical was achieved. The
large numbers of parameters used in the above designs illustrate the power of
the GA optimisation method. As a results of this work research papers have

been published in the IEE Electronics Letters (Vol. 36, No. 12, June 2000),

and (Vol. 36, No. 24, Nov. 2000).

A nearly square patch antenna with a cross-slot coupled feed has been

designed. An investigation has been carried out using GAs to compare the

i



performance of this antenna based on cavity analysis with that based on
transmission line modelling. These models involve extensive mathematical
computation and analysis. A multi-objective GA is developed and applied to
meet the two design objectives for each of these models, the axial ratio and the
impedance matching conditions. Four parameters were involved. This design
improved the bandwidth of both the matching and axial ratio as compared with
a single feed nearly square patch antenna. As a result of this work research
papers have been published in the IEE Proceedings Microwaves, Antennas

and Propagation (Vol. 147, No. 2, April 2000), and (Vol. 148, No. 3, June

2001.

The efficient GA search technique has been applied to different designs and in

all cases good results have been obtained.
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ABSTRACT

This thesis presents the results of research that has been carried out in
order to design circularly polarised microstrip antenna structures. In the
designs considered, there are conflicting contributions to the antenna
performance in terms of the two principal objectives, namely the impedance
matching and circular polarisation condition. Thus it is necessary to apply an
optimisation approach to determine an optimum set of design parameters. In V
view of the relatively large number of design parameters the multi-objective
Genetic Algorithms (GA) optimisation approach is used. Equivalent circuit
models embodying the control parameters of the designs have been derived,
and, from which, the matching and the axial ratio objective functions have
been obtained. The antenna structures considered are used In two-way
microwave digital communication systems, and mobile communications. In
the thesis GA have been applied to a nearly square patch antenna, a dual feed

antenna, a cross-aperture-coupled antenna, and, a patch array type antenna.

,A single off-set feed nearly—sqqare circularly polarised patch antenna structure
has been designed to meet both the matching and axial ratio conditions. The
design achieves a maximum ratio between the patch’s dimensiqns in order to
reduce the manufacture errors. The matching objective function was obtained
from the transmission line circuit analysis. The axial raﬁo objective function
was obtained from far-field modal expansion analysis. Within parameter
constraints, feasible solutions are obtained. The design objectives of this

structure are very sensitive to the variation of the design of the five control



parameters. Very good agreement between the predicted, simulated and
practical results is obtained. Therefore, the GA is a very good approach that
can be applied to the design of this structure. Based on this work a
communication letter has been published in the IEEE Transactions on

Antennas and Propagation, Vol. 51, No 8, August 2003.

A dual-feed square patch antenna using complex impe‘dance matching has
been designed to meet both 'matching and axial ratio conditions. In this
approach the size of the external feed network is reduced thereby producing a
more compact overall antenna structure. This achieved by replacing
conventional quarter-wave transformers by complex impedance matching.
This involved eight design parameters. The final design gave an overall area
reduction of 32% as éompared with that of conventional design. Then this
single patch design was extended to a 2x2 patch array which involved twenty
parameters. The array gave an improved bandwidth of the axial ratio at 3dB
from 0.04 GHz to 0.256 GHz .and the impedance matching at -10dB from
0.152 GHz to 0.625 GHz compared with that of the single patch. Good
agreement between the calculated, simulated and practical was achieved. The
large numbers of parameters used in the above designs illustrate the bower of
the GA optimisation method. As a results of this work research papers have
been published in the IEE Electronics Letters (Vol. 36, No. 12, June 2000),

and (Vol. 36, No. 24, Nov. 2000).

A nearly square patch antenna with a cross-slot coupled feed has been

designed. An investigation has been carried out using GAs to compare the
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performance of this antenna based on cavity analysis with that based on
transmission line modelling. These models Involve extensive mathematical
computation and analysis. A multi-objective GA is developed and applied to
meet the two design objectives for each of these models, the axial ratio and the
impedance matching conditions: Four parameters were involved. This design
improved the bandwidth of both the matching and axial ratio as compared with
a single feed nearly square patch antenna As a result of this work research
papers have been published in the IEE Proceedings Microwaves, Antennas
and Propagation (Vol. 147, No. 2, April 2000), and (Vol. 148, No. 3, June

2001.

The efficient GA search technique has been applied to different designs and in

all cases good results have been obtained.
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Chapter One

Introduction and Overview of the Thesis



1.1 Introduction

Microstrip patch antennas posses several advantages over conventional
microwave antennas and have received considerable research attention. Some
of the principal advantages are light weight, low profile, low cost, and
compatibility with integrajted circuits, and also they are mechanically and
operationally robust. Furthér, the structure is conformable to planar and non-
planar structures. However, microstrip patch antennas also possess
disadvantages, such as narrow bandwidth, lower gain, and low power-handling
capability.
Microstrip patch antennas are used for the radiating elements of various
commercial microwave communications systems such as in highway traffic
control, satellite communication for the mobile phone, direct broadcast, remote

sensing, and global positioning communication. Microstrip patch antennas are

also commonly used in military vehicles, aircraft, and missiles.

The design parameters of antenna structures méy be determined by trial and
error simulation which is costly, time consuming, and slow, especially as often
there is no unique set of design parameters satisfying the required performance
characteristics. A systematic approach based upon modelling analysis which
will produce a good choice of practical design parameter candidates is
required. These candidates will satisfy objective functions derived from the

modelling analysis within given tolerance values. The mathematical model



representing the design problem may be of a very high dimension and may

have non-differentiable functions in the analysis.

In the design of microstrip patch antennas there are a considerable number
of physical and electromagnetic parameters involved. Traditional optimisation
techniques which search for the best solutiéns, such as conjugate gradient and
Quasi-Newton methods are in the class of local techniques [10]. These
methods quickly converge to a minimum once a starting point is known close
to that minimum, but are highly dependent on the initial estimate of the
solution. These methods also have the disadvantage of homing in to local
minima, and may therefore miss the required global minima. They also require
gradient calculations and are limited to problems involving relatively few
parameters [11,12]. On the other hand global optimisation methods which are
largely independent of the initial starting point and place few constraints on the
solution domain are more suitable. Global optimisation methods are very
robust and can deal with ill-behaved functions [11-13]. These methods are
much m‘ore suitable to deal with a solution space having discontinuities, and a
large number of dimensions with many potential ‘local optima’. The
mathematical modelling of the antenna design often involves too many design
parameters, such as the patch and feed network dimensioné, for traditional |

numerical methods to handle.



In this thesis a systematic design approach is used based upon mathematical
modelling of the antenna structure and using a global optimisation search
technique. The design parameters involve both the antenna geometry and the
microstrip feed configuration. The required design parameters in the modelling
analysis are not unique and an optimal parameter solution is obtained with
application of a relatively new Genetic Algorithm (GA) “global” optimisation
method [13]. This method can handle a large number of parameters and also
non-differentiable fun;:tions which may appear in the analyses. It is a stochastic
iterative process, which is very robust in respect of the initial starting
parameter estimates. In this thesis multi-objective GAs with two objective
functions, the axial ratio and the reflection coefficient, are us“ed in the design of
the following microstrip patch antennas and antenna array structures:

(1) Single offset-feed circularly polarised nearly square patch antenna,

(2) Dual-feed circularly polarised square patch antenna,

(3) Cross-aperture-coupled nearly square patch antenna,

(4) 2x2 sequentially rotated circularly polarised patch array.

All the antenna designs presented will have a pre-assigned operating frequency
and a substrate (Duroid 5870) with relative permittivity &, = 2.33, thickness

h =0.79mm, and a loss tangent of 0.0012.



1.2 Review of the Thesis

Chapter two of this thesis describes briefly the basic structure and
operation of a microstrip patch antenna. The various microstrip feed types for a
single patch antenna are described. These include single, dual feeds and the
slot feed. Antenna geometries and dual-feed methods to generate circular
polarised radiation are presented. Two methods of modelling a microstrip patch
antenna that give a clear and good physical understanding of the operation of
the microstrip patch antenna are presented, namely the cavity model and the
transmission line model. A review of planar microstrip patch antenna arrays is
presented together with a design for nearly square patch and the feed position

to produce circular polarisation radiation is presented.

In chapter three the Genetic Algorithm, GA, method of global stochastic
optimisation is presented. Advantages of this approach and comparison
between the GAs and the traditio‘nal local optimisation procedures are
discussed. The main operators and elements of the GA procedure are given and
explained in detail. A brief presentation of multi-objective optimisation is
given. A step by step example of GAs is given to demonstrate the function of
the genetic operators.

A sequentially multi-objective GA method is applied in chapter four to

design a compact offset-feed nearly square circularly polarised microstrip



patch antenna operating at 2.45 GHz and matched to a 50€) source impedance.
The objectivé functions involve the design parameters which are the patch
dimensions, the length and width of the matching microstrip feed line, and the
feed location. For each of the five design parameters the sensitivity to small
variations in the parameters is investigated. The practical, simulated, and

computed results are in very good agreement.

A large number of control parameters are introduced in the design of a
dual-feed circularly polarised microstrip patch antenna hence a non-dominating
sorting GAs optimisation is developed and applied in chapter five to this
design. In this method a set of non-dominating solutions are extracted and
ranked according to their relative fitness values. This is followed by generating
further sets of solutions from the fittest selected solutions. The eight design
parameters are the lengths and the widths of the feed lines of the dual-feed
network. The application of GAs has resulted in a reduction in the overall size
of the structure of approximately 32% compared with what a conventional
design technique can achieve. Very good agreement between the practical,
simulated, and calculated results is obtained for this new compact and simpler
feed structure. The above application is further developed to the design of a
2x2 sequentially rotated patch array which uses a single dual-feed circularly
polarised microstrip patch antenna as the basic radiating element in the array.

The eighteen design parameters are the dimensions, the lengths and widths of



the feed lines in the dual-feed network on each of the four radiating elements,
and, the dimensions of the array feed lines. With the new approach a more
compact and simpler feed structure desi>gned by the GA optimisation has been
achieved. In addition, the expected results of improving the matching, axial
ratio, and VWSR bandwidths as compared with that of a single patch element.
Work presented in this chapter has been published in Electronics Letters [14,
15].

In chapter six the modelling and design of a cross-aperture-coupled
circularly polarised microstrip patch antenna is presented. In a cross-slot nearly
square aperture feed patch antenna, since the feed network and radiating patch
are on separate substrates, the properties of each substrate can be chosen to
optimise, independently, the feed network and the antenna patch. The aperture
coupled feed structure is known to have a number of practical advantages: it
does not require an external polarizer and expensive dielectric materials
[52,53]. With aperture coupling it is possible to match the feed liné by varying
the slot length and the length of the open-circuit stub, which is just an
extension of the feed line. This eliminates the need to use an external matching
network which reduces the overall size of the antenna. The isolation of the
patch from the feed network by the ground plane minimises spurious feed
radiation. A compact structure can be realised using aperture coupling and with
the aperture positioned below the centre of the patch, the symmetry ensures

better circular polarisation. In addition this antenna has the advantage over the



direct microstrip feed designs in having an increased bandwidtﬁ. Results
obtained using both the cavity model and the transmission line model are
compared. For each of these models the multi-objective non-dominating
sorting GA is developed and applied to meet the two design objectives,
ciréularly polarised wave propagation and the 50Q) matching condition. Based
upon this work two papers have been published in the IEE Proceedings

Microwaves, Antennas and Propagation [16,17]

Chapter seven presents the outcomes of the research carried out and
suggestions for ﬁlrthef wofk; A general review of each chapter in the thesis has
been presented.

“It is shown that the novel approach based on the applications of the GA
optimisétion appfoach has been applied successfully to the design ;)f various
types of circularly polarised microstrip patch antennas. The capability of the
GA optimisation approach for the design of multi-objective antenna designs
has been demonstrated. Suggestions are given for further work, such as
including more objective functions in the design of the present structures and

to investigate new antenna forms.



1.3 Summary of Published Work
The following publications are based upon work presented in this thesis:

I.  B. Aljibour, E. G. Lim, H. Evans and A. Sambell, ‘Multiobjective
genetic algorithm approach for a dual-feed circular polérised path antenna
design’, Electronics Letters, 8 June 2000, Vol. 36, No. 12, pp 1005-1006.

ILH Evans, P. Gale, B. Aljibouri, E. G. Lim, E. Korolkiewicz, and A, Sambell,
‘Application of simulated annealing to design of serial feed sequentially
rotated 2x2 array'’, Electronics Letters, 23™ November 2000, Vol. 36, No.
24, pp 1987-1988.

IILB. Aljibouri, T. Vlasits, E. Korolkiewicz, S. Scott and A, Sambell,
‘Transmission line modelling of the cross-aperture-coupled circular polarised
microstrip antenna’, IEE Proceedings Microwaves, Antennas and Propagation
Vol. 147, No. 2 April 2000, pp 82-86.

IV.B. Aljibouri, E. G. Lim , H Evans, T. Vlasits, B. Korolkiewicz and A,
Sambell, ‘Cavity model of cross-slot-coupled circularly polarised microstrip
patch antenna’, IEE Proceedings Microwaves, Antennas and Propagation
Vol. 148, No. 3, June 2001 .pp.147-152.

V.E. N Lim, E. Korolkiewicz, S. Scott, B Aljibouri, and Shi-Chang Gao
‘Efficient impedance coupling formulas for rectangular segment in planner
microstrip circuits’, IEEE Transaction on Antennas and Propagation, Vol. 51,

No 8, August 2003, pp 2137-2140

In addition the author has also contributed to the following publication:



VL E. N Lim, E. Korolkiewicz, S. Scott, and B Aljibouri, ‘An efficient formula
for the input impedance of a microstrip right-angled isosceles triangular patch -
antenna’, JEEE Antennas and Wireless Propagation Letters, Vol. 1, pp. 18-21,
2002.
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Chapter Two

Review of Microstrip Patch Antennas and Arrays
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2.1 Introduction

The concept of microstrip antennas was first proposed in the USA by
Dechamps in 1953 [1], while Gutton and Baissiont issued a patent in France in
1955 [2]. In the 1970s, by exploiting the availability of good substrates with
low loss tangents, Howell fabricated the first practical antenna [3]. This was
followed by extensive research and development of microstrip antennas and
arrays because of the advantages of light weight, low volume, low cost,
conformal configuration, compatibility with integrated circuits and both
mechanical and operational robustness. A variety of forms of microstrip
antenna structures can be designed to produce different radiation patterns and
polarisations. For example, placing elements such as a pin or varactor diode
between the patch and the ground plane can lead to variation of the antenna's
resonant frequency [3,4], and polarisation [3,5]. Also by changiﬁg the bias
voltages on the diodes the impedance can be controlled [6]. Moreover,
microstrip patch antennas are easy to integrate with associated circuit elements
and can be used to produce either linear or circularly polarised radiation. These
advantages make microstrip patch antennas very useful for various
applications, such as in highway communication, mobile communication, and
security applications. They are easy to deploy on military aircraft and missiles.
Also, for narrow-band applications the antenna itself can be used as a filter for

unwanted frequency components [18]. Many applications in communication

12



systems, such as tolling communication, require circularly polarised waves and
microstrip patch antennas are most suitable for this application.

In this chapter the basic principles of microstrip antennas, the radiation
mechanism, alternative antenna feed methods, and technique for generating

circular polarisation are introduced.

2.2 Operation of the Microstrip Patch Antenna

A microstrip patch antenna consists of a conducting patch separated from
a ground plane by a dielectric substrate. There are many different
configurations of the patch antenna the most common being the rectangular,
triangular, and circular shapes. Figure 2.2.1 illustrates a basic structure for a
centre fed rectangular microstrip patch antenna, in which the length, a, is
usually about half the dielectric wavelength and defines the frequency of
operation. The width ‘b’ of the patch determines the input impedance of the

antenna.

13



Microstripfeed Substrate

" line

Ground plane

Figure 2.2.1 Basic structure of a rectangular microstrip patch antenna.

The radiation mechanism of the patch antenna can be viewed in several ways.
A useful way, to illustrate the radiation mechanism, is to consider the radiation
as being due to fringing electromagnetic fields which are excited between the
radiating edges of the patch and the ground plane. This is shown in Figure
2.2.2 with a rectangular patch fed by a microstrip line and the fringing fields at
the two edges of the patch. The electric fields at each edge of the patch can be
resolved with respect to the ground plane into normal and tangential
components. At the far field the normal components cancel out, and tangential
components are in phase, so combine to radiate electromagnetic power normal

to the surface of the structure[19,20].
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A

Substrate

Ground plane

/rf'?// \\\\*\ l\V\V side view

Figure 2.2.2. Fringing fields of a microstrip patch antenna

2.3 Microstrip Antenna Modelling

The modelling design analysis of the antenna is important as it reduces
the need for the costly cut-and-try cycle process. In designing the microstrip
patch element for a given application it is crucial to understand the physical
mechanisms that govern the operation. An appropriate model will satisfy the
following criteria:

e It is capable of calculating all the necessary control parameters which
affect important antenna characteristics such as impedance and
polarisation.

e Can produce usable resuits.

e Offers a good physical insight into the operation.

e Itis simple and convenient for engineers to use.



There are a number of methods of modelling microstrip patch antennas which
involve different levels of mathematical complexity and give different levels of
accuracy. Two simple methods which give some physical insight into the
operation of a patch antenna are the transmission line model, and, the cavity
model [20]. Full-wave modelling techniques have also been developed such as
the spectral-domain moment method, finite-difference-time domain method
and finite-element method [21-26].
'2.3.1 Full-Wave Analysis

The full-wave approach is the most general and accurate method of
rigorously simulating the behaviour of the microstrip antenna. No assumptions
are made in regard to the form of the electromagnetic field structure. Given the
values of the geometric and electrical parameters of the antenna design the
associated Maxwell equations, together with properly posed boundary
conditions, are solved for the operational characteristics of interest.
Maxwell’s equations are either taken in differential, or integral eduation form.
In the integral equation, or, mixed integral equation approach the metallic
patches are replaced by electric surface current distributions, and the slots by
magnetic surface currents. The electric and magnetic fields are related to their
source functions by the associated Green’s functions. Applications of the
boundary conditions on the conducting surfaces give an equation for
determining the electric current distributions. The method of moments (MoM)

is commonly used to obtain the approximate current distribution which can

16



then be used to derive all other operational characteristics of interest. The finite
element method (FEM) is used in the differential equation formulation of the
problem, and the boundary element method (BEM) is used in the integral
equation formulation, while the finite difference time domain (FDTD) is purely
numerical. The FDTD method [26] is of considerable current interest and
employs the two simultaneous first order Maxwell curl equations for the
electric and magnetic fields. Discretization of these equations gives recurrence
equations in the scalar components of the electric and magnetic fields. On the
finite difference grid the electric field is staggered one-half cell with respect to
the corresponding magnetic field. In _the same way, on the time grid, the
electric and magnetic fields are displaced by half a time step with respect to
one another.-The electric fields are initialised and then both magnetic and
electric fields are advanced in time by an explicit leap-frog updating to obtain
the steady—solutioﬁ. The full wave modelling is suitable for analysing a given
design but not for direct application to the problem of finding the design
parameters.

The full-wave method is employed in the simulation software, Ensemble’™5 1

which has been used in this thesis.
2.3.2 Cavity Model Analysis.

Microstrip patch antennas are narrow-band resonant antennas and can be

treated as lossy cavities. In the cavity model [6,8,9] the patch dimensions are
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extended to account for the fringe field and the space between the extended
patch and ground plane can be assumed to be a resonant cavity bounded by
perfect magnetic walls on which the normal electric field component vanishes.
The fields under the patch can be determined by considering the dominant
resénant modes, and resonant frequencies, and the input impedance can then be

derived [9]. The resonant frequencies of the TMuy, modes are given by

B 1 mr nz 2
g T

where m and n are the modes along a, and b respectively, 4, is the free-space

fpermeability, and &, 1S the mutual effective dielectric constant [23].

Egr = \/Eop (@Qﬁ(é)

where

+1 g +1 AN
g (a)= 8’2 + 8’2 (1 +12—j ,and,
a

g +1 & +1 AR
Ep(b) =—"—+-F 1+12— .
7 (0) 2 2 ( bj

The equivalent circuit network for the rectangular microstrip antenna is shown
in Figure 2.3.1. Each mode is represented by a parallel R-L-C tuned circuit. In
circular polarisation there are two dominant modes TMjo and TMjy; being the

fundamental modes [21].
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Figure 2.3.1 Equivalent network for microstrip patch antenna

The electric-field and magnetic-surface-current distributions on the side walls
for the TMo and TMgy; modes are illustrated in Figure 2.3.2 For the TM,,
mode, the magnetic currents along ‘b’ are constant and in phase while those
along ‘a’ vary sinusoidally and are out of phase. For this reason , tﬁe ‘b’ edge
1s known as the radiating edée since it contributes predominantly to the
radiation. The ‘a’ edge is known as the non-radiating edge. Similarly, for the
TM,, mode, the magnetic currents are constant and in phase along ‘a’ and are
out of phase and vary sinusoidally along ‘b’. The ‘a’ edge is thus the radiating

edge for the TM,, mode.
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Figure 2.3.2 Electric field and magnetic-surface-current distributions for a

rectangular microstrip patch antenna, a) TMy; mode, b) TM;o mode

2.3.3 Transmission Line Model Analysis

The rectangular and square patches have a physical shape such that
with a centre feed position it is possible to use the transmission line model for

these antennas. Although limited, this model is commonly used in the design of
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patch antennas. The simple transmission line model [8-9] was first employed
by Munson [7] to analyse a rectangular microstrip patch antenna.
Modifications to the basic transmission line model have improved its acburacy
and versatility by taking into account the mutual coupling between the
radiating edges, the surface roughness of the copper, and, the width of the
microstrip feed line [22].

The patch antenna can be considered as a wide microstrip transmission line and
therefore a low characteristic impedance microstrip line. The area between the
edges of the patch and the ground plane at the two ends can be viewed as
radiating apertures, or, as slot antennas as shown in Figure 2.3.3a. Thus the
low-impedance line can be regarded as being loaded at the two ends by high-
impedance Joads. Mutual coupling between the two slots also exists, and, the
voltages and the currents at the ends of the transmission line are coupled
through a two-port network representing the propagation field out of the patch.

Figure 2.3.3b represents the equivalent circuit of the transmission line.

21



@
Zn

afex "8 % S %} G,

N
v

Figure.2.3.3 (a) Transmission line model of the rectangular antenna (b) the
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Z, is the characteristic impedance of the microstrip line, B is the susceptance

of the radiating slot, G, is the self-conductance of the radiating slot, and, G, is
the mutual conductance of the patch which represents the mutual effects

between the slots [20].

The mutual coupling conductance G, between the radiating edges is given by

[20]
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and the radiation conductance G, is given by [20]
2
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and the susceptance B is given by [20].

2.4 Generation of Circular Polarisation
2.4.1 Wave Polarisation (Axial Ratio)

Consider a plane wave propagating in a positive z-direction, as shown
in Figure 2.4.1(a), with the electric field at all times orientated in the y-
direction. This type of wave is termed linearly polarised in the y-direction. As a
function of time and position, the electric field of such a wave (travelling in the
positive z-direction) is given by [28]

E, =E, sin(ot - fz). (24.1.1)

Similarly, a linearly polarised wave in x-direction is given by
E, =E, sin(ot~ fr). (2.4.12)
where [z is the phase shift varying with distance in the z-direction, and £ and

E, are the amplitudes of the fields in the x and y directions respectively.
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(a)Linear Polarisation

(b) Elliptical polarisation

(c) Circular polarisation
Generally, the electric field of a wave travelling in the z-direction could have
two unequal linearly polarised components, in the x and y directions and so
produces elliptical polarisation (see Figure 2.4.1b).
In these cases the polarisation is called elliptical polarisation (E1 iEz), and

the The electric fields in the x and y directions are given by

E, =E, sin(ot - ) (2.4.1.3)

and
E, = E,sin(ot — fz+0) (2.4.1.4)

where & is the time-phase angle by which £, leads E,. If E, =E,,and the

phase difference & = £90°, the wave is said to be circularly polarised, as shown
in Figure 2.4.1c. When & =+490°, the wave is called left-hand circularly

polarised, and, when & = —90° it is called right-hand circularly polarised. In
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these cases the circularly polarised wave field consists of two orthogonal

linearly polarised components of equal magnitude as shown in Figure 2.4.2.

Figure 2.4.2 Orthogonal currents radiating circular polarisation.

In practice the two electrical modes will not be exactly equal, nor will the

phase shift be exactly 90°.
The quality of circular polarisation is measured by the axial ratio (AR). This
represents the ratio of the maximum to the minimum signal strength of the

electric field vector, and is given by [28].

1
2.!. 2 4 4 212
AR = 1010g Bt B +[E + Ef +2E7E cos(ZH)}f | 2415

EX+ B2 [E* + E* +2E2E cos(20)f

2.4.2 Feed Structures for Circularly Polarised Microstrip Patch Antennas
For linear polarisation the antenna design usually requires only the TMy;
or TM;p mode, while for circular polarisation radiation the patch must produce

two orthogonal fields with equal amplitude but with 90° phase difference.



In the antenna design for circular polarisation two types of feed are
used, the dual-feed with an external polarizer, and, the single feed type without

an external polarizer.

2.4.2.1 Single-Feed Antennas

The advantages of this structure are the simplicity and small size which
1s particularly important when it is difficult to incorporate dual feeds with a
power divider network within the structure. The disadvantage is that they
usually have a narrower axial ratio bandwidth compared with the dual-feed
antenna [26]. There ére a number of different approaches to antenna design for
generating circular polarisation with a single feed. By adjusting the dimension
of the patch one mode is made to resonate just above the required operating
frequency and the other mode to resonate below the operating frequency with a
90° phase difference.
Some of the single feed circular polarisation structures can be designed by

modifying a square patch antenna as shown in Figure 2.4.3.

26



e
N
N
;N
0
~N
N
N
[¢]
S
N\
AN
N\
\
N\
O\
N
\
\

ERTe U

h 4

|
|

G
!!\
|

s

Figure 2.4.3 Various single feed modified square parch antennas.(a) Nearly
square, (b) Square with two stubs, (c¢) Square with two notches, (d) Square
with two corners chopped, (e) Square with two square notches at the corners,
and (f) Square with diagonal slot

2.4.2.2 Dual-Feed Antennas

A dual feed can excite two orthogonal modes simultaneously with
equal magnitude and a £90° phase difference. There are several microstrip
feed circuits which can generate circular polarisation such as the quadrature
hybrid, the ring hybrid, and, T-junction splitter [22,28].
Two basic structures for the dual-feed circularly polarised patch using an
external power divider are shown in Figure 2.4.4. In the case of the dual feed,

the 90°-degree phase shift is generated by an external polarizer such as in the
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feed network shown in Figure 2.4 4a. At the operating frequency the input feed
is divided equally into two antennas input feeds and one of the feed pathsis a
quarter wavelength longer than the other feed patﬁ. Alternatively, a hybrid
coupler (Figure 2.4.4b) which splits the power source and produces the
required 90° phase shift between the fields can be used.

In chapter five a new approach is investigated to minimise the area of the

antenna by removing a quarter wave condition on the power splitter feed

network.
. Patch
M4 Matching Element
— 3dB Network
_ Patch . Coupler /\/\1
Feed Line ' Element LHCP:’_—'——
—

Mode T

F/Iode 1 RHC.

Figure 2.4.4 Dual feed circularly polarised patch antenna arrangements.

a) A Power splitter Feed b) A 3dB coupler

2.4.3 Traditional Design of a Dual-Feed Circularly Polarised Microstrip
Antenna.

For a circularly polarised square microstrip patch antenna element

with purely resistive matching of the feed network two conventional design

methods are described and the results show the shortcomings of the

conventional approach. The antenna, which is shown in Figure 2.4.5 is
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designed to operate at 5.8 GHz. The dual feed square patch antenna is
treated as two transmission lines excited simultaneously from a single feed
source, With Z, =50Q . Each feed is terminated with a load, Z, =320Q.
The two transmission lines effectively act as a single offset feed which
generates the two orthogonal modes required for circular polarisation. In
order to maintain a 90°-phase difference it is usual to make the length of
one of the network feed lines a quarter-wave length longer than the othér

feed line.

Figure 2.4.5 Dual-feed circular polarised square patch antenna with /4

length difference between the two ports.
The power splitter is normally designed to obtain the specified 50Q input

impedance at the feed source. Since Z; =320Q, this will require
Z, =7, =180Q . The shortcoming in this approach is that the impedance

value 1s very difficult to realise in practice using microstrip technology.
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In the second approach, it is possible to make Z,, less than the specified
input impedance 500, to ensure that the impedances Z, and Z,can be
realised. This is done by transforming Z, to 50 using a further quarter

wave transformer at the input between the power source and the feed
network. It is also necessary to set the lines adjacent to the patch to the

maximum practical impedance of 140Q2. The input impedance of the feed

structure is then 33.3Q. Further, in order to match a required input source, a
quarter wave section must be inserted between the feed network and the
source. However this means that overall size of the antenna structure will
be relatively large, producing spurious radiation.

In chapter five a new approach using GA optimisation is presented to
design a circularly polarised dual-feed microstrip patch antenna. The new
approach reduces the area of the s%ntenna and overcomes the high

impedance problem of the feed network, and, reduces spurious radiation.

2.4.4 Aperture Coupled Antennas

.Circularly polarised aperture coupled antennas can also use either
single or dual feed configurations. This type of feed structure does not require
a physical connection between the patch antenna and the feed line which
facilitates the use of different substrate materials for the feed network and for
the antenna. The aperture coupling consists of two substrates bonded together

and separated by ab ground plane. On the bottom side of the lower substrate is a
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microstrip feed line which excites the patch through a slot on the ground plane
separating the two substrates (see Figure 2.4.6). This structure permits
independent optimisation of the feed mechanism and the radiating element
[19]. Usually material with high dielectric constant is used for the bottom feed
substrate, and thick low dielectric constant material for the top antenna
substrate. The use of a thick, low permittivity substrate increases the bandwidth
of a microstrip patch antenna [19]. In addition, this feed structure can be
designed in order to improve bandwidth by adjusting the shape and the length
of the coupling aperture, width of the feed line, and the length of the stub. The
ground plane between the substrates also isolates the feed from the radiation
element and minimises interference of spurious radiation for pattern formation
and polarisation purity. Controlling the width of the feed and the length of the
slot allows matching between the feed line and the patch element. This
eliminates the need of any external-matching network, and external polarizer,
which would increase both the size of the antenna and also its complexity. A
dual feed aperture coupled antenna may use two separate slots [29], or the
structure may use a crossed slot [16,17]. In both of these cases the patches are
square, which assists in achieving good axial ratio. Circular polarisation can be

achieved using a single-feed aperture coupled antenna (Figure 2.4.6).
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Figure 2.4.6 Aperture-coupled microstrip patch antenna.

In the single feed aperture design the patch is orientated at an angle to the
linear polarisation position [31]. The inclined slot causes two orthogonal

modes to be excited on the patch in the x and y directions. The phase shift

can be achieved by using, for example, a nearly square patch. In such a
structure the circular polarisation is very sensitive to the tolerance of the patch
dimensions. It is important, therefore, that the dimensions of the patch are
determined accurately. Using two slots in.a cross configuration (chapter six)

can improve the quality of circular polarisation [16], and also the manufacture



tolerance is increased. Applications of both the transmission line model and the
cavity model to a cross-slot-aperture-coupled-circularly-polarised microstrip

patch antenna are presented in chapter six.

2.5 Microstrip Patch Antenna Arrays

In many microstrip patch antenna applications, system requirements can
be met with a single patch element. However, it is well known that microstrip
patch antennas are limited in bandwidth and purity of polarisation. Tﬁe
antenna's bandwidth can be constrained by the input impedance characteristic,
polarisation purity and gain parameters. In some cases, systems require higher
gain, robust performance, and wider bandwidth while maintaining a low profile
structure, low manufacture coast, and low weight. This calls for the
development of a microstrip patch antenna array in which a large number of
radiating elements are to be deployed in the array

The possible feed systems are, the parallel, the series, the hybrid
parallel/series, and the sequentially rotated feed system. To design an array
system with good circular polarisation over a wide bandwidth several authors
[26,32] have described array systems in which every adjacent four elements are
placed in a rectangular lattice sequentially arrayed in both phase and
orientation. In the conventional form the feed system for this structure is a
purely resistive hybrid type [22] and incorporates quarter wave transformers.

A new design approach is presented (Chapter five) in which the quarter wave



transformer network is replaced by an impedance network which is not purely
resistive.
2.5.1 Parallel Feed

The parallel feed which also called the corporate feed is illustrated in
Figure 2.5.1 which shows the patch elements are fed by parallel transmission
lines power divider. The transmission feed line is divided into two branches
and each branch is divided again until it reaches each patch element. In a
broadside-radiating array all the divided lines are have the same length.

The parallel-fed patch can be divided into two categon'es: a one-
dimensional feed network, and, a two-dimensional feed network. A §imple
one-dimensional parallel feed patch antenna linear array is illustrated in Fig.
2.5.1a, where the structure involves of a two-way power diyider branching
network.

The main advantages of this type are; first that the array can be readily
designed for even numbers of elements, which are not powers of two, and, for
odd element numbers Secondly the structure can provide a tapered aperture
distribution which would otherwise necessitate large power-divider ratios in
the branching network.

Fig 2.5.1b shows a two-dimensional pafallel feed with four elements aside.
This sort of structure can be spread out to larger arrays with 2N elements per
side. Any attempt to modify the feed to deal with other even numbers can

result in the need for large power-divider ratios [22].
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Fig. 2.5.1 Parallel fed patch array a) 1-dimensional, b) 2-dimensional

2.5.2 Series Feed

In a series feed patch array structure [3,34], the patch elements ére
arranged linearly and fed in series by a single transmission line. Multiple linear
arrays can then be fed either in series or in parallel to build a two-dimensional
planar array. Two different configurations of the series feed method are shown
in Figure 2.5.2; the in-line feed using two-port patches and the out line feed

using one-port patches. The in-line feed [35 36] has the feed transmission line

[UN]
n



and the patch elements érranged in the same line. The out-of-line feed [20] has
the feed line arranged parallel to the elements. The in-line feed array occupies
the smallest real estate with the lowest insertion loss but generally has the least
polarisation control and the narrowest bandwidth [20]. It has the narrowest
bandwidth because the line passes through the patches. Thus, the phase
between the adjacent elements is a function of line length and the patches'
input impedances. Because the patches are weighted differently with different
input impedances, the phase will be different for different elements and will
change more dramatically as frequency changes due to the narrow-band

characteristic of the patches.
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point \
radiating

€)
element

O 000G

Figure 2.5.2 Series fed patch array a) on-line feed, b) off-line-feed.

2.5.3 Hybrid Series/Parallel Feed
A combination of both the series-feed and parallel-feed forms is called a

hybrid series/parallel-fed array. An example of a hybrid series/parallel-fed
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array 1s illustrated in Figure 2.5.3, where a combination of series and parallel

feed lines is utilised.

Feed point Feed lines Patch
\ﬁ \ _~elements
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Figure 2.5.3 Hybnd fed patch array

For a circularly polarised array, a new array structure has been developed
[43,44] in which every adjacent four elements are placed in a rectangular
lattice sequentially arranged in both phase and orientation in order to obtain

good circular polarisation over a wide bandwidth.

2.5.4 Sequentially Rotated Patch Arrays

In general the conventional rotated patch array structure consists of
groups of 2x2 sequentially rotated radiating elements. The feed system
required is a purely resistive hybrid type. Every adjacent four elements in a
group are placed in sequential arrangement in both phase and direction, which
improves the circular polarisation and radiation patterﬁ'symmetry over a wide
frequency bandwidth [25].

A new design approach for the’sequentially rotated array is developed

in this thesis for a 2x2 radiating element patch in which the quarter wave
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transformers network is replaced by an impedance network, which is not

purely resistive.

2.6 Summary

In this chapter microstrip patch antennas and patch antenna arrays have
been described. Basic descriptions of the radiation mechanism and circular
polarisation generation techniques have been presented. Microstrip patch
antenna feed configurations have been discussed, such as single, dual-feed and
the slot feed. Circular polarisation and the single feed antenna patch designs to
produce circular polarisation have been reviewed. Methods of modelling a
microstrip patch antenna, including the transmission line modelling and cavity
modelling of microstrip patch antennas have been introduced. An antenna array
approach using sequentially rotated patch radiating elements is briefly
introduced. General discussion of patch arrays has been discussed, this

including the feed structures of the arrays.



Chapter Three

Genetic Algorithm Optimisation
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3.1 Introduction

Optimisation methods seek to determine values of design
parameters, which enable key functions, called objective functions, to
reach optimum numerical values within prescribed limits. The objective
functions are expressions, the values of which determine the performance
characteristics of the device. In the calculation the design parameters are
constrained to lie within pre-assigned practical limits which together
define the parameter domain. Since there are usually competing
requirements between the objective functions optimisation results in sets
of feasible solutions, the best of which is the optimum solution: although
there may not be an absolute best candidate. In matched circular polarised
antenna design problems the objective functions involve the axial ratio and
the reflection coefficient [Chapters 4,5,6]. Traditional methods such as
variable metric and conjugate gradient [11] use direction derivatives with
respect to each parameter and at each step proceed point by point in the
parameter domain from an initial estimate of the solution. Thus they have
a tendency to lock into local solutions and so miss the global solution.
Also, convergence depends on having good starting values for the
parameters. Problems involving the axial ratio and antenna impedance
matching have many local minima [34]. The traditional approach becomes
analytically unmanageable with an increasing number of parameters and in
the present work 4,5,8, and 22 design parameters are involved.

A more recent “global” search optimisation method that can handle
a large number of design parameters is the Genetic Algorithm (GA) [13,

14]. The method was first introduced by John Holland [33] in connection
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with evolution and natural selection. This method does not require
differentiability, or good starting values of parameters, since at each stage
trial solutions, or candidates, are generated across the enfire parameter
domain. This offers an opportunity for parallel computation. A typical
application of GAs involves the construction of a seed population of
randomly selected candidates for solution, followed by the application of
three operators, ‘selection’, ‘crossover’, and ‘mutation’. Within the GA
approach there is a choice as to which technique may be used in the
application of these operators. For example a binary string form of a
solution, or the decimal form of a solution may be adopted. The binary
string is most commonly used and is deployed as a vehicle for the
generation of successive candidates. Altematively the use of the decimal
form has been reported in [34,40]. There are no hard and fast rules for
choosing some technique over another and currently there is no rigorous
proof of convergence. However, there is a considerable body of successful
applications ranging from image processing to protein structures, and also
in antenna design [34,36]. In matched circular polarisation design the
objective functions are taken to be the reflection coefficient and the (axial
ratio-1) so that each function then has a minimum value of zero. The
optimisation then is a minimisation problem.
The strategy of the GA search method is initially to construct a
random collection of seed trial solutions across the parameter domain. Each
parameter i a trial solution is encoded as a binary string and these strings

are sequentially co-joined into a continuous seamless binary string
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(concatenation) called a “chromosome”. The set of the trial solutions
constitute the initial “population”.
Mimicking natural selection, new populations are propagated by selecting
particular segments of two chromosomes to interchange positions in the
chromosome strings thus creating two new chromosome candidates for the
trial solutions. This process is called “crossover” which has been linked to
the transfer of genes in natural evolution [37]. Additionally new candidates
can be also be generated by “mutation” where a single binary digit is
switched within a single chromosome. As each new population is
constructed the chromosomes are employed to produce real values of the
parameters which are then used in a “fitness function” test to select
candidates for retention or rejection from the solution space. Good
candidates are retained while others are discarded in such way that the
population size remains constant. The cycle is repeated for a predefined
number of iterations, or, until a quality test is satisfied.
The mechanics in the GA procedures are permeated at every stage with
random selections of one kind or another. This characteristic prevents
localisation in the search domain and ensures great diversification in the
search populations.

First addressed are problems involving only one objective function.
The procedures used in constructing the initial seed population and in the
operations of the four operators are described in section 3.2. In section 3.3
the outline of the GA is presented. In section 3.4 the GA is illustrated by an
application to a maximisation problem Section 3.5 introduces problems

involving two objective functions. A summary is given in section 3.6.

42



3.2 Procedures and Operations in the GA Approach
The following subsections describe the representation and initialisation

of the seed population, the fitness function, and the selection, crossover and

mutation operators.

3.2.1 Representation and Initialisation of a Seed Population.
The seed population consists of N trial solutions
X, =X(a,,a,;,...,a,), J=LN
where a;, i =1,n are the ‘n’ design parameters in the ™ trial solution.

In a trial solution the parameters may be represented as a decimal number, or
a binary equivalent number. Initially the arithmetic length used for a
parameter is chosen, which fhen fixes the string length of the binary
representation of each parameter. Thus if the latter is of length m then
concatenating the strings of all n parameters in a trial solution, into a single
seamless binary string, results in a binary string of total length m xn. Such a
binary string is called a chromosome, or, a trial solution chromosome. The

values of a;; are obtained within the parameter search domain (Z,,U,) by the

formula [13] (Appendix A)

V.
a, =1L + yl(Ui—L,.), fori=1im, j=1LN

g 1 2m
In this way the N random seed trial solutions, X ;> J=LN are constructed.

The seed trial solutions are immediately tested for an acceptable solution(s)

and if not accepted the seed population moves on into the GA iterative cycle.
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3.2.2 The Relative Fitness Functions

The relative fitness uses the objective function to provide a measure
of how individuals have fared in 2 sample population. The relative fitness
function value of an individual candidate decides if the candidate proceeds
to the next generation. Several measures of the relative fitness have been
proposed which employ the values of the objective function of each member
in the population. The fitness value may be obtained by Ilinear
transformation, dynamic linear scaling, power law scaling, and, logarithmic

scaling. The most commonly used is the relative fitness given by [13]

Axy) 3.1)

F, =
%f (X))

where f(X ) is the value of the objective function for the solution X .

According to its relative fitness value each individual has a probability of

being a member of the next generation.

3.2.3 The Selection Operator

ThJS operator selects the relatively better solutions from the current
population and deletes the remaining. The better solutions are then employed
m the crossover and mutation processes to generate new offspring to
maintain the population size. The selection guides a GA’s search in the
direction of promising regions in the search space. Many selection methods,
such as the Roulette wheel selection method, Tournament selectiorn, and,

Rank-based selection method have been proposed [34].
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The simplest and most used selection method is the Roulette Wheel
method, since it assigns a correct simple proportional representation of the
best solutions to be members of the next generation. Each trial solution
string is assigned to a sector on a roulette wheel Figure 3.1(a), the size of the
sector being proportional to the fitness value of the solution. The roulette
wheel is spun as many times as the population size, and, each time a
chromosome is selected by the roulette wheel pointer [12,13,34]. Because
the solutions are located in sectors proportional to their fitness values, an
individual with a higher fitness value will have more chances to be selected
than an individual with a low fitness value. The computational realisation of
the Roulette wheel solution is best described by starting with the wheel

divided into N equal unit sectors as shown in Figure 3.1(b).

Figure 3.1 (a) Roulette Wheel selection (b) N-Unit sectors

For a maximisation Each of the N trial solutions is allocated a number of
these sectors in direct proportion to its relative merit in the population as

given by its relative fitness value F(X ). The trial solution is then awarded

S f urnit sectors where
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S, =nt{F(X,)x N}
where Int is the integer round off of F'(X;)xN .
Computationally, S, copies of X are placed in the population, but each

with a different name (subscript) and so the size of the population is not
changed. Some trial solution(s) receive no allocation of unit sectors and so
are rejected. The surviving trial solutions are then eligible to be selected for
a parental role in the crossover procedure.

Diagrammatically, the S, unit sectors of the successful candidate copies

may be co-joined to produce the conventional wheel sector configuration as
shown in Figure 3.2(a). However, this is not necessary since the random
pointer selection picks out the same best sectors whatever their position on
the Roulette Wheel, Figure 3.2(b).

An 1llustration of selection is given below in table 3.1

] F(X,) F(X,)xN nt{F(X,)x N}
1 0.14 0.56 1
2 0.49 1.96 2
3 0.06 0.24 0
4 0.31 1.24 1

Table 3.1 Allocation of Unit Sectors.

The trial solution X, is rejected while solutions X, X,,X, are retained,

with X, assigned two unit sectors on the roulette wheel.
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If a copy of X, is now relabelled X, then the new set X, X,, X;, X,

constitutes a full population of four solutions eligible to produce to the

crossover/mutation operation for further iterations(s).

3.2.4 The Crossover Operators
Crossover is the main random search tool of the GA approach. This
operator is applied to a proportion of chromosomes of the eligible solutions

which have been selected to be parents of new offspring chromosomes. The

proportion is called the ‘crossover rate’ denoted by p,.. In practice [13],

p. €[0.4,09] so that somewhere between 40% and 90% of a given

population are chosen as parents for the next generation.

From within the binary chromosome strings of two parents, substring
segments are chosen at random to be exchanged or crossed over, between
the parents, in order to create two new chromosomes [34,35,36]. The new
offspring now replace, completely, the two parents in the population. A one

point crossover between two parent chromosomes is illustrated below.

parents offspring
OO(TIOOOIHOO OO(T)OlIOIOIO
11?01101010 111T100011100

where ?is the one point crossover position.
The two substring segments 000, and 111 are swapped over between the
parent chromosomes to produce two new chromosomes.

In general if there are many crossover points 1,2,3,...,5 as shown below
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Chromosomes 1 {T DENERNS T:}end

Chromosomes 2 {T (R NP T, }end
Crossover 23 o
points

then simultaneously the binary segments between (0,1), (2,3),...(s,end) are
swapped over. That is starting at the left hand end the binary segments in
alternate segments are crossed over, The number of crossover points is
chosen at random in the interval [1, (mxn-1)]
3.2.5 Mutation Operator

To complement the crossover process by increasing the
diversification trial solutions the mutation operator is employed. Mutation
consists of simply switching over one binary bit in the chromosome string of
an eligible candidate which, again is chosen at random. The mutation

operator is applied with a low rate p, , typically, p,, €[0.01,0.1]. The

mutation operator is illustrated as follows:
Parent Offspring

10101010 10001010
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3.3 Outline of the GA Method

The procedural sequence is as follows:
1. Initialise and encode a random population of chromosomes.
2. Decode and evaluate each chromosome's relative fitness in the
population.
3. Reproduce a new generation by stochastically selecting current
chroinosomes as parents according to fitness in order to generate new
children.
4. Apply crossover and mutation operators to generate the new
chromosomes.
5. Repeat 2-4 until an adequate solution is found (Reproduction).

A flow diagram is shown in Figure 3.2
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Generate seed
population of —
trial solutions

Select parents for next
generation, using relative
> fitness function

A

Generate chromosomes
from offspring to maintain
population size by

4 crossover and mutation

Test for final
solution(s).

Tteration
ceiling
Reached

Acceptable solution(s)

Figure 3.2 Genetic algorithms flow chart.
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3.4 Genetic Algorithms Example

The problem is to find the maximum value of the function, f(x,):

_|sin(z(x - 3))| lsin(z(y - 3))|
| 7(x-3) || 7(r-3) |

S,y

on the parameter domain x € [0,8], y €[0,8].
The above objective function 7(x,y) is plotted in Figure 3.3 which has a

well-defined global maximum at x=3.0, and y=3.0, and also a number of

local maximam. Further the function it is not everywhere differentiable [40].

i

‘e

X

Figure.3.3 A plot of the solution surface for the 2D magnitude Sinc function.

The GA first generates a set of ten initial random values of the seed

chromosome population in the search domain in their binary representation

form:
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P

ct

PcZ
P

c3

Pc4

i

[11010110100101011110}

[00100100100111000010]
[01011110001110010111]

[01011110000110011111]
P, =[01111111001110011011]
P, =[01111100001100011110]
P, =[01101101001100011010]
P, =[01011101001100010111]
P, =[01101101000100010010]
P,, =01011101001100010100]

it

I

i

il

i

This initial population is converted to corresponding scaled real values by
the scaling formula (section 3.1)[42].
The corresponding real parameter values of this chromosome population are

P —(x, y,) =[0.4962,4.1916]
=(x,,y,) =[6.0450,2.0176]
= (x,,¥,) = [7.2727,4.7937]

P (x4,y4) [0.7038,1.5861]

P, = (x,,y;) = [1.6774,0.8426]

B, =(x,,y,)=[1.3666.6168]

B =(x,,y,)=[0.44187.1769]

B, = (x,,75) = [1.6422,1.8260]

B, =(x,,5,) =[1.1046,6.2033]

By = (%0, 310) = [4.9423,0.2581]

Then the objective function, f,(x,,»,), is evaluated, and these values

are then used to evaluate the corresponding relative fitness value. For this
maximisation problem the relative fitness value is equal to the value of the
objective function.

The relative fitness function values of the above parameter population are as

follows:_
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fi(x,3,) =0.0163
fo(x,,y,) =0.0142
f(x;,3,) = 0.0042
fu(x,,y,) =0.0249
Js(x5,¥5) =0.0012
JSo(xs, v6) = 0.0054
f(x,,y,) =0.0290
Je(%e,¥5) =0.17840

So(Xe, ¥5) = 0.0087
flo(xmaylo) =0.0003

From the above function evaluations it can be concluded that the parameter
set, F; 1s the best one and that the parameter set A, is the worst.

The roulette wheel selection procedure is now applied as shown below:

1.  Calculate the total fitness for the population:

10
F =Y eval[P]=02825.

i=]
2. Calculate the selection probability p,, for each parameter set

_eval[P]
si F

Py =0.576,p, =0.502, p, =0.148, p_, = 0.881, p,, = 0.420,
Pes =0.191, p =1.020, p, = 6310, p, = 0.307, p,, = 0.010

3. Calculate the cumulative probability ¢, for each chromosome:

10

g, =0.576,q, =0.1.078,q, = 0.1.226,, = 2.107,q, =2.527
gs =2.718,9, =3.738,q, =10.048 g, =10.355,9,, =10.365
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. Generate a random number r from the range [O,l]x max(p,,),
1=1,2,...10.

e If 7 <g, then select the first chromosome F,; otherwise select the 'S
chromosome P,, 2 < k < population sizesuch that g, , <r <g, .

The following 10 random numbers are generated

r =1.96,r, = 0.813,r, =0.376,r, = 0.843,r, = 5.196
r, =7.28Lr, = 4.638,1, =3.694,r, =1.338,7,, = 6.954

The first number 7 =1.96 is greater than g, and smaller than g, meaning

that the chromosome 4 is selected for the new population; the second

number 7, = 0.831 is greater than g, and smaller than ¢, meaning that the

chromosome 2 is selected for the new population, and so on. Finally, the

new population consists of the following chromosomes:

P, =[01011110000110011111]= P’
P,, =[00100100100111000010]= P>
P, =[11010110100101011110]= P's
P, =[00100100100111000010]= P«
P, =[01011101001100010111]= P's
P, =[01011101001100010111]=P's
P =[01011101001100010111]= P’
P, =[01101101001100011010]= P’
P, =[01011110000110011111= P’s
P, =[01011101001100010111]= P'jo

—

H

[Raweit)

I

Il
(R}

T

n

The probability of the crossover is set to be p, = 0.4. This means that 4

chromosome’s pairs will be selected for crossover operator. The other
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remaining chromosomes will migrate to the next generation. Four random

numbers are generated as follow:
3, 5, 6, and 7. This means that the chromosomes P;,P;,Ps' and P, were

selected for crossover.

The one-point crossover has been used and this randomly selects one cut-
point, k, and exchanges the right parts of two parents to generate offspring.
We generate a random integer number pos from the range from 1 to 19
( because 20 is the total length of a chromosome) as a cutting point. Since
the generated crossover position is 9, the four selected chromosomes are cut
after bit number 9, and offspring are generated by exchanging the

chromosome segments between each pair as follows:

P'5 =[11010110100101011110]
P's =[01011101001100010111]

New l

P's =[11010110101100010111]
P's =[01011110000101011110]

P's =[01011101001100010111]
P's =[01011110000110011111]

New l

P's =[01011101000110011111]
P's =[01011110001100010111]

Mutation alters one or more genes with a probability equal to the

mutation rate. The probability of the mutation rate is set as p, =0.01, and
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means that an average of 1% of the total chromosome population would

undergo mutation. Since there are 10x20=200 bits in the entire

population, 2 mutations per generation is expected. All the bits have an

equal chance to be mutated Thus a sequence of random numbers

7,(i =1,2,---200) . The following random numbers are generated 84 and 186,

therefore the bits number 84 and 186 were selected for mutation:

Table 3.2 Mutation bit selection

Bit position Chromosome Bit Random
number. number. number.
77 4 7 84
183 10 3 186

After mutation the final population is as follows:

P} =[01011110000110011111]
P> =[01111100000110011110]
P5=[01111111001110010111]
P4 =[01111100000110011110]
P’s =[01011110001110011011]
P's=[01111111001110010111]
P> =[01111100000110011110]
P =[01011110000110011111]
Ps=[01001111001110011011]
P =[01111110001110010111]

The corresponding real values of variables (x, y) and the fitness values are

given by



£(5.73761.0255) = 0.0126
£(1.0231,1.0238) = 0.00408
£(6.1658,.7884) = 0.02189
F(2.7767,4.9002) = 0.02344
F(1.1301,0.1543) = 0.01907
£(2.76211.9072) = 0.01835
£(2.7557,2.2571) = 0.42008
7(6.7244,3.3925) = 0.34680
7(0.8364,1.493) = 0.017030
£(0.18344,7.1884) = 0.32152

This completes one iteration of the genetic algorithm. The GA application 1s
terminated after 200 iterations, and the best chromosome is located in the

42° iteration with the values £(2.99997,3.0005)=1.000. The iteration

sequence is illustrated in Figure 3.4 below:

0.9+

0.8

0.7

0.6

fix,y)

05+

04

0.3

0.2

01 1 L i u i I L L I
0 20 40 60 80 100 120 140 160 180 200

generation

Figure 3.4 The genetic algorithm optimisation convergence to the global

optimum solution (fitness=1.0)
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3.5 Multi-Objective Genetic Algorithms Optimisation

Many design problems require the simultaneous optimisation of a
number of objective functions. In these problems there may be no
solution that is best with respect to all the objective functions. The most
common procedure for solving a multi-objective function problem is by
combining all the objective functions into a single objective function.
Various methods such as the method of objective weighting, method of
distance functions, and by a min-max formulation have been reported
[12].

Typically, there exists a set of solutions that are of better quality, called
pareto-optimal solutions, or non-dominated solutions. [13,39,40]. The
remaining solutions are called dominated solutions. A pareto-optimal
solution for a maximisation problem can be defined as follows:

Let x, and x,be two sets of solutions for the problem. The solution x, is

said to dominate the solution x,, (written as x,> X,,) if

1.  Forall elements xi, x} in the vectors x,,x, :X,' =x"

2. There exists a j such that x/; > x75.

However, there usually is no solution out of the non-dominated set
which is absolutely better than any other, so any one of the non-
dominated set is an acceptable solution.

A better procedure is the non-dominated sorting genetic algorithm [58]:
this is used in the present work. The main feature of this optimisétion 1S
to classify all potential solutions into two types namely the dominated

solution, and, the non-dominated solution type. For minimisation
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problems a solution x is dominated if there exist a feasible solution y
such that
fi(x)= f.(@y) forall i.

If a solution is not dominated by any other feasible solution it is called a

pareto-front solution ( see Figure 3.5).

A
~ X X +  Non-dominated solutions
® X
2 + X X  Dominated solutions
2 x| Pareto Front
°© \ X X
\* X y
' X
\\ X
+ X
__________ g
%
objectivet

Figure 3.5 Pareto front for minimisation

The idea of this procedure is based on several types of classifications of the
individuals. Before the selection is performed, the population is ranked on
the basis that all nondominated solutions are sorted into one category, with

respect to the fitness value (see Figure 3.6).
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Figure 3.6 Non-dominance ranking

Population members that are not dominated by any other population
members are termed non-dominated members and are given rank-1,
(Pareto-frontl). Then the rank1 solutions are removed from the ranking
population. The non-dominated members from the remaining population
are then assigned rank-2 (Pareto-front2) and are likewise removed. This
process 1s continued until all the solutions within the present population
are ranked. To ensure that the procedure converges to a rank-1 solution
an additional share operator is applied, which requires a niching
computation carried out using Hamming distance mapping in genotype
space [39,40], then the sharing operator is applied.

The steps in the non-dominating sorting genetic algorithm may be
conveniently displayed as follows:

Let g =(a,a,,

,a,) and, g, ==(b,b,,---,b,) be two chromosomes

with rank-1

A
X ] e - Rank1
o X AN ;
\ \
£ | % X, ———— Rank2
£l X \
° \ X )\( Rank3
p \
Rank 4
+ X ~ Vi
\ Rank5
! N ‘
! ~ X
T
_______ .
-
objectivel
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5.

1. o is a user define niche.

share

2. The distance between g, and g, is evaluated by using the

Hamming distance function [40] given by
D tammin g(gl’gZ) = 21ai —bx'l
i=1

3. Applying the niching function :

1——d— d<o

Sh(di \J ) = Gshare
0 otherwise

share

4. Compute niche count m,for every chromosome:

m, = sh(d, )
7=

Evaluate the sharing function for each chromosome by reducing the

objective function value, F, , for the chromosome as follows:

Ll ]

Foo=

share F:
m 7

F :hm is the share value” which is used by the selection operator instead of

the original objective function value.

3.6 Summary

In this chapter an introduction to GAs has been presented. The GA
approach as used in this thesis has been presented. As an illustration a step-
by-step account of an application to a simple maximisation problem is given.
A brief review of multi-objective GAs optimisation approach has also been

outlined.
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Chapter Four

Application of Multi-objective GAs Optimisation to the

Design of a Nearly Square Offset-Feed Circularly

Polarised Patch Antenna
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4.1 Introduction

The single feed patch antenna is one of the most common structures
that can be used for circular polarisation applications. Designs using a
single-feed rely on generating two orthogonal linearly polarised modes,
equal in magnitude and 90° out of phase. Typical types of single-feed
ciréularly polarised patch antennas have been illustrated in chapter two,
Figure 2.4.2.
For the nearly square patch antenna with a corner feed it is found that the
dimensions of the patch are very close to each other resulting in sensitivity
to manufacture errors. This problem would be reduced if it were possible to
increase the area of the perturbation segment. It is shown in this chapter that
this can be obtained by using a microstrip feed offset from the corner
position and along one side of the patch. However as the offset position is
increased the input impedance is reduced so that it is difficult to design a
simple matching network that still maintains the compact structure of the
antenna.
For matching, as complex impedances are involved it is not possible to use a
quarter wave transformer. If the constraint on the quarter wave length
condition is relaxed then matching of complex impedance is possible.
However this form of matching cannot be realised if the offset location 1s
close to the centre line of the antenna. Consequently, with an offset feed
position, there is a trade-off between the requirements to increase the area of
the perturbation segment and the need to use a simple matching network, so

as to maintain the compactness of the antenna.
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D

w

b Z, =500

Figure 4.1.1 Nearly Square offset-feed circularly polarised patch antenna

The design of the offset feed structure is described in the following sections.
Section 4.2 introduces the derivation of the axial ratio objective function.
The derivation of the impedance matching objective function is presented in
section 4.3. In section 4.4 the application of the GA optimisation approach
to the design is presented. The results and discussion are presented in
section 4.5. Sensitivity analysis of the design parameters is presented in

section 4.6, and the conclusion is summarised in section 4.7.

4.2 Derivation of the Axial Ratio Objective Function.

The two orthogonal currents components £, and E, are given by [29]

E occos(mc"/a),and,E ocw with klOZﬂ/a,anCLkol:”/b'

T k—k, * T k—k

Ot
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To produce circular polarisation the following equation needs to be satisfied
E
A(k Bo) =fj£+7/2 “21)
(k kOl )
where 4= cos( 7?;0 j / cos(ﬂz ) (x,.¥,) being the feed point location.

To a good approximation, the effective wave-number can be expressed as

[8]

(4.2.2)

where k, =27f /c, in which f is the operating frequency, and Q 1is the
quality factor, which includes, copper, dielectric, radiation and surface wave
losses of the structure. In equation (4.2.2), k' = ky4/e, , and, k" =—k'/20

From equation (4.2.1) the amplitude and phase conditions for circular

polarisation are given in equations (4.2.4) and (4.2.5).

arg(—g—i—] = i-;i 4.2.4)
and,
E,|=|E.] (4.2.5)

For the phase condition given by equation 4.2.4

arg(k:k“’]:% (4.2.6)

2 ) "
k™ =k + ko K + ko + 57 =0 4.2.7)

or {k' -@%ﬁ)l—)}z ik {("’10 01)} (4.2.8)
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), and, diameter,

ko +k
In the k-plane this represents a circle, centre (O,—————-( 10 5 )

(k,, —ky ). A geometric representation of k,k —k,,,and,k-k, is shown in

Figure 4.2.1

Figure4.2.1Geometricrelationsof phasorsk,,, &y, and kin the k£ — plane forCP.

The angle between the phasors k —k,,, and, k-k,, is 90°. Therefore k must lie
on a circle with diameter (k,, —k,,). Also from equation 4.2.2, k must also
lie on a straight line with slope equal to (k"/k')z 1/2Q passing through the

origin. Therefore for the solution for k is given by the intersection of the

straight line and the circle. There are three possibilities:

no solution if (ky, —k,,) < 2k".
one solution if (k,, -k, )~ 2k".
two solutions if (ky —k,,) > 2k".

The magnitude condition of £, and £, requires that

A~k =k~ k[ (4.2.9)

A {(k’ —hof + k" }: {k' —kyf + K }

and therefore
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2 Z(Azkm—km "2 Akt ke

B _ 4210
¥ (421 e 0 4210
{k' i} (Azzlf :1k o )}2 = W —kofli—ﬁzkzlo o 42.11)

The analytic results of the polarisation condition just obtained are now

employed to obtain an equation for A. Eliminating K between equations

(4.2.9) and (4.2.11) determines k£ in terms of A, k,, and k,, as follows:

(47 + 1Ny — Koy &'+ (47K + Koy Kooy —hig) = 0 (4.2.12)

whence,

p oMtk (4.2.13)
A% +1

and hence,

ok (A k)

= = 4214
20 20(4*+1) @219
From Figure 4.2.1
‘|
sin(g) = —2— = | (4.2.15)
k—ky|  |o—kqy]
=
cos(6) = 7 , I (4.2.16)
k—ko| |k
where the diameter of the circle is
pP+q=ky —ky _ (4.2.17)
Substituting (4.2.13) through (4.2.16) into (4.2.17) then gives
il =kl il =ky]
ko ~k,=|k
01 10 ‘ "k—k01!+lkl‘k—klol
= k" %+ k" A
(4.2.18)
2
_ k"(LM}: el 1)
A A

(a2 41) hy v k) (4P, +Ey)

A 20(4% +1) 240

whence,
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Ak + kg +240(ky —kyy )= 0

A7 r240lfn gl Fa g (4.2.19)
klO klO

In terms of the patch dimensions a,b, sincek,, = z/b, k,, = 7/a

then,

A+ 2AQ{3—1} +4-0 (4.2.20)
b b
The axial ratio objective function 1s then given by
For a nearly square patch antenna of given size the circular polarisation

conditions can be met by a feed source at any point on a locus uniquely

related to the patch dimension, (see Figure 4.2.2)

T

Figure 4.2.2 Feed loci for a nearly square patch antenna
o Feed Location
------------- Right hand circular polarisation,

Left hand circular polarisation.

From equation 4.2.19 it can be shown numerically that if the feed location is

moved from a diagonal position to the position (a) (Figure 4.2.2) the ratio

68



a/b increases. Thus the effect of manufacturing tolerances on the axial ratio

1s reduced.

4.3 Derivation of the Matching Objective Function for a Microstrip
Feed
Matching can be more readily obtained using a microstrip feed rather
than a probe feed. A rectangular patch antenna having dimensions ‘a’ and
‘b’ is shown in Figure 4.3.1, where W is the feed width of the microstrip line
and T is the offset from the comer of the antenna. The matching objective

function is obtained from the input impedance.

Figure 4.3.1. Input impedance of the rectangular patch

The input impedance for a rectangular patch antenna with a single microstrip
feed given in equation 4.3.1 has been derived by Okoshi [27] using coplanar
circuit analysis. The formula involves the evaluation of a double infinite

series in terms of the resonant modes m and n, P S 3m b 3
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JAoLha'b & maT\ . (maW
Zin(T) Wz 4 Zozom l zbz +n 2 D2J0082 p sm i
(43.D)

where, g = 1(m = 0) e = 1(n = O)
=2 (m = 0) =2 (n = 0)

h is the dielectric thickness, D? = k*a?*/7*, k* =0’ ue,&,(1- j/Q), and,
Q is the total quality loss factor, which includes copi)er (Q.),
dielectric(Q,), radiation (Q,) and surface wave (Q,,) losses. The loss factors
are connected by the relation

—1—_+L+_L+ 1 (4.3.2)
Qc Qd Qr st

1
o
For thin substrates the losses due to the surface waves are very small and
consequently can be neglected [26]. The loss factors are given as
follows[26]:

Qc =h luoﬂ’fro-c (433)

where, o is the conductivity of the metal used.

1
Qs =—— 4. 4.4)

where tan 0 is the loss tangent of the dielectric.

/4
_ 435
o 4Gz, 4.3.5)

where, Z is the characteristic impedance of the patch, and G =G, +G,, is

the total conductance of the slots [20].
The mutual coupling conductance G, between the radiating edges (see
chapter two)
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To obtain a more computational efficient form of the input impedance the
double infinite series in equation (4.3.1) is first arranged in the four modal
groups,(m=n=0),(m>1,n=0),m=0,n >1),and, m=>1,n =1). Itis
shown [42] that each of the single series and the inner series within the

double series can telescoped to closed form to give the efficient result:

; 272 w [ . 2
7 ]awh[:~ a 2a°h* & (sin 6, —sinm8, ) coth(D7) 43.6)

o = —cot(ka) +
D b k* (ka) W= n’D

w
where, 4 = ka/z, B = kb/r, 6,= ", ~1). 6, -2, -2,
a z z

From the above equation (4.3.6) numerical evaluation shows that for a centre

feed at, T =a/2, the first term is dominant and gives the input impedance to
four significant figures. Figure 4.3.3 shows the normalised Z,,,, with

respect to the centre feed impedance of the patch as function of T.

1 T
Zin (T ) 05 | —
0
0.5 1
)

Figure .4.3.3 Normalised input impedance.
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The input impedance of the composite structure of the patch elements and
feed lines (Figure 4.1) and is given by Z,,

Zin(T) + iZfeed tan(efeed)

in( feed) = 4 feed ;
Z Feed T A tan(6 foed )

Zz

(4.4.7)

where, Z g.q is the characteristic impedance of the feed line,&,,,is the
electric length, and Z ,,,, is the input impedance of the patch at x,

The matching objective function is then given by

Z i gueay =50
T(a,b,T,W, L) = e 7

. (4.38)
Zin(feed) + 50

4.4 The Application of Multi-objective GA optimisation

A sequential Multi-objective GA has been developed and applied to
the design of the offset-feed nearly square patch antenna, in order to check if
there are any other solutions that can be found other than the solution found
by the method in the previous section. In this approach the objective
functions are ranked according to their importance (priority) in the design.
Then the GA optimisation applied to the top ranked objective function,
being the AR in the present design. The AR is a function of the variables a,
b, and T. The accepted feasible AR solutions for the AR are constrained in
the interval 0< AR <1dB. A set of feasible solutions are obtained,

(@,,5,,7;), i =12,...,k . These solutions are ordered according to the values

of the axial ratio in a solution matrix as shown below.
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A'Rl ,(al7b1"]-1)—
AR, (az=bzaT2)

AR, (alwbk’Tk)_J
The next stage is to apply the GA optimisation approach te the second
objective function, the reflection coefficient I', which involves the five
parameters of the design. The optimisation procedure in this stage is applied
in the following steps. In the first step, the previous solutions for the AR
objective function, (a,,5,,7,), i=1,...k are used in reflection coefficient
objective function, I', and a GAs optimisation performed with respect to the

parameters (zfgd,Sfeed). Feasible solutions so obtained are ranked in the

following solution matrix.

—

—ARI rl (al ’b1>7} > Zfeedl >€fzedl )
AR, T, (az 302.15,Z 4ot2 5 e

_ARm r, (am>bm>]—;‘>zfeedm>6feedm)

In the above matrix the first row contains the solution with best AR and an

acceptable value of I

as 1, a,and b 1s

In the calculation each of the parameters, Z,,, ¢,
represented by 20 of binary bits, so each solution set is represented in terms
of 100 binary bits.

The population size per iteration was 100 chromosomes and the crossover

rate implemented was 0.80 (80%) with a uniform crossover operator. The
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mutation rate was 0.01 (1%) and the roulette wheel selection method used as
a selection operator. A limit of 500 was set for the number of iterations.
For the microstrip patch dimensions, ‘a’ and ‘b’ the tolerances are set to be

within 4, /2+5% , where A, is the wavelength of the patch [23]. The offset

feed position is located in the interval [0, a/2], and, the characteristic
impedance qf the feed line is within a search interval of [70Q 140Q2], while
the feed line search interval was [z /8, 7/2].

The tolerance for the AR was 0 < AR <1dBin order to ensure good circular
polarisation, while, the tolerance for I' was I' < —104B in order to ensure a
good impedance matching condition.

The operating frequency of the structure is 2.45 GHz and has a 502 input

POWer source.

4.5 Results and Discussion
Using the two different modal models, the same values of the
antenna design parameters. were obtained: a=39mm, b=39.5mm

X, =9.57mm, Wieegiine=0.77mm , and 6 ,,4,,,.=17mm,

In this section the calculated, simulated and practical results for the input
impedance, the reflection coefficient, and, the axial ratio are shown in Figure
(4.5.1). Very good agreement between calculated, simulated, and practical
results are obtained

All the results were carried out over a frequency range of 2.2 -2.6 GHz. Full
wave simulation results were obtained using Ensemble™ [43]. An Aneochic

Chamber and Wiltron 360 network analyser were used to obtain the practical
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results. The practical measurements were obtained using a sweep oscillator
as a signal geﬁerator, with output of about 20 dBm. The signal goes from the
generator to the Anechoic Chamber containing the designed antenna as the
transmitter and also a receiving antenna which is in the form a 2x1 linear
array. This array is connected to a rotating joint which spins the antenna at
about 120 rpm and the signal is picked up by the receiving antenna and goes
to a spectrum analyser. The analyser is set up for zero span, thatis, a fixed
point span so that the analyser functions as a fixed frequency power meter.
An operating frequency of 2.45 GHz, is used, and the video output from the
analyser transmits the power to a processing Analogue-to- Digital (A-to-D)

system and hence to the pc processor.
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Figure 4.5.1 Offset-fed CP nearly square patch antenna.
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4.6 Sensitivity of The Design Parameters

To investigate the sensitivity of AR and Z, to manufacturing

tolerances, the effect of variation in the different design parameters has been

studied. The results are shown in Table 4.6.1.

Parameter Set

Objective Functions

a mm b mm W(Zo)mm  |L{Z0) mm Offset feedmm  |Axial ratiodB |I'dB
39 39.5 0.77 17 9.57 0.47 28
39.5 0.77 17 9.57 4.2 ~10
39.5 0.77 17 9.57 4.25 -15
0.77 17 9.57 4.3 ~11
0.77 17 9.57 3.97 -16
39 7 9.57 .67 +22
39 39.5 7 9.57 0.70 -19
39 39.5 "0.66 18
39 39.5 0.68 21
39 39.5 13.64 ~19
39 39.5- .66 +23

polarised patch antenna.

Perturbed Parameter Values:+ variations

Table 4.6.1 Sets of solutions for the offset-feed nearly square circularly

In respect of the AR, Table 4.6.1 shows that the changes in the patch

dimensions by 0.5% result in an eight-fold increase and changes in the offset
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feed location by 0.9% produces a seven-fold increase. The changes in the
feed line length and width have a small effect on the AR

In respect of the Reflection Coefficient changes in the patch dimensions by
0.5% result in increasing the reflection coefficient from —22dB to —-15dB,
and changes in the feed line dimensions and offset feed location by 5%
reduce the impedance matching by around 30%.

These results demonstrate the robustness of the GAs optimisation method in
the design computations.

In order to visualise the effect which changes in the parameters have on
circular polarisation and impedance matching some graphs of the Smith’s

Chart were produced and shown in Figures 4.6.1.
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b) b=39.3mm

1.00mm

e) 6,,=16.00mm

Figure 4.6.1 Input Impedance’s for some altered parameters values
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4.7 Summary:

The Multi-objective GA approach has been demonstrated successfully
in the highly sensitive design of the offset-feed nearly square patch antenna.
Very good agreement between the practical, simulated, and computed results
was obtained, and the error over the frequency range was less than 1%.
Using the full-wave simulation the effects of altering the control parameter
values in the objective functions has been investigated. It can be seen that
the input impedance and the axial ratio are very sensitive to very small
variations in the patch dimensions and the feed position. Variation in the
patch dimensions and the feed positions have a relatively small effect on the
antenna performance compared with changes in the length and width of the
feed line. It can be conclude that the GAs optimisation method is very robust

and can deal with a high dimensional and sensitive design problem
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Chapter Five
Multi-objective Genetic Algorithms Approach to the
Design of Dual-Feed
Circularly Polarised Microstrip Patch Antennas and

Antenna Arrays
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5.1 Introduction:

In this chapter GA optimisation is applied to both the design of
a single dual-feed circularly polarised microstrip patch antenna (sections
5.1,2,3,4,5), and also to a sequentially rotated 2x2 patch array structure
(sections 5.6, 7,8,9). For each of the above designs a main aim is to reduce
the overall size of the antenna structure compared with structures designed
by the conventional approach: that is using quarter wave transformers.
The design approach to a single patch element using an equivalent circuit
model is presented in section 5.2. The application of the GA optimisation is
discussed in section 5.3 followed by the results and conclusion in sections
54, and 5.5.
A new approach to the antenna array design is introduced in section 5.6 and
the design equations presented in section 5.7. Results from applying the GA
method are presented in section 5.8 and the conclusion in section 5.9.
A summary of the work in this chapter is given in section 5.10. Two papers

based on this work have been published {14, 15].

5.2 Multi-objective Genetic Algorithm Implementation to the Design of

the Dual-Feed CP Microstrip Antenna.

In this section the design of a dual-feed circular polarised microstrip
patch antenna is based on a complex impedance matching approach [44].
This approach reduces the overall size of the antenna structure as compared

with traditional design of feeding a square patch antenna at two adjacent
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edges using quarter wave transformers (Figure 5.2.1) power divider feed
network, and it is possible by relaxing the length condition of 1/4

transformers to obtain matching and circular polarisation objectives as
shown in Figure 52.1(b). This matching network introduces complex
impedances at the junction point a, b, and d,. As a result instead of
maintaining the 90° phase shift between the two modes using an extra feed
length ! (Figure 5.2.1(a)) which is commonly used, the required phase shift
is obtained through the reactance elements at the junction point of the feed
network. Moreover, by varying the lengths of the transmission lines and the
characteristic impedances of the feed network, the same current magnitude
between the voltage modes at the two ports of the feed network can be
realised. Matching condition is also obtained by this approach. In this new
approach the design problem is characterised by the eight variables as
shown in the Figure 5.2.1, the design parameters being the characteristic

impedances Z,,Z,, Z,,Z,, and, the feed network lengths, 8,,6,,0,,6, . The

equivalent transmission line circuit is used to derive the impedance
matching, and the axial ratio objective functions. Multi-objective GA has
been applied to meet the objective functions for matching and circular

polarisation.
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(b)

Figure 5.2.1 a) Dual-feed CP square patch antenna L=16.39mm, & = 2.33

and h=0.79mm b) Equivalent circuit of the antenna

The impedance matching objective function is given by

r__ Zin _ZO

—m (53.1)
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which is zero for 100% impedance matching.
The circular polarisation objective function is obtained from transmission

line analysis. Because the two feed lines act in parallel the input impedance

Z,, is given by

yAVA
Zpatch(Zl?22>Z3>Z4a91a92:63;94): ZA:-ED (532)
where
Z,-2 Z, +jZ,tan(8,) (5.33)

* Z,+ jZ, tan(8,)

Z,=12, ot I, tan(®) (5.3.4)
Z, + jZgtan(6))

_ 7 ZitjZ,tan(d,)

Z,=27 535

¢ T'Z,+jZ, tan(@,) (53:5)

z,=2, Z, +]"Z3 tan(6,) (53.6)
Z,+ jZ, tan(6,)

and I, is the input reflection coefficient at junction 'a'.

The circular polarisation objective function of the axial ratio is then given by

(Appendix B)

AR:—V_ZZ e—l(‘91+92)[1+1—;][1+ré] x[1+1—;’e—2i93][1+1—:18—2i94] (5 3 7)
i D+Le C+Ge %1 ¢ @™ n+nIn+L)

where,

n-Z4 (5.3.8)
L, +Z,
7 —

[=-% & (5.3.9)
Z, +Z,
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L= (5.3.10)
Z.+Z,

Ir,= 2= 2, (53.11)
Z, +Z,

and where I3,T},,T;,and T, are the reflection coefficients at junctions b, ¢, d,

and, e respectively.

In addition, practical ranges on the design parameters, such as the widths and
the lengths of the feed lines of the feed network, have also been applied. It is
desirable to ensure that the widths of the feed network lines are as narrow as
possible to reduce spurious radiation, and yet be realisable. It is also
necessary to guarantee that the lengths of the feed lines are sufficient to fit
the feed network within the area of the microstrip patch antenna structure.
This will also assist to minimise the overall size of the structure and reduce
the electromagnetic coupling between the design elements.

5.3 Application of the Non-dominating Sorting Genetic Algorithm.

A multi-objective optimisation aﬁproach based on a non-dominated
sorting GA procedure is a modification of a basic genetic algorithm
involving only the fitness values. In the design the Duroid substrate with
2.33 relative permittivity and thickness 0.79mm has been used. The
operating frequency of the structure is 5.8 GHz, and a 50Q) source
impedance.

The non-dominated sorting GA described in chapter three optimises the
unknown parameters of the feed network. Each solution consists of eight

parameter variables, the lengths and widths of the feed network lines. Each
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variable is characterised by a 10 bit binary string, and so each solution set is
represented by an 80 bit binary string. For each iteration the population size

for each iteration was 100 chromosomes. The crossover rate P, implemented

was 0.80 (80%)with the uniform crossover operator while the mutation rate

value employed was 0.02 (2%) the share operator was o, =8. The roulette

share
wheel selection method is used and the number of iterations was limited to

500.
To realise the microstrip feed lines a search interval (120€,140Q0) was used

in the calculation for all the parameters Z,,Z,,Z;,Z,. The upper limit of

140Q) represents the maximum impedance that can be realised in practice.
This is necessary in order to keep the characteristic impedance of the
microstrip feed lines close to 140Q) so as to minimise the structure's area,
and, also to reduce the couplings between feed lines and antenna. The value
of 1202 has been chosen as lower limit for the feed lines impedances in
order to minimise the step discontinuities at the feed line junctions, which
reduces spurious radiation. In addition, in order to fit the feed network onto

the antenna geometry the lengths 6,,6,,6,,0, were constrained within the
interval [z/4 | 7].
The acceptable range for ‘Vz /V4| was 1+0.05, and, for arg(V,/V,) was

90° £4°, so as to ensure good circular polarisation, while the tolerance for

I, was £0.02, in order to produce a good matching condition.
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5.4 Results and Discussion for thebDual-Feed Circularly Polarised

Patch Antenna

Practical, calculated and simulated results for an optimised LHCP and

a RHCP dual feed microstrip patch antenna with a quarter wave-length

transformers feed network structure using the conventional approach are

presented. The results were obtained over a frequency range of 5.6GHz-

6GHz and the practical results were measured by using a Wiltron 360

network analyser. Simulation results were obtained using a full wave

simulation package Ensemble™. The operating frequency of the patch

antenna design was 5.8GHz and the source impedance was 50-Q). Six sets

of solutions for the optimised feed network are presented in Table 5.1.

6 1z 161 z |6z lea] z AN AR

2.31 135.0 1.96 132.4 0.8 135.2 1.16 1343 50-0.51 0.97 86 RHCP
1.2 137.4 0.74 137.1 2.3 135.7 1.97 138.6 49.5+0.51 1.08 89.7 LHCP
1.16 133.5 0.81 127.7 2.32 138.7 2.05 132.9 49.6+0.8i 0.95 88.2 RHCP
1.9 134.8 2.3 138 1.16 135.48 1.0 136.1 51.05+0.06i 1.07 86.3 LHCP
1.01 139.3 1.01 143.3 0.67 141.7 2.28 140.1 52-0.281 0.98 90.2 LHCP
1.2 136.4 0.74 137.1 23 135.7 1.97 138.6 49.5+0.51 1.08 89.7 LHCP

Table 5.1 sets of solutions for the GA optimised feed network.

As can be seen in Table 5.1, for most solutions the impedances of the

microstrip feed lines are very close to each other, hence the width of the feed
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lines are very close to each other. Therefore, the step discontinuities between
the feed lines are very small. It is thus possible to use an average value of
impedance for all four feed lines, ( set 2), as this value satisfies the design
ranges and typical manufacturing tolerances. This also makes the design
particularly attractive as the effect of the step discontinuity is eliminated and
spurious radiation is reduced and manufacturing tolerance is relaxed.

The layout of a circular polarised dual-feed antenna of conventional (quarter-
wave lengths) structure is shown in Figure 5.3.2a, and the layout for the new
structure is shown in Figure 5.3.2b. The total length of the feed network for
the GA design approach is 39.25 mm on the square patch. However, the
length of the feed network in the conventional approach is 39.66mm on the
square patch plus a 9.15 mm quarter wavelength transformer thus making the
total length 48 . 71mm. This results in a microstrip patch antenna of 728.714
mm? for the traditional design, and, 494.65mm? for the new design so the

area of the new design is about 32% less than that of the traditional design.
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Fig. 5.3.2 Configurations of dual-feed circular polarised microstrip patch

antennas a) Conventional antenna b). GA optimised antenna
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Practical and calculated results for the reflection coefficient of the LHCP set
of solution using a characteristic feed line impedance of 137.2Q) are shown
in Figure 5.3.3. It can be seen that a reflection coefficient of —25 dB for the
practical result occurs at the resonant frequency with a bandwidth range of
220 MHz and with less than a 10% loss of power transmitted (s1;<-10 dB). It

also indicates that a good matching condition at 5.8 GHz has been obtained.

<
(o N o
| |

Return loss,dB
[
(\@]
(]
I

| | I |
5.5 5.6 5.7 5.8 59 6

Frequency GHz

Figure 5.3.3 Reflection coefficient for the LHCP GA optimised antenna

—  Practical

1 0

calculated
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The simulated results of the axial ratio for LHCP and RHCP are shown in
figure 5.3.4. It can be seen that at the design frequency, a good axial ratio,

less than 0.5 dB, very close to a pure circular polarisation, has been

achieved.

Magnitude (dB}

Freguency (GHz)
Figure 5.3.4 Axial ratio of RHCP and LHCP set 1 and set 2 antennas.

[ [l LHCP

———¥% V RHCP
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Predicted radiation patterns around 7 dBi and 90° degree for the RHCP and

LHCP designs are obtained and shown in Figure5.3.5.

Figure 5.3.6 Radiation patterns of the LHCP and RHCP set 1 and set 2

antennas.

Il
]

LHCP

-V v RHCP
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The input impedance results from a full-wave simulation using the set 1 (RHCP)
parameters and the parameters obtained from the conventional antenna design
over the frequency range 5.6-6.0 GHz, are shown in Figure 5.3.6. It can be seen
that the impedance loci with double resonance loop corresponding to the

orthogonal modes demonstrate that good circular polarisation is obtained.

Figure 5.3.6 Input impedance of the GA RHCP and Conventional antennas
A A RHCP antenna

E—t—
Conventional antenna
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VSWR

The VSWR has been measured practically and by using the full-wave

simulation package and indicates that a bandwidth of 5.72% for VSWR 2:1

has been achieved as shown in Figure. 5.3.7

Frequencg (GHz)

Figure 5.3.7 VSWR of set 1 RHCP and Conventional antennas.

NN RHCP antenna

B—H8—

Conventional antenna

95

LH=501,1]



5.5 Conclusion

In this section a novel design approach for a CP direct dual-feed antenna
based on using a complex impedance feed network, optimised using the
multi-objective genetic algorithm optimisation, has been developed and
applied. It has been shown that the new design approach has résulted in a
reduction in the overall size of the structure of approximately 32% compared
with a conventional design technique. Very good agreement between the
practical, simulated, and calculated results has been obtained for this new
compact and simpler feed structure. Thus the GA optimisation method has

proved very successful in this application.
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5.6 The Sequentially Rotated Circularly Polarised Dual-Feed Microstrip

Patch Antenna Array
The purpose of this section is to introduce a new approach using the multi-

objective genetic algorithm optimisation approach to design a 2x2 sequentially
rotated circularly polarised microstrip patch antenna array. Sequential rotation
[9,22,26] 1s a technique that improves the bandwidth, radiation pattern symmetry
and axial ratio of circularly polarised patch arrays. The layout of a 2x2
sequentially rotated circularly polarised patch array is shown Figure 5.4.1. Each
radiating element of the array, which is itself is a single dual-feed circularly
polarised microstrip patch antenna, is deployed such that each antenna dual feed
is rotated physically with respect to its neighbour by 90°. In addition, between
every two successive radiating elements there is a 90° phase difference
generated by adjusting the lengths of the microstrip lines in the feed network of
the array. The line lengths are designed to ensure that the input impedance at
each element is well matched. For dual-feed microstrip arrays the axial ratio, and
input matching do not degrade off resonance, and, hence the structure serves to
widen the bandwidth [15].
Evans et al have designed a 2x2 sequentially rotated patch array using an
annealing optimisation method [15]. As a radiating element the design used
the dual feed circularly polarised single microstrip antenna developed in this
thesis [Section. 5.3.2, 14]. The resulting design improved the purity of
circular polarisation and increased the impedance bandwidth. However the

design uses a quarter wave transformer for the array feed network, the line
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widths of which are of necessity quite large and this introduces spurious line
radiation losses, and, also a mutual coupling effect between the individual
quarter wave elements. These problems are significantly reduced by using a
sequentially rotated 2x2 patch array which does not involve the quarter wave
line elements (Figure 5.4.1). In this new approach the non-dominating
sorting genetic algorithm approach, used in the optimisation for the design of
the dual-feed circularly polarised microstrip patch antenna, has been
extended to design a 2x2 sequentially rotated circularly polarised microstrip
patch antenna array. In order to fit the feed network onto the antenna
geometry the lengths 6,,6,,...,6,, were constrained within the interval [ 7/4

, T
The acceptable range for |V, /V,| was 1£0.05, and, for arg(V,/V,) was 90° £4°,
so as to ensures good circular polarisation, while the tolerance for I, was

+0.05, in order to produce a good matching condition.
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b

Figure 5.4.1) a) 2x2 sequential rotated circularly polarised patch array with

hybrid feed network

b) Equivalent circuit of the array
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5.7 Array Design and Optimisation
This array design is based on a combined parallel/series feed array
network, the equivalent circuit of which is shown in Fig 5.4.1b. The design

parameter set (Z,,6,,Z,,0,,...,Z,,,0,,), of the array structure, presents a high

dimensional problem. To design a 2x2 sequentially rotated patch array, the
multi-objective optimisation approach discussed in section 5.4 has been
extended. Identical patch elements are used in the array.

The reflection coefficient (input impedance matching) condition is

_ Zin—Zo

=m0 58.1
" Z,+Z, ( )

where Z is the input impedance of the source feed.

In order to maintain the correct polarisation on each radiating patch the

following constraints were necessary:

6, +6,+6, =90°

O, +6, +6, +6, =180° (5.8.2)
O, +0,+6,+6,,+06,, =270°

Also, in order to ensure that each patch element receives equal power, the

following conditions were required:

Zips =320
Zin7 = 2Zin8 (583)
Z .=7Z

in9 inl0
The circular polarisation of the array is maintained by introducing a 90° phase

shift at the input ports between any two consecutive radiating elements, thus

ensuring that all the patches have identical polarisations. The input impedance of
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the entire structure is required to be 50Q and the feed of patch number 4, is in
parallel with the patches numbers 1,2 and 3, which are themselves in series. In
order to reduce the step and bend discontinuities, and also the coupling radiation
and spurious radiation between the array elements, the values of the
characteristic impedances of the feed lines have been constrained to the interval

between 70Q and 145Q.
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5.8 Results and Discussions for the Patch Array

Three sets of solutions for the feed lines of the feed network design are

presented in Table 5.2.

Table 5.2 Three set of solutions of 2x2 circularly patch antenna array.

Set No.1 SetNo.2 Set No.3

7 135.6 1336 139.6
9, 2.31 1.631 2.11
7y 132 127 137
8, 08 1.8 1.28
Zs 127.7 1377 1374
0, 232 1.82 1.22
Zs 1343 1351 143.3
64 1.16 0.916 1.16
Zs 100.5 98.7 101
95 1.57 1.56 1.58
Zs 8223 84.23 80.23
B 15 1.45 1.85
74 129.1 1394 1253
8, 17 1.26 1.17
Zg 79.7 80.1 82.7
g 1.34 1.63 1.54
Zs 138.9 135.9 140
B, 1.35 1.43 1.58
Zyo 80.4 82.4 841
W 1.45 1.05 1.6
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To verify the validity of the genetic algorithms optimisation approach,
practical, simulated and optimisation results for the solution set 1 were obtained
and presented below. These results cover a frequency range of 5.4 GHz to 6.2
GHz. The Wiltron 360 network analyser was used for the practical results and
simulation results were obtained using Ensemble™ 5.1. The operational design
frequency for the array was 5.8 GHz with a 50-C) source impedance.

Practical and calculated results for the reflection coefficient are shown in Figure
542 Tt can be seen that a reflection coefficient of about -35 dB has been
achieved at the resonant frequency with a bandwidth range of 600 MHz and with

less than 1% of transmitted power loss. It also shows that a good matching

condition at 5.8GHz has been obtained.

-18— -

_28_4

Magnitude (dB)

5.4 5.6 5.8 6.2 6.2
Frequencg (GHz)

Figure 5.4.2 Reflection coefficient Results

— — — —  Practical

Simulated

Calculated
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Practical and simulated input impedance results are illustrated in Figure
543, which shows very good impedance matching at the operating
frequency for both results. Good agreement between the two results is
maintained over the complete frequency range specified, especially at the

cusp in the impedance locus, which corresponds to the good circular

polarisation position.

Figure. 5.4 3 Smith Chart results for the array

A A Simulated

— ' — — Practical
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Axial ratio results are presented in Figure 5.4.4. It can be seen that a good
axial ratio (<0.5dB) has been achieved at the resonant design frequency,

indicating a good circular polarisation achievement. It is also clear that the

array has a wider bandwidth than that for the single patch.

Magnitude (dB)

5.4 5.6 5.8 5.8 5.2
Frequency (GHz)

Fig. 5.4.4 Axial ratio results
_______ Parctical

A A Simulated
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The VSWR has been measured practically and by using the full-wave

simulation package and shows that a bandwidth of 11.72% for VSWR 2:1

has been achieved as shown in Figure 5.4.5.

VEUR

Frequency (GHz)

Figure. 5.4.5 VSWR of the patch array
——————— practical

: : Simulated
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5.9 Conclusion

In this section the optimisation technique based on a multi-objective GA
optimisation used in section 5.3 has been extended and applied successfully
to the design of a 2x2 sequentially rotated circularly polarised patch array. It
has been shown that very good agreements between the practical, simulated,
and calculated results have been realised. With the new approach a more
compact and simpler feed structure designed by the GA optimisation has
been achieved. In addition, the expectation of improving the impedance,
axial ratio, and VWSR bandwidths compared with thése from a single patch
element has been realised. These results demonstrate the validity and
integrity of the new optimisation design approach in dealing with a very high

dimensional and complex design problem.
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5.10 Summary

In this chapter the transmission line model has been used to obtain an
equivalent circuit for a single dual-feed patch antenna from which
expressions for the circular polarisation, and, the impedance matching
objective functions have been derived.

In sections 5.3,4,5 the model was used in a GA optimisation design
calculation and the results were in good agreement with practical and
simulated results.

In sections 5.7-8 the equivalent circuit model was extended to the case of a
2x2 sequentially rotated patch array to obtain the required circular
polarisation and impedance matching objective functions used in the
calculation for the 2x2 design parameters. Good agreement between the

optimised values, and both practical and simulated results was obtained.
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Chapter Six
Application of Genetic Algorithm Optimisation to a Cross-
Aperture-Coupled Circularly Polarised Microstrip Patch

Antenna.
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6.1 Introduction

The circularly polarised antenna designs modelled in the previous
chapters were based on a planar microstrip structure in which the feed lines
and antenna patches were coplanar. In éontrast for a cross-slot aperture feed
patch antenna, since the feed network and radiating patch are on separate
substrates, the properties of each substrate can be chosen to affect,
independently, the feed network and the antenna patch. This allows the feed
network to be designed so as to produce minimum spurious radiation while
the patch can be designed to enhance its radiation properties.
The aperture coupled feed structure is known to have a number of additional
practical advantages compared with a normal patch antenna. It does not
require an external polariser and expensive dielectric materials [45,46].
With aperture coupling it is possible to match the feed line by varying the
slot length and the length of the open-circuit stub which is just an extension
of the feed line. This eliminates the need to use an external matching
network and hence reduces the overall size of the antenna. The isolation of
the patch from the feed network by the ground plane minimises spurious
feed radiation. A compact structure can be realised using aperture coupling
and with the aperture positioned below the centre of the patch where the
resulting symmetry ensures better circular polarisation [16,17,24].
As the slot length can be made greater than half the patch width the
impedance matching condition is maintained over a wider bandwidth
[47,48]. Theoretical and experimental investigations on the single feed

microstrip line aperture fed antenna have been reported, using a single slot,
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two cross-slots of unequal lengths, and also using a ring antenna [24,25,49-
51]. Aperture coupled structures have been fully analysed using the spectral
domain method and a full wave analysis in the real domain [24,47]. These
methods can only be used to examine the effects of given design parameters
on the performance of the antenna. Also the methods are numerically
intensive because of the poor convergence of the reaction integrals and the
necessary tabulation of Green's function values. Also the methods do not
produce equivalent circuit models suitable for small scale CAD
computations.

In this chapter the GA has been applied to the design of a cross-slot nearly
square aperture feed patch antenna.

The application of the GA method to the cross-slot coupled antenna requires
the axial ratio and matching objective functions. The objective functions
depend upon the analytic modelling of the antenna structure and two
modelling approaches Wﬁich generate different equivalent circuit
representations are available: the transmission line model and the cavity
model. For these models a comparison of the results obtained using the GAs
together with both practical and simulated results is given.

Both the transmission line model, and the cavity model [16,17] can readily
be used to derive equivalent circuits of the antennas from which the
objective functions for the GA optimisation can be constructed.

For the nearly square patch the resonant wave numbers k, =x/b and

ki, =r/a of the principal field modes are very close to each other.

Consequently it can be assumed that the total quality loss factor (J is the
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same for both modes [52]. The loss factor O includes conduction, dielectric,
radiation and surface wave losses of the structure. and the resonant wave
number &, can be replaced by an effective wave number k, [53].

It has been shown [21] that the effect of surface waves can be normally
neglected, provided koda\/(; <0.3 where d, is the substrate thickness, a
condition normally satisfied when patch antennas are realised using
substrates having low values of &, and/or are operating at low frequencies.
In the cross-slot design problem the analytic complexity is considerable.
There are four design parameters: the patch dimensions, slot length, and the
open stub length. In section 6.2 the resonant cavity model with the

equivalent circuit is presented along with the results. In section 6.3 the

transmission line model with equivalent circuit is presented along with the

results.
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6.2 Cavity Model of Circularly Polarised Cross-slot-Coupled Patch
Antenna
In this section a circularly polarised cross-slot-coupled microstrip
patch antenna structure shown in Figure 6.2.1a is designed using the cavity
model analysis and the GA approach. In this structure the patch element with
dimensions a, b is separated from the feed line by a ground plane. This
ground plane contains a cross-siot aperture, and the aperture coupling
controls the matching between the feed network and the patch element. An
open circuit stub extends the microstrip feed line, which eliminates the need
of an external matching network and ensures that the size of the structure is
compact. Equal slots lengths are use to maintain the symmetry of excitation
of the patch and to ensure generation of good quality circular polarisation. A
cavity model equivalent circuit representing the antenna structure is shown
in Figure 6.2.1b. The equivalent circuit involves RLC circuits which are
connected in parallel. Using this equivalent circuit the two objective

functions, the axial ratio and the matching objective functions, are derived.
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Figure 6.2.1) a) Cross-aperture-coupled microstrip antenna, b) Equivalent
circuit based on the cavity model
&, =6;,=233,d,=15T5mm,d, =315, 6, = 45, W, =2mm
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In section 6.2.1 the turns ratio is obtained. The field distribution analysis is
introduced in section 6.2.2. Section 6.2.3 presents the derivation of the
impeciance matching objective function. Derivation of the axial ratio 1s
presented in section 6.2.4. The results from the application of GAs to the
cavity model and a discussion are presented in sections 6.2.5 and 6.2.6,

respectively.

6.2.1 Derivation of the Turns Ratio

In this section it will be shown that the effect of a cross-slot aperture
can be considered as the superposition of two inclined slots at angles of +45°
and -45° with respect to the microstrip feed line Figure 6.2.2a.

The discontinuity voltage on the microstrip line due to an aperture field E is

given by [50]

av = [[Ex(@) b,d A 621

where E is the electric field in the aperture plane, and, h,, is the normalised
magnetic field on the feed line [54].

Assuming the slots are narrow then the electric field in the aperture plane is
normal to the slot length and constant across the width of the slot. For the
cross-slot aperture the total field E results from a combination of the two-
aperture field E,, E,, in the directions u and v as shown in Figure 6.2 2a.

The discontinuity voltage for the cross-slot aperture is therefore given by

[16]

115



Av —H' )X (E)h,ds, +H )h,,ds, 6.2.2)

where s, and s, are the intersections of each slot geometry with the

footprint of the microstrip line geometry (Figure 6.2.1a).

u
v

(a)

]{

(b)

Y

Eav

Figure 6.2.2. a) Cross-aperture to microstrip line transition, b) The equivalent
circuit.
For slot in the v direction the electric field satisfying the boundary

conditions in the slots is given in the form of a single piece-wise sinusoidal

mode [55]
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(6.2.3)

={, otherwise

where 7, is the slot voltage developed at the centre of the two slots and

k, is the wave number of the aperture [56].

For each slot, the transition between 7, and the discontinuity voltage

nV,, (ornV,, ) on the microstrip line, is given by [50,54]

[[E . x(~2)h,d, =nV, (6.2.4)
and
J.J.Eavx(—i)hmdsz =nV,, (6.2.5)

Sy

Thus the total discontinuity voltage on the microstrip line is,

Av=nV,, +nV,, =nly,, +V,) (6.2.6)

The transition between a cross-aperture and a microstrip line can be
modelled by the series connection of two ideal transformers each having a
turns ratio » as shown in Figure.6.2.1b. The discontinuity voltage due to the

cross slot is obtained from equations 6.2.2, and 6.2.6 and is given by [16]

.
Av = : 7 )1 6.2.7)

w.J2W.d, sin(ka a

2

where
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I= j j sin{ka(% - ulﬂdudv + j j sin{ka (—112— - |v{ﬂdudv

Each of the above integrations is performed over the overlapping area of the
aperture and the effective width of the microstrip line. Three mutually
distinct cases arise for the domain of integration (see Figures. 6.2.3a, 6.2.3b
and 6.2.3c.). However, it is clear that there is an intersection region between
the two areas of integrations, which need be calculated just once. Therefore,
it is convenient to calculate the field through the aperture as if there were
two independent rectangular slots crossing at right angles and then to

subtract the surplus contribution over the overlapping domain of the two

slots.
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c)
Figure. 6.2.3 Three possible aperture to microstrip
line transitions
For each of the possible slot geometries, a,b,c, shown in Figure 6.2.3 the
sum of the two integrals in equation 6.2.7,are evaluated in appendix C and
are given below:

2w, ' kL
I, = A a {cos(ka)— cos(—‘—iz—aj} 6.2.8)

a
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(6.2.9)
2 k L, _7, cos(k“W") il cos( 4 “)
i SRS o G A
and
4 [k, L, _W, )| 2, kaLa_j 6.2.10
1, ——Ig{sm(—z——jcos{ka[j \/Eﬂ k. cos( T ) (6.2.10)

The square overlapping area between the two slots is shown in Figure 6.2.4

below -

Feed

Figure.6.2 4 The over lapping area between the two slots..

The required integration over this area is given by

;=224 {cosijka[.{ﬁ _ @ﬂ _ cos(ka éﬁ’.)} L (6211)
ka 2 2 2

The value of I in equation 6.2.11 needs to be subtracted from the values of

1, I,, and I to obtain required expression for the Av.

Av = n¥V (6.2.12)
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6.2.2 Field Distribution Analysis

It is assumed that the electric field distribution in each of .the two
orthogonal apertures is in the form of a single piece-wise sinusoidal mode
[46].
The electric field in the aperture parallel to the y axis has only an x directed

component £_ , given by

5 a-Ww, << a+Ww,
sm{ka(—“—ly~EDil ) 2L T , 2L
E, =2 i SESys—= (6.2.13)
2 sm[ka —;] z=0
=0, otherwise

where 7, is the voltage at the centre of the aperture parallel to the y axis

and k,is the wave number of the aperture which can be determined using
Cohn's method [56].
Similarly the electric field in the aperture parallel to the x axis has only a y

component £, given by

a L, a+L,
. b <x<
sin ka[—"-— x—-—D 2 2
g Vo b-W, _b-W,
i I ) 6.2.14)
a Sin(ka —-—j 2=0
=0, otherwise

where V_ is the voltage at the centre of the aperture parallel to the y axis

By the equivalence principle [20], the magnetic currents in each of the two
apertures just above the ground plane are then given by

M, =-2E, (6.2.15)
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and,

M, =2E

ay ax

(6.2.16)

The equivalent magnetic current density excitation is assumed to be

uniformly distributed in the cavity volume above the slot [57] as shown in

Figure.6.2.5 The corresponding current densities J, and J, in the

aperture cavities are therefore given by

sin| k, L—“~‘x
_ _ZVOx 2

a

2

)

UL sin(ka -L_j
2

a

= O,
and,
L
sin| k —a—y—-2
my d W L 5
aa sin[ka —QJ
2
=0,
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Figure.6.2.5 Equivalent magnetic currents replacing the electric fields in the

apertures.

The magnetic field H inside the cavity volume and the magnetic current

density J, are related by Maxwell's equation

VxVxH-k*H=-jou.J (6.2.19)

m
For a thin substrate the magnetié fields H,, H, ,which only have x and

y components, given by [17]

H, =33 4,8,k coslk,x)sin(k,y) (6.2.20)

m=0n=0
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and,

Hy = iiAMnBy,mnkm Sin (kmx)cos(kny). (6221)

n=0n=0

where,
nw mm L
4sinc sin] — cos( ) ka[cos[km —")—cos(k —"ﬂ
—Jwg AV ox 2 2 2
Bx,rm - 2 N . 0} 2
a n (k _kmn) Sin(k ég_j ka—km
‘2
(6.2.22)
4sinc| k We sin| 7% \cos| "% | k| cos| k ~—"-)~cos(ka —1]
_ —jws AV, 2 2 2) ° "2
ymn T 7 ’ 2 __ 12
(- 12) Sm(ka L, j K-k
2
(6.2.23)
1 if p=0
A = M) Where X — ) p
mn ab P 2 if p=0
and
k=0 r =" (6.2.24)
m a n b

The electric field E, can be determined from the Maxwell equation [17]

E. ey =~*~ZZ o Conn €0S(k,, x)cos(k, ) (6.2.25)

]d){;‘ n=0 n=0
where,
Cmn = Bx,mn kil - By)mn ki - (6226)

Hence, the electromagnetic fields in the cavity are now known and defined

by equations 6.2.21, 6.2.22, and 6.2.25 .
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The losses in the cavity can also be taken into account by replacing k by an

effective wave number as given by [58]
ki =koe, (1 - j%) (6.2.27)

where 6, = %g is the effective loss tangent which includes the radiation,

copper, and dielectric losses. The value of J,; is given by [59]

4 2 2 2
5eﬁc=5+_A_+_ﬂ_.;. (1-B 1_14_+_4_ + B 2_£+_A_ (6.2.28)
4, o6, s 11520 15 420)" 5" 7 189

a raS

where, J 1s the loss tangent of the substrate, Ais the skin depth and

2
a+b 25 x-S c
S: s A: _— s B: -1, r:—-—-——————————
2 (‘“oj ( Ao j v 2(s +2Al) /e,

where
i
1 12d
£a == 6. +1+ (g, —1)(1+ . ) ’ (6.2.29)
2 s
and,
L0366 1
A= e {0.28 8 (0.264 + log(-f— + OSéé}H (6.2.30)
7 ——+0.556 Era 4.

a

As the values of a and b are close to each other it is assumed that the value

S 4 15 the same for wave propagation in the x and y directions.
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6.2.3. Derivation of the Matching Objective Function
The admittances of the patch due to the two orthogonal apertures can be
evaluated using the energy conservation theorem and are given by [20]

finx T

Y v
, , _ WAy Tmy (6.2.31)
5 v YT

2

Y,

x,ant =
¥, ant

v

0x V.

Oy

Substituting the expression for the magnetic field from equations. 6.2.21,
and 6.2.22 and the magnetic current density from equations 6.2.15 and
6.2.16, and performing the integration, the following analytic formulas are

obtained for the admittance values of the antenna at the apertures [17]

Yx,anl =ii 16‘]@6/4?”"

2
a)mn

2
sinc| k Z"—)sm D7 cos] 72 k, cos(km é’—) ~cos[ka Eﬂ
"2 2 2 ) 2 2

2_ .2
sm(kaﬁ) A
2

(6.2.32)

©

16 jos - A2,
Vo =2.2 L

2
mon=t da[a)2 _a)?nn](l+]-§eﬁ'%_j
@ mn

sinc(km 7, sin| 77 |cos| 2 k, oos(kn —“j—cos(ka ﬁj
2 2 2 ) 2
sin(k‘z ﬁj
2

Each term in the above two infinite series corresponds to one of the parallel

connected RLC circuits as shown in Figure 6.2.1b. The equivalent circuits of
the patch admittance, as seen by the slot parallel to the y axis, have the

following circuit elements [17]:
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-2

L L,
sinc(k,, I—E“—j sin(%)cos(%”—) ka\:cos(km —21) - cos(ka “Q_H (6.2.34)

Low= — 7_ 2
x,mn a._.km
1680 Amn sin(ka L_a) k
2
2
Ko
_ 7-1 ra
Cx,mn - Lx,mn 2
c

Rx,mn = Lx,mn kmn c 5eﬁ
Similarly, the equivalent circuits of the patch, as seen by the slot parallel to

the x axis, have circuit elements:

~2

[ ze() e )]

'y, mn = ; 2 2_ 12
1650 42, sin(ka _Lz_) kz—kx

2
—_ -1 gra kmn
Cy,mn - Ly,mn 2
c

Ry,mn = Ly,mnkmnc5eﬁ’

Finally, combining the two patch admittances with the feed impedance gives

the input impedance of the antenna structure [17]

2 2

x.ant ap y,ant p

The above is then used in the matching objective function.

6.2.4 Derivation of the Axial Ratio Objective Function

For the calculation of the axial ratio the far field components of the
antenna are first determined in the boresight. This is obtained by replacing
the electric field at the edges of the patch by equivalent magnetic cﬁrrents as

given by [21]
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M =2d,E,, ,(zxn) (6.2.37)

where nis the outward normal unit vector to the magnetic wall at the edges

of the patch.
The electric field components radiated by the patch along the edges of the

patch are given by [17]

dk e &

E = 6.2.38
* 4noer ,,,Z_A"‘o ».m0 ( )
die” &
E =_20€ 6.2.39
y 47[&)8" nz_:AOn x,0n ( )

The expressions for B, ,, and B, can be written in the following form:

x,0n

B, on =Vo. " Bron (6.2.40)
By,mO = Voy . B1y,m0 (6241)
where

From the equivalent circuit, the voltages ¥, and 7,, can be expressed as
[17].

( xant+ )1
Vow =5 1 6.2.44
( xant ) ( yanr )> ( )
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Voy =Vo LA (6.2.45)

7 ( xant ) ( yani YGP)VI

Substituting these results into the expressions for the electric field

components in the boresight gives the computational formulas for the field

components £, and E

. 1
E :Vodakoeﬂko ) (Yxam+ ap) ZAmO (6.2.46)
x ymO
2xwer ( x ant ) ( +Y )
and
" ( oV
V,d k “Har ,ant ap ) @ :
= 0%.K @ y ‘ZAOn Bx,()n (6.2.47)

2mwer (Y + Y (Y + Y =0

x,ant y,ant
The amplitude error (4,) and phase error (6,) required for the calculation of

the axial ratio can be expressed as [17]

l 'm0 B'y,mo
A= von * lepl (6.2.48)
I y! IIx,ant ap ZA()n B;,On
n=0
and,
A, B

E Y . +X 2 Aro By
6, = £ = | = o] 2ot e mo : (6.2.49)

E, Y,

oo
x,ant + Yap ZAOn B;:,On
n=0

Finally, the value of axial ratio is calculated by equation 2.5.1.5
equations.6.2.48 and 6.2.49 based on the resonant cavity model, enable the

axial ratio at a given frequency to be determined in term of the design

parameters.
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The above results for impedance matching, and axial ratio (circular
polarisation) have been used in the multi-objective GA method presented in
section 6.2.5.

6.2.5 Application of Genetic Algorithms Using the Cavity Model.

As can be seen from the equations (6.2.36), (6.2.48), and (6.3.49),
the objective functions are characterised by four geometrical variables, the
patch dimensions, a and b, the slot dimensions L,, and W, and the open stub
length L. For each of the two substrates used the thicknesses d., and ds.are
fixed. The slot width, W,(2 mm) ensures that the electric field is uniform
across the slot width. This leaves the optimisation algorithm with four
control variables, the dimensions of the patch, length of the slot, and, the
length of the open stub. Interval constraints on the design parameters are
applied. The dimensions of the nearly square patch element have to be less
than half the modal field’s wave lengths in the orthogonal directions.

Accordingly, the length of the equal slots has been set at less than the min

(a,b).and greater than \/5D+Wa, where D is the effective width of the

microstrip feed line. The length of the open stub, connected to the feed line,

is geometrically confined between 7, /+/2 and 1/2+/a® +b* .

The optimisation procedure involves two objective functions so a non-
dominating sorting multi-objective optimisation approach as described in
chapter five is applied.

The slot structure is much more complex than the dual-feed
structure described in Chapter five. More computations are required and

the population size is increased to 200 trial solutions per iteration, with
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the number of possible iterations increased to 1000. Also the mutation

rate is increased from 0.01 to 0.05 to improve the sampling diversity.

The crossover rate implemented was 0.80 (%80) with a uniform

crossover operator in order to create more new possible solutions for

examination., and the roulette wheel selection method was used.

6.2.6 Results and Discussion

In this section practical, calculated and simulated results for the cavity

model, are presented. The input impedance, reflection coefficient, and axial

ratio have been calculated, simulated, and, measured over a range of

frequency between 2.2 GHz and 2.6 GHz.

The practical measurements are carried out using a Wiltron 360 Network

Analyser. A full-wave simulation package, Ensemble 5.1TM was used to

obtain the simulated results.

Three sets of optimised solutions for the cavity model are presented in

Table 6.2.1.
a mm B mm L.mm Losmm Zin Q) IARI dB
1 30.9 33.9 21.2 14.3 55.3+0.92i 0.41
21 31.2 339 20.2 12.5 53.3+0.6%9i| 0.31
31 339 30.9 21.3 12.5 49.2+1.3i 0.89

Table 6.2.1 Three sets of optimised solutions for the cavity model.
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Practical, simulated, and calculated results of the input impedance
are shown in Figures (6.2.6). It can be seen that the cavity model can predict
the input impedance of the cross-aperture-coupled microstrip patch antenna
with good accuracy. The model gives an impedance loci with the double
resonant loop corresponding to the two orthogonal modes at the resonant
frequency. Good agreement is obtained over the complete frequency range
specified. The important part of the impedance response is between the
resonant frequencies of the TM;¢ and TMo; modes, and the optimum value is
located at the cusp in the impedance locus. The practical measurement gave

a resonant frequency within 1.5 % of the calculated results.

Figure 6.2.6. Input impedance for the cavity model

O T O  Simulated,

Practical, Calculated
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The radiating power measurement, which is characterised by the reflection
coefficient measurement is shown in Figure 6.2.7. It can be seen that for the
practical, simulated, and calculated results that a reflection coefficient of
less than ~35 dB has been achieved. Good agreement between the practical,

simulated, and calculated results is observed.

—18 -1

15 ~—13

-20 - - -20

Magnitude (dB)

~25

—35 -

-39

Frecuernce (GHz)

Figure 6.2.7. Reflection Coefficient for the cavity model

O T O Simulated,

Practical, Calculated
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Figure 6.2.8 shows the calculated axial ratio, the measured axial ratio, and
the axial ratio using full-wave simulation. The agreement is good and the

prediction of the frequency for the optimum axial ratio is accurate to about

1%.

(dB?

Magnitude

2.2 2.4 2.6
Freguency (GHz)

Figure 6.2.8 Axial Ratio for the cavity model

Simulated;———- Practical, — Calculated.
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6.3 Transmission Line Model of Cross-Aperture-Coupled Circular
Polarised Patch Antenna.

In this section the circular polarised antenna fed through a cross-aperture
in a ground plane by means of a microstrip feed line is modelled using the
transmission line model. The field linkages from the feed to slots, and slots
to antenna are modelled as voltage transformers, which are employed in the
synthesis of the overall transmission line model of the structure. The
equivalent circuit shown in Figure 6.3.1 is used to obtain the required
formulas for the input impedance and axial ratio objective functions. The
matching objective function is obtained in section 6.3.1. and in section 6.3.2
the axial ratio objective function is established. The GA application to the

antenna design and the results are given in sections 6.3.3, 6.3.4.
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2

o

Figure 6.3.1 Equivalent circuit model of the structure shown in Figure. 6.2.1.

6.3.1 The Matching objective function
The operation of the circularly polarised patch antenna shown in
Figure.6.2.1 1s based on the two orthogonal apertures fields exciting the

patch independently in the x and y directions. The admittance of the patch

for the x direction is given by [16],

Y =]— ch (631)
” sinh| 7,22 |cosh| v, € | ¥_+7 coth(y .a, WY +j——jycx

X 2 X 2 X cX x-e mx sinhl yx ae
where Zcx and y, are the characteristic impedance and the propagation

constant respectively in the x-direction (Figure 6.3.1)
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Following a similar procedure, the admittance, ¥ y> for the excitation of the

patch in the y direction (see Figure. 6.3.1) is given by

Y
L (63.2)

¥ 4

P b
i £ thmb, K7, ——‘?——)
smh[yy z)cosh[ }{Y +Y co (}'y my sinh be}

where ch and yy are the characteristic impedance and the propagation

constant respectively.

The individual self-admittances (Yap) of the two orthogonal slots 1is

determined by considering them as short circuited slot lines [50] so that

' L
= _2 cot(ka —f) (6.3.3)

ap  Zg,
The values of the total admittance for the two apertures are then

_ .2 2
Vg =7ty 4T, ad T, = m Yo + 1o (6.3.4)

where, n, and n, are the turns ratios of the patch-to-slot impedance

transformers which are obtained by assuming that, due to the size of the
antenna, there is a uniform current distribution in the ground plane under the
patch. The turns ratios are then the ratios of the fraction of the current

flowing on the slots over the total current in the patch [54], and are given by

La _ LCZ
. _—a—’ and, nb _—b--_ (6.35)

Since it has been established that the cross-slot can be regarded as two

orthogonal slots in series connection, the input impedance of the circular |
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polarisation antenna on the microstrip feed line under the centre of the

aperture is given by [16]
2 Vs | 6.3.6

where Z, is the characteristic impedance of the microstrip feed line, k, is

the wave number of the microstrip feed line, and, » is the tumns ratio of the
slot line-to-microstrip transition given by [50].

The above expression for Z,, is used in the matching objective function.

6.3.2 Derivation of the Axial Ratio Objective Function

The phase and amplitude formulas required to evaluate the axial ratio
objective function are derived based on the equivalent circuit shown in
Figure 6.3.1. The axial ratio objective function is given by equation (2.5.22)

[20] where Ae’ and ¢,, the amplitude and the phase, are obtained in terms

of the voltages V2, Vs of two orthogonal radiating edges, and the voltages
Vs, Vg in the centres of the two orthogonal apertures and also the feed line

voltage V7. The voltages Vs, V; are given by [16]

Ytb Yta
v,=v, —11©2 and V, =V, —4% (6.3.7)
3 7 6 7
Yta+Yrb Yta+Ytb

where Y I and Y 1 are given by equation 6.3.7 The voltages V, and Vs can

be determined using the transmission line theory:
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v
y = 3. 1 (6.3.8)
>

6.3.9)

As the radiated electric field is generated by the voltage on the edges of the

patch the phase difference between the X and } components of the electricl
field in the boresight direction (phase error, §,) is the same as the phase

difference between V, and Vs, namely

g, =agl,)-arely, ). (6.3.10)

The xand ydirected electric field components in the far field are directly

proportional to the voltages V, and Vs respectively, therefore the amplitude

Ae 1s given by: [16]

A== 6.3.11)

The above expression for Ae and &, applied to the AR formula (2.5.22) then

gives the required AR objective functions in terms of the antenna design

parameters

The GA used in section 6.2.5 then is applied to this model
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6.3.3 Results and Discussion

In this section practical, calculated and simulated results for the
transmission line model, are presented. The input impedance, reflection
coefficient, and axial ratio of the antennas have all been calculated,
simulated and measured over the range of frequency between 2.2 GHz and
2.6 GHz.
The practical measurements are carried out using a Wiltron 360 Network
Analyser. A full-wave simulation package, Ensemble 51™ was used to

obtain the simulated results.

Three sets of optimised solutions are presented in Table 6.3.1.

amm| bmm/| Limm Los mm Zin-Q IARI dB

1 313 34 21 12.6 50.9+0.15i | 0.605
2| 30.9 | 33.8 21.2 12.4 53+0.49i | 0.255
3| 311 34 214 13.9 51.3+6.6i 0.74

Table 6.3.1 Three sets of optimised solutions for the transmission line
model.
Comparing Table 6.2.1 and 6.3.1 it can be seen that there is a good
agreement between the cavity and transmission line models. Consequently
the transmission line model which is conceptually simpler in engineering

terms is perfectly adequate in engineering design work.
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Practical, simulated, and calculated results of the input impedance
are shown in Figure 6.3.2. It can be seen that the transmission line model can
predict the input impedance of the cross-aperture-coupled microstrip patch
antenna with good accuracy. The model gives impedance loci with the
double resonant loop corresponding to the two orthogonal modes at the
resonant frequency. This is typical for circular polarised antenna and
demonstrates good circular polarisation. Good agreement is obtained over
the complete frequency range specified. The important part of the impedance
response is between the resonant frequencies of the TM;o and TMy; modes,
and the optimum value is located at the cusp in the impedance locus. The

practical measurement gave a resonant frequency within 2% of the

calculated results.

Figure 6.3.2. Input impedance for the transmission line model

Calculated

— A Simulated, _____ Practical,
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The radiating power measurement, which is characterised by the reflection
coefficient measurement, is shown in Figure 6.3.3. It can be seen that for the
practical, simulated, and calculated results that a reflection coefficient of less

than —33dB has been achieved. Good agreement between the practical,

" simulated, and calculated results is observed.

-5

Magnitude (dB)
O
ot Q @ )
| | 4 |

- 37

~35 ~

-4g

Frequency (GHz)

Figure 6.3.3. Reflection coefficient for the Transmission line

—A  Simulated,

_____ Practical, Calculated
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The axial ratio is shown in Figure 6.3.4. This Figure shows the calculated
axial ratio ,the measured axial ratio, and, the axial ratio using full-wave
simulation. The agreement is generally good and the prediction of the

frequency for the optimum axial ratio is accurate to about 1.5%

Magniiude (dB)

%] ; 3]
2.z 2.4 2.6
Frequency (GHz)
Figure.6.3.4 Axial Ratio for the transmission line model
Simulated, ... .. Practical , _ _ _ __ Calculated.
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The axial ratio is shown in Figure 6.3.4. This Figure shows the calculated
axial ratio ,the measured axial ratio, and, the axial ratio using full-wave
simulation. The agreement is generally good and the prediction of the

frequency for the optimum axial ratio is accurate to about 1.5%

(dB)

Magnitude

2.2 2.4 2.6
Freguency (GHz)

Figure.6.3.4 Axial Ratio for the transmission line model

Simulated, ... Practical , _ __ __ Calculated.
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6.4 Summary

The advantages of the slot fed patch antenna structure have been discussed
along with two modelling approaches used to obtain the GAs objective
functions.

Using the cavity model the feed-to-slot-to patch antenna connections used
equivalent magnetic current sources in the slots from which the electrical
field on the patch was obtained using the energy conservation theorem.
Expressions for the antenna patch admittances were obtained using the
equivalent circuit. Eéxpressions for all the elements in the axial ratio and the
matching objective functions were then known. The GA dptimisation was
used to obtain numerical results for the antenna design parameters and good
agreement with both simulated (Ensemble™), and practical measurement

was obtained.

Using the transmission line model the field equations connecting the feed-to-
slot-to-antenha patch have been used to obtain an equivalent circuit of the
operational mechanism of the antenna. From the equivalent circuit analysis,
expressions were obtained for the matching and the axial ratio objective
functions. These objective functions were used in the GAs optimisation to
obtain solutions for the antenna design parameters. The numerical results
obtained were compared with simulated (Ensemble™), and practical

measurements and good agreement obtained.
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There is no great difference between the results from using the transmission
line model or the more complex cavity model. Therefore the simpler

 transmission line model turns out to be quite suitable for calculating the

design parameters.
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Chapter Seven

Summary of the Thesis and Further Work
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7.1 Summary and Conclusion

This thesis presents the results of the research, which has been carried out
in the investigation of the modelling and design optimisation for circularly
polarised microstrip patch antennas and patch arrays. In this research the
relatively new global GA optimisation approach has been developed and
applied successfully to various type of microstrip patch antenna and patch
array structures. The main objectiifes of the designs were to match the input
impedance with 50Q source impedance, and to achieve a good axial ratio
condition for circular polarisation. A multi-objective GA optimisation
approach has been developed and implemented to the design of circular

polarisation microstrip patch antennas and antenna arrays.

In chapter two the basic microstrip patch antenna concepts and operational
mechanism are briefly described. The main feed configurations of the
microstrip patch antenna are presented. Principles of propagation for a circular
polarisation wave have been intréduced. Main methods for the generation of
circular polarisation are presented. Full wave analysis for the antenna is briefly
discussed. The cavity model and the transmission line model which give a
good physical insight with good understanding of the operating mechanism of
the antenna have been presented. A general introduction to planar microstrip

patch antenna arrays has been introduced.
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In chapter three the GA,\ which is a relatively new global stochastic
optimisation approach, has been outlined and the advantages of this approach
are discussed. The crossover, mutation and selection operators, and elements of
the genetic algorithm procedure are given and explained in detail. An outline of
the non-dominating sorting multi-objective genetic algorithms has been given.
A step by step illustration of a GA implementation has been introduced to give
a good general idea of the role of the GA operators. The objective function
used in the illustration has one global maximum point and also many local

maximum points.

Chapter four presents the first application of GA to the antenna design of a
single offset feed circularly polarised microstrip patch antenna. The design
procedure involves two objective functions and five design parameters. A
sensitivity analysis has been carried out by altering the values of the control
parameters in order to demonstrate the robustness of this approach. A very

good agreement between the calculated, simulated and the practical results has

been obtained.

In chapter five the GA has been applied to the design of a dual-feed
circularly polarised square microstrip patch antenna. In this design spurious

radiation from step discontinuities are eliminated and the manufacturing
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tolerance is increased. This application involves a higher dimensional problem
and more constraints. A non-dominating sorting genetic algorithm optimisation
has been developed and applied successfully to the design of a dual-feed
circularly polarised microstrip patch antenna operating at 5.8 GHz with input
impedance matching to a 50Q source impedance. In the resulting design the
overall area of the combined patch antenna with the feed netWork is reduced by
about 32%. Good agreement between the calculated, simulated and the
measured results are obtained. This approach is further developed to the design
of a 2x2 sequentially rotated patch array using a dual-feed circularly polarised
microstrip patch antenna for each of the radiating elements in the array. This
antenna design results in an even higher dimensional problem than that of the
dual-feed single square patch antenna and has additional constraints. The
application of the GA approach resulted in improved impedance matching, a
better axial ratio, and a wider VWSR bandwidth. The comparisons between the
calculated, simulated and measured results confirmed the validity and integrity

of the design approach.

Chapter six introduces the analyses and modelling of a cross-aperture-
coupled circular polarised microstrip patch antenna. The cavity model and the
transmission-line modelling of this structure are presented. In both cases the

modelling analysis is extensive and many functions and their evaluation are
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involved. Nevertheless, the GA optimisation approach developed was
implemented successfully for both methods. The optimisation method is based
on a multiobjective nondominating sorting genetic algorithms. Calculated,
simulated and practical results are in good agreement. It is been established
that there is no great difference between the results from using the transmission
line model or the more complex cavity model. Therefore the simpler
transmission line model turns out to be quite suitable for calculating the design

parameters.

It has been established that a novel approach based on the applications of the
GA optimisation approach can be applied successfully to the design of various
types of circularly polarised microstrip patch antennas with matching to the
input impedance source of 50Q. This shows that the GAs optimisation

approach is extremely useful for the design of multi-parameter antenna

designs.

7.2 Suggestions for Further Work

In this section a number of suggestions and recommendations fo; further
research and work on the material presented in this thesis are outlined.
The power of the GA approach can be used to increase the number of the

objective functions in the design analysis. In addition to the impedance
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matching and axial ratio objective functions, objective functions for the
bandwidth and/or directivity may also be included in the design.

The dual-feed antenna element in the 2x2 patch array can be replaced by, for
example, the offset feed nearly square patch (chapter four), or by a corner
deleted square patch antenna

The above structure with an aperture-coupled slot design can be investigated.
Larger sequentially rotated patch arrays, which include the sequentially rotated
2x2 dual-feed square patch array as a sub-array in the structure can also be
investigated. More conditions and system specifications can be added to the
investigation, such as the power divided system for each 2x2 sub-array, so that
a required loop pattern can be realised. That is if the structure needs the outer
sub-arrays to receive more power than the inner ones, or vice versa. The latter
investigation can be extended to the offset feed nearly square circularly
polarised patch element and to the cross-slot aperture coupled circularly
polarised patch elements.

Other patch antenna geometries and antenna array structures can be
investigated, such as the triangular antenna, and the circular antenna.

The rapid development and powerful implementations of genetic algorithms to
the design and modelling of antenna structures opens a promising avenue to
further development in antenna design structures without relying on trial and

error approaches.
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Appendix A
Scaling Factor in Random Parameter Selection

It is required to show that in the formula (Chapter 4)

V.
a.=L +—~ 1(U,.—Li) fori=1lm, j=1N

v 1 2m
the scale factor ¥,./(2™ —1) is less than unity, and where Vj is the real value

of a random binary string of length ‘m’..
For any binary string of length ‘m’ the maximum possible real value of the
string occurs when each binary digit is ‘1” and the maximum possible real

value 1s

2ml oty 4 m

Therefore,
V. 272"y 420
max — . Az
2" -1 2" -] (42)
2""1(1 +27 427+ 21'”)
n-1 1-n (A3)
272 -2")
14274272 4. 421 Ad)
22" (

The sum of the geometric series in the above numerator is given by

g = 1

=2- = (A6) ‘
That is,
1

A =1 A7)
2"-1 2-2" (
Therefore

(I/ij)max

———<1.

2" -1 (A8)
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Appendix B
Circular Polarisation condition for a Dual-Feed Circular

Polarised Patch Antenna
The dual feed square patch antenna shown in Figure (a) below and the

equivalent circuit model in Figure (b).

z. Z,0, b Z,.6,
a c
ZL
Z3>€3

d L

5141
Z4>64

a

Figure (a) Dual-feed CP square patch antenna, (b) Equivalent circuit of the

antenna
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The circular polarisation objective function 7,

wparcn 10T dual-feed square

patch antenna, can be derived as follows:

The reflection coefficients at junctions b, ¢, d, and e in, are. I}, I,,I;,and, I, ,

respectively
Z,~Z
I,=-—=2- 1
b Z,+Z, B
T, = Zi=2 (B2)
Z, +Z,
I, = Ze =2 (B3)
Zo+Z,
7z —
[,=>—t 4
Yz, +Z, ®B4)

For the dual feed network based on a power divider to produce circular
polarisation is shown in Figure B, and its equivalent circuit is shown in

Figure B.

However, at node a toward Z1 the voltages can be obtained as follow

V=V,[1+Te?] (BS)
V, =V,e 4 [1+T,] (B6)
while at node b the voltages can expressed as follows:
V, =V, [1+T,e %] (B7)
V,= Vize_iez [1+I3] (B8)
Therefore

-6
Lo lrhl ®9)
Vo [1+TIe ]
and
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V, _e*I+T,] (B10)
Vi [+Te™*]

So

n_nrt (B12)
VoV o,

v, _ e—i@‘[l—)-rl] y e—iﬁz[l'*'rz] ®13)
Vo [I+Te ] [1+T,e%%]

V, e+ LJ+T]

= : : (B14)
V  [1+Te 71+ ,e™%]
Similarly we can obtain that

-8, _-i6,
Vo _ % [+ L]0+, B15)
Vo [1+Le ™1+ ,e™%]
Therefore,
—i(G+6, —2i0, —2i6,

po__e NeL+L] (4L e i+ Te ] B16)
T DAL e T @ TN+ L]

165



Appendix C

Evaluation of the Integration on the Overlapping Area Between the

Inclined Slot and the Feed Line

The integration of the overlapped area between the feed line and the aperture,

Figure c, below can be evaluated as follow:

D U

Y a

O
2

/

Figure c: Overlapping Area between the Inclined Slot and the Feed Line

v, D
N E I
I=2[ | sin[ka(l—[ul)]dudv
wﬂ"— u=0 2
2

The first integration is

w D
J2 L ‘ L Vot —
f sin Ka 4 _y du:—l-—cos[K (—a—u) \/5
. 2 k a\2

a 0

L koL
:—l-cos ka _.i__v._.__D_ —LCOS a-a
kg, 2 2| &k, 2

w
2 L k

1, =2_‘- —l~cos k, A _y D 1 cos ala av
. kg 2 \2)| kg, 2

LA w,
£ A
1 L D 1 L
=2} —cos{ k| Fv—"Z \|dv-2 —~cos(a a)d
:’[’ kq l: a( 2 Vz):l j’; ko

(C.1)

(C.2)

(C3)

(C4)
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b COS(kaLa)
a 2
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Appendix D
Derivation of Mode Coefficients (Bx,mn ,By,mn)

The cavity model’s mode coefficients, (Bx,mn,By,mn), (Chapter six) can be

derived as follow:

Bone = [ Bt o1

00
where
W, n = Ak, cos(k,x).sin(k,y) (D2)
and
I a-L, <x<a+La
sin ka(—"—— x—g—) 2 2

7o -2V 2 2 b-W, < <b+Wa

A, (L, 2 ©3)

sin| k, —* 0<z<d,
=0, otherwise
Substituting D1 and D2 into D3 gives
-2jo4,. V..
Bx mn = *
’ d k, (k> —k*mw )W,
a+L, b+W, sin[ka(L—“ —lx - EJ}
2 2 2 _
J. _f cos(kmx)sm (kn y)cbcaﬁz (D4)
a—L, b-W, : ( Laj
e e sin| k, —*
2 2 2

The integration with respect to the x and y variables can be separated, which
gives

-2jwA_ V. 1

mn. ox

Bx,mn = d k (k2__k2 )W : L -
altn s sin(ka 7)
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j'sin(kny):ly.jsin[ka(La -
o 2

I I,

a
X ——
2

ﬂ cos(k,,x )dx (D53)

where the value of the first integral 7, is

I, = L[cos(/’cn b +k, 7. j - cos(kn b_ k, 7, ﬂ (D6)
k, 2 2 2 2

That is

I = —z—sin(kn 7, )sm(ﬂ) (D7)
k, 2 2

Replacing x by x+a/2 in the second integral gives

e Lo (bl (o)
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Lg
2

=2 cos(km %) Isin[ka(jzz“ - xﬂ cos(k, x )dx
0

L,
2
[ {sin {ka
0

So the second integral’s value is

‘ 2k, cos[km %) 7 I
I, = PERES [cos[km ?") - cos[ka ;ﬂ (DY)

a

Lza +(k, —ka)x} + sin[ka L2 —(k, +k, )x}dx (D8)

Therefore, the mode coefficients (Bx’mn) are given by

L L
_ 4sincl k, 7, sin| 22 cos(T—”- k, cos(km ¢ j- cos(ka < H
— — ]a)a’Amn VOx . 2 2 2 . 2 2

= d k- -k sin( L L, ] oy

(D10)

Similarly, the mode coefficients (By’mn) are given by

W mmx nir L L
5 a : iadd) hhddd k k a | __ k a
- jesd, Y, .4smc(km 5 Jsm( 5 )cos( 5 ) alicos( i 2] cos( e ﬂ

g ) Sm( L Laj K-k

(D11}
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Appendix E
Derivation of the Admittance of the Aperture Patch Antenna, (Yx,am, Y y,am),

Using the cavity model

The admittance of the patch antenna using the cavity model (Chapter six)

involves, Y, and ¥, ., which are admittance of the patch at the x, and y

direction respectively.

'ﬂ(,mn Rx,mn Cx,mn
l L. IR CW

Equivalent circuit based on the cavity model

These admittance can be derived as follow:
[J[H Ty
y =¥

x,ant 2 (El)

14

Ox

where

Hx = i i Aman, mnkn CO S(kmx) Sin (kﬂy)

m=0n=0

and
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a— a+L

L
2 <x< g
sin| k, éi—— x—ﬂ 2 2
-2V, 2 2 b-W, b+W,
™y <y< (E3)
dw, ‘ ( Laj 2 2
sin| k, — 0<z<d
2 a
=0, otherwise
Substituting E1 and E2 into E3 gives
Yx,ant = - 2V0x L N
2 . »
a"’al 0x (ka 7)
a+L, b+W,
2 2 dg
I I J.Z mn x mn kn cos(kmx)Sin (kny)
o &
sin| &, Lo _ x-2 dxdydz
2 2

Performing the integration with respect to variable z and changing the order of

summation and integration gives

_ —ZVOxAmnB ok,

x,ant .
s . La
al” Ox (ka_ 2 j

ab L
j j cos(k,, x)sin(k, ) sin [ka ( .
00 ‘ 2

a b
_ Z Z ZVOxAman mnkn J-Sin (kny)jy . J‘Sin[ka(

n : kLa 9 0
a2 11 1\;

al” Ox
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The value of integrals /,and /, have been evaluated in Appendix D and are

given by
I, = —:Z—sin(kn 7, )sin (ﬂj (E6)
\ 2 2
2k, cos(%{] I
I, = 7?7“—[008(/{’" —i"—ﬂ (E7)

Substituting /,, 7, and the expression for B, ,,, which is given by

L L
4sinc| k, il sin| 2% | cos| 2% k, cos(km 2 j— cos(ka —")
2 2 2/ 2 2

B —_ — ja)g ) Amn 0x
x,mn—'dk. 2 _ 72 . 2 12
kW k) Sm(ka L, j K~k
2
(E8)
into (E6), the expression for the input impedance is given by
16 jog - A2
Yxan = =y
=22 | -2,
2
sinc| k, . sin| “Z |cog 22 k, cos[km L. J— cos(ka L“J
2 2 2 ) 2 2
2 2
m{hLﬂ ke =k
2
(E10)

Similarly, the input impedance Y, ,, is given by
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16- joe - A2,
Yym = 2.2, ’

—=
" d et -0 |1+ )5 L
a{ mn( .] eff a)fm ]i'
4 L IAIE
sin c| k,, —= |sin M7 oy 22 k, cos(kn —ij-cos(ka ")
2 2 2 _ 2 2
2 2
sin(ka Lﬂj ko =k,
2

(E11)
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Appendix F

Derivation of the Patch Admittance at the Aperture Using Transmission

Line Model

The transmission line equivalent circuit for the patch admittance in the x-

direction is shown below

I1_>

V1 B I YmXVZ

Equivalent circuit of the patch antenna for the x direction.

In order to obtain the value of the input impedance, the admittance matrix must
first be determined.

The elements of the admittance matrix can be determined as given by

~

Y =.—I}':— | V.=0 m=m (F.1)
With
Y =G_+jB,

And taking into account the symmetry of the network, the elements of the

admittance matrix are as follows
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Y nw=Y,.,=Y_+Y,_ coth(a,)

px,11 px,22
Yax ae
Y 33 = Tcoth(y —2—)
Y
Y =Y ,=-V —— ‘= (F3)
x,12 px,2] nx 2 Sinh(]ae)
Y =Y . ==Y _=-Y . = Ve

px,13 7x,31 7x,23 7x,32 a
, 2 sinh (7 —26—)

Hence the admittance matrix of the transmission line network shown in Figure

F1 is given by

r 7
Y +Y_coth(m,) -7 - .n}}:“‘ £
sinh(sa, ) 2sinh(yge—j
2
Y -Y
Vo =| T m S ¥, +¥. coth(a,) .
sinh(7a,) ZSinh(y%—J
ch - Yax ch a,
—_—F —_— —i—coth 7/7
a a
2sinh| y —= 2sinh| y —=
) ey |
(F4)
The admittance relates the currents and voltages at the three ports of the
network as given by
]l pr,ll pr,lZ pr,13 Vvl
[2 pr,Zl pr,zz pr,zs ) Vz (FS)
‘[3 pr,31 pr,32 px33 V;:

The input admittance at port 3 is defined as
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; |
Vo= =120 (F.6)
3

Substituting this condition into (F.5) and multiplying the equation with the

inverse of the admittance matrix gives

14
v, |=[r.'- o (F.7)
Vs

Hence
Y
1 [t -
V; pr,33
Where ][Y px] is the determinant of the matrix [Y pr and
Y .3 1s the cofactor of elementY ,, .,

][pr] = pr,33 (YPZX,“ - Y}72x,12 )_ 2szx,l3 (pr,ll + pr,u) (Fg)
Vim=Vonll2 -720) F.10)

px,33 %33 \" px,11 px,12 ( .
Therefore
Y.. =1=-2 YPZX,B (pr,ﬂ + pr,u)

PX

Y, 2, 12

px,li px,12 )
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2
pr,l3

N S

px,33 %12

—1-2 (F.11)
)

Hence, the input impedance of the transmission line network, which is the patch

impedance at the aperture is given by

Y, =1- Yo c (F.12)
a a

inh| y—= hl v—= | Y_+7Y_coth +Y +—=F

St (7/ 2 jcos (}/ 2 )I: Fq ox (%Y (709) mx Slnh (}Cle)jl
Similarly

Y
Y, =1- z F.13
PY Y ( )

sinh[y%]cosh(y%){f’sy +7,, coth(ia, )+ 7, +s1nh—c(y;/b)}
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Appendix G :
Genetic Algorithms Computer Programmers

XX XXX XXX XXX XXX XXX XXX XXXXXX

% nearly square offset-fed microstrip patch antenna
173:0.9.0.0.0.0.:0.0.0.0.0.0.0.0,0.0.9.0.9.0.0.0.0.0.0.0.¢

% Design variables

£=2.45%10"9; % Operating frequency

Q=83; % Quality factor

mu=4*10"-7*pi;

er=2.33; % Relative permittivity

e0=8.85*10"-12;

w=2%pi*f,

h=0.00079; %Substrate thickness

ww=0.000672; %

ke=sqrt(w"2*mu*e0*er*(1-1*(1/Q)));

nv=3; % Number of variables

np=50; % Number of population

np2=np/2;

maxit=100; % number of maximum iterations

len=[20 20 20]; % Vector of chromosome

Tlen=sum(len);
173:9.9.0.9:0.9.0.0.0.0.0.0.9.0.0.0.:0.0.¢.0.0.0.0.0.0:0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.4
% Generation of initial population in a matrix Chromosomes of 50 row by row chromosomes (len) in binary form
Ch=round(rand([np, Tlen]));
17):9.0.9.0.0.0.0.0.0.0.0.9.0.0.0:0,0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.¢
var=zeros(np*maxit,nv);eval=zeros(np*maxit, 1); % spare reservation for each matrix, Var of Eval
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% XXXXXXXXXXX XXX XX XXX XXX XXX XXX XXX XXX XX KXXXXXXXX

% Parameters design bounds

lob=[0.040 0.041 0.01]; % Lower bounds

upb=[0.041 0.042 0.05]; % Upper bounds
/29.9.0.0.0.9:0.0.0:0.9.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.(
179.0.0.0.0:0.0.0:0.0.0.0,0.0.0.0:0.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.¢

% Converting the binary representations to the real values, a, b, T.
173.0.9.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0,0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.:0.0.0.0.0.0.:0.6:0.0.0.0.0.¢

rang=upb-lob;
num=2."(len)-1;
lop=cumsum([1 len]);
upp=cumsum([len});
for it=1:maxit
iteration=it;
for j=1:np
phe=zeros([np nv]);
end
for ii=1:nv
index=lop(ii):upp(ii);
sx=(];
for j=len(ii)-1:-1:0
sx=[sx 2],
end

SX=8§X';
Chindex=Ch(:,index);
phe(:,i))=Chindex*sx;
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phen(:,ii)=lob(ii)+(rang(it)/num(i1)). *phe(;,ii);
Phen=phen;

end

a=Phen(;,1);

b=Phen(:,2);

T=Phen(:,3); % Binary conversion of initial values to real values ends producing the " INITIAL POPULATION"
V2,0.0.0.:0:0:0:0:0.:0:0.0.0.0.0.0.0.0.0.0,6,0.0.0:0.0.6:0.:0.:0:0.:0.0.0.0.0.0.0.0.0'0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0,0.0.0.¢
% Evaluation of Objective function formulas for 50 sampled solutions
17):9.0:0.0.0.6.0:0.:0.0.0:0:0:0.0.0.0.0.6:0.0.:0.0.0.0.:0.0.0.0.0.0.:0:0.0.0.0.0.0:0.0.0.0.0:0.:0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.:0.0.9.0.0.0.0.0.0.¢

A=(ke*a/p1)';

B=(ke*b/pi)';

th1=((pi*T)./a)';

th2=((pi*ww)./(2*a))";

R10=(i*w*mu*h./(a.*b))" *(8*a."4/(pi*4*ww"2))' *((cos(th1).*sin(th2))."2./(1-A."2));

ROI=(i*w*mu*h./(a.*b))". *(2*b.~2/pi"2) . *(1./(1-B."2));

C10=Q./(R10*w);

L10=R10/(Q*w),

C01=Q./(RO1*W);

LO01=RO1/(Q*w);

Y10=(1./R10)+i*(w*C10-1./(w*L10));

YO01=(1./RO1)+1*(w*C01-1./(w*L01));

phase=(angle(Y10./Y01)*(180/pi))";

magnitude=abs(Y10./Y01);

objval=abs(magnitude-1)';

XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXXXXX

% Axial ratio objective function obtained

X XXX XXX XXX XXX XXX XXX XXX XXX XK XXX KX XXKXXXXX
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if it==
var(1:np,:)=phen(1:np,:);
eval_mag(1:np,:)=objval(1:np,’);
eval_phase(1:np,:)=abs(phase(1:np,:));
else
var(1+np*(it-1):np*it,:)=phen(1.np,:),
eval mag(1+np*(it-1):np*it, )=objval(1:np,:);
eval phase(1+np*(it-1):np*it,:)=abs(phase(1:np,:));
end
% Fifty sample solutions obtained.
%%6%6%0%6%%6%%6%6%%0%%6%6%6%6%6%6% %% %6 %% %6 %%6%6%6%6%6% %% % %6 %% %6%6%6%6%6%6%6%%%%6%% %% %% %
% ranking the objective function values
[objval,ind]=sort(objval);
% sorting chromosomes according to fitting and discard the half bottomof the population
Ch=Ch(ind(1:np),’);
% XXXXXXXXXXXXXXXXXXX
% Cross over operator
% XXX XXXXXXXXXXXXXXXX
%select random crossover points
cross=round((Tlen-1)*rand(np2,1));

CIS=CIOSS;
for k=1:2:np2
Ch(np2+k,1:cross)=Ch(k,1:cross),
Ch(np2+k,cross+1:Tlen)=Ch(k+1,cross+1:Tlen);
Ch(np2+k+1,1:cross)=Ch(k+1,1:cross);
Ch(np2+k+1,cross+1:Tlen)=Ch(k,cross+1:Tlen);
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end

% Initial population of 50 chromosomes completed.

% XXXXXXXXXXXXXXXXXXXXXX

% Mutation operator applied to 0.05 member of initial population
% XXXXXXXXXXKXXXXXXXXXXX

ix=ceil(np*rand);

iy=ceil(Tlen*rand);

Ch(ix,1y)=1-Ch(ix,1y);,

ixx=ceil(np*rand);

iyy=ceil(Tlen*rand),

Ch(ixx,1yy)=1-Ch(ixx,iyy);

ixy=ceil(np*rand),

iyx=ceil(Tlen*rand);

Ch(ixy,iyx)=1-Ch(ixy,iyx);

%end
%0%%6%6%6%%%6%%0%%6%%6%%%6%6%6%6%0%%%6%0%0%6%%6%6%%6%6%% %% %6%6%% %% % %% %%6%%%%6%6%%:%%0%%%%0
noit=it;

end

129,9.9.9.9.9.9.9.9.0.0.0.9.9.0.0.0.0.0.0.9.0.0.0.0.0.0.0.0.0.9.0.9.0.0.0.0.0.0 {

% First population using both CROSSOVER and MUTATION completed.
11),9.0.0.0.0.0.9.0.0.9.0.0.0.0.0.0.0.0.¢.0.0.0.0.0.0.0.0.9.9.9.0.0.0.0.0.0.0.0.0.¢

%/[eval index]=sort(eval);

match=zeros(np*maxit, 1),
173,6.9.0.9.9.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0.0.0.0:0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0_(
% checking the matched solutions according to the most suitable solutions

%
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for in=1:np*maxit
if ((eval_mag(in)) > 0 & eval _mag(in)< 0.2 )
if (eval_phase(in)<95 & eval_phase(in)>85)
match(in,:)=eval _mag(in,:);
end
end
end
[match index]=sort(match);,
match(np*maxit)
var(index(np*maxit),:)
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%X XXX XXX XX XX XKXXXXXXXXXXX

% dual-feed square patch.m file

XX XXX XX XX XXX XX XXXXXXXXX

nv=8; % number of variables

np=100; % number of populations

maxit=500; % number of maximum iterations
173.0.9.0.9.0.0.0.0.0:0:0.9.0.0,0.0.0.0.0.0.0.0.0.0.0.0.0,0.0.0.0.0.0.0.0.0.0.0.0.0.{
% Lengths of the parameters

len=[20 20 20 20 20 20 20 20];

Tlen=sum(len);
173.0.9,0.0.9.9.9.0.0.9:0.90.9.0.0.0.9.0.9.0.0.0.9.0.9.0.0.9.0.0.0.0.:0.0.0.0.0.0.0.0 ¢
% % Generation of initial population in a matrix Chromosomes of 50 row by row chromosomes (len) in binary form
Ch=round(rand([np, Tlen]));
173.9.0.9.9.0.9.0.0:0.0.9.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0

1£3:0.9.0:0:0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0
% Bounds of the design parameters

lob=[120 120 120 120 0.70 0.70 0.70 0.70]; % Lower bounds

upb=[140 140 140 1402.52.52.52.5]; % Upper bounds

% XXXXXXXXXXX XX XXX XXX XX XX XK XXX KX XK XXX XXXXXX
% Converting the binary representations to the real values
V73:9.9,0.9.0.9.0.9.0.9:0.0.9.0.0.0.9.0.9.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.¢
rang=upb-lob;

num=2."(len)-1;

lop=cumsum([1 len]);

upp=cumsum([len)),

var=zeros(np*maxit,nv);
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cvar=zeros(np*maxit, 1);
eval=zeros(np*maxit, 1),
for it=1:maxit
iteration=it;
for j=1:np
phe=zeros([np nv]);
end
for ii=1:nv
index=lop(i1):upp(ii);
sx=[];
for j=len(i1)-1:-1:0
sx=[sx 2];
end

SX=5X';
Chindex=Ch(;,index);
phe(:,ii)=Chindex*sx;
phen(:,ii)=lob(ii)+(rang(ii)/num(ii)). *phe(;,ii);
Phen=phen;

end

¢=320;

x1=Phen(;,1);
x2=Phen(;,2);
x3=Phen(:,3);
x4=Phen(;,4);
x5=Phen(:,5);
x6=Phen(:,6);
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x7=Phen(:,7),
x8=Phen(:,8);
% Binary conversion of initial values to real values ends producing the " INITIAL POPULATION"

173.0.0.0.0.0.0.0.0.0.0.0.0:0.9.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.¢
% % Evaluation of Objective functions formulas for 100 sampled solutions
179.0.0.6:0.0.0.0.0.0:0.0.0.0.0.0.0:0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0,0.0.0.0.0.0.0.0.0.0,0.0.0,6 ¢
r1=x2 *((c+i*x2 *tan(x6))./(x2+i*c*tan(x6)));
r11=x1*((r1+i*x1 *tan(x5))./(x1+1*r1. *tan(x5)));
r3=x4 *((c+i*x4.*tan(x8)) /(x4+i*c*tan(x8)));
r33=x3 *((r3+i*x3.*tan(x7))./(x3+1*13 . *tan(x7)));
YIN=1./r11+1./133;
RIN=1./YIN;
objval=RIN; % Input impedance objective Functioin
rol=(r1-x1)./(r1+x1);
ro2=(c-x2)./(c+x2),
ro3=(r3-x3)./(r3+x3);
ro4=(c-x4)./(ct+x4),
vv=(exp(i.*(x7+x8)).*(1+ro1).*(1+r02).*(1+ro3. *exp(-2*1*x7)). *(1+ro4. *exp(-2*1*x8)));
vvv=(exp(1.*(x5+x6)).*(1+ro3).*(1+ro4). *(1+rol *exp(-2*i*x5)). *(1+ro2. *exp(-2*i*x6)));
v=vv./vvv, % Axial ratio evaluations
if it==

var(1:np,:)=phen(1:np,);

eval(1:np,:)=objval(1:np,:);

cvar(1:np,:)=v(1:np,:);
else

var(1+np*(it-1):np*it,:)=phen(1:np,:);

eval(1+np*(it-1):np*it,:)=objval(1:np,:);
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cvar(1+np*(it-1):np*it,.)=v(1l:np,:);
end
% sorting the input impedance objective function values
[objval,ind]=sort(objval),
% sorting the CP objective function values
[cvar,ind]=sort(cvar);
segma=8; % is the sharing distance between the chromosomes of the same ranking
% calculating the hamming distance of genotype chromosomes structures
for nn=1:10
for mm=1:10
for nm=1:10
dhammingCh(nm)=sum(abs(Ch(nn)-Ch(mm));
if segma<dhamming
shar(nm)=0
else
shar(nm)=1-(dhamming(nm)/segma)
end
end
end
% calculate the niche for each chromosome
for 1i=1:100
M(Ch(ii))=sum(shar(ii))
end
% calculate the sharing function for each chromosomes
for jj=1:100
Fshare(jj)=objval(jj)/M(}))
end
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17.0,6.6.0.0.6.0.9,0.0.0.0.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.6.:0.0.0.0.0.0.
% Roulette Wheel Selection Procedure
179.0.0,0.0.0.0.0.9.6.0.0.0.0.0:0.0.0.0.0.0.0.0.9.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0 {
pro=objval/Fit;
gpro=cumsum(pro);
rrwn=rand(ap, 1);
sel=zeros(np, Tlen);
for ik=1:np
for j=2:np
if rrwn(ik)<qpro(1)
sel(ik,:)=Ch(1,:);
elseif rrwn(ik)<qpro(j-1) & rrwn(ik) <= qpro(j)
sel(ik,:)=Ch(j,:);
end
end
end
Chc=Ch;
% XXX XXXXXXXXXXXXKXXXX
% Cross over operator
% XXXXXXXXXXXXXXXXXXX
% Random crossover operators with half of population
bit=ceil(Tlen*rand(1,159));
for 1j=2:2:np/2
sel(ij-1,[bit])=Ch(ij, [bit]);
sel(ij,[bit])=Chc(ij-1,[bit]);
end .
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% XXXXXXXXXXXXXXXXXXXXXX
% Mutation operator applied to 0.01 member of initial population
% XXXXXXXXXXXXXXXXXXXXX
pm=0.1;
rm=rand(np, Tlen);
for il=1:np*Tlen

if rm(il)<pm

sel(il)=1-sel(il),

end
end
Ch=sel,;
noit=it
end
173.9.0.0.0.0.0.9.0.0.9.0.9.0.0.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.:0.0.:0.0.0.¢
% First population using both CROSSOVER and MUTATION completed.
173,9.0.0:0.9.0.0.0.6:0.0.9.0.0.0.0.0.9.0.0.9.0.0:0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.¢

match=zeros(np*maxit, 1), :
12.9.6.0.0.0.0.0.9.0.0.9.9.0.9.0.0.0.0.0.9.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.¢
% Checking the matched solutions according to to the most suitsble solutions
for in=1:maxit
if real(eval(in))<52 & real(eval(in))>48 & abs(imag(eval(in)))<2.5
if abs(real(cvar(in)))<0.1
if ((0.95<imag(cvar(in)) & imag(cvar(in))<1.2) | (-1.2<imag(cvar(in)) & imag(cvar(in))<-0.95))
match(in)=eval(in);
match1(in)=match(in);
end
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end
end
end
[match index]=sort(match);

¥(9,0.0:0.0.0.0.0.0.0.0.0.0.0,0.0.0.0.0,0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.

% Transmission line model for cross-aperture coupled patch antenna
):9.0.0.9.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.:0.0.0.0.0,0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.¢

% The Design Parameters

mu=4*pi*10°(-7);

f=2.45*10"9; %Operate frequency
epso=8.86%10"(-12),

c=3*10"8; % speed of the light

Zo=sqrt(mu/epso);

da=3.15*10"(-3); % patch substrate thickness
epsa=1.5;

Zca=90; % characteristic impedance of the feed line
lamo=c/f, % free space wave-length

Wa=2%10"-3; % width of the slot

epsra=2.33; % relative permittivity of patch substrate
epsrf=2.33; % relative permittivity of feed substrate
df=1.6*10"(-3); % thickness of the feed substrate
WiE=4.6%10"(-3); % width of the feed line

D=Wf;,

lama=c/(f*sqrt(epsa)); % wave length
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ko=(2*pi)/lamo; % wave number

delta=1/30; % quality factor

keff=sqrt((ko"2)*epsra*(1-i*tan(delta))); % effective wave number
epsef=(epsrf+1)/2+((epsrf-1)/2)*(1-+12*(dff W1))"-0.5;
lamf=c/(f*sqrt(epsef));

nv=4; % number of variables

np=100; % number of populations

maxit=1000; % number of maximum iterations

len=[5 55 5],

Tlen=sum(len),
/73,0.0.6.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.¢
% Generation of initial population in a matrix Chromosomes of 50 row by row chromosomes (len) in binary form
Ch=round(rand([np, Tlen]));

% Paramete design bounds

lob=[33.*¥10"-3 34.5*%10"-3 20*10"-3 9*10"-3]; % Lower bounds
upb=[33.¥10"-3 34.5*%10"-3 20*10"-3 9*10"-3]; % Upper bounds

% XXXXXXXXXXXXXXXXXXXXXEXXXKXXXXX XXX XXXXXXXXXXX
% XXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXEXXXXXXXXXXX

% Converting the binary representations to the real values a,b, La, Los
rang=upb-lob;

num=2."(len)-1;

lop=cumsum([1 len});

upp=cumsum([len]),

var=zeros(np*maxit,nv);

eval=zeros(np*maxit,1);

eval1=zeros(np*maxit, 1);
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eval2=zeros(np*maxit,1);
for it=1:maxit
iteration=it;
for j=1:np
phe=zeros([np nv]);
end
for ii=1:nv
index=lop(ii):upp(ii);
sx=[];
for j=len(i1)-1:-1:0
sx=[sx 2"];
end

SX=8x";
Chindex=Ch(;,index);
phe(:,11)=Chindex*sx;
phen(.,ii)=lob(ii)+(rang(ii)/num(ii)). *phe(;,ii);
Phen=phen;
end
% Binary conversion of initial values to real values ends producing the " INITIAL POPULATION"
1(),9:9.9.0,9.9.9.0.0.9.9.,0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0,.0.0.6.0.0.0.0.0.0.0.0.0.0.0.0.0.
%0%%0%%%0%%6%%%0%:%%0%%%%%0%%:%%6%%%6%%%6%6%%%%6%6%6%6%6%6%6%6%%6%%6%6%6%6%6%6%6%%0%%6%6 %% %6 %% %% %o
% Evaluation of Objective function formulas for 50 sampled solutions
1£):9,9,9.9.0.9.0.9.0.9.0.0.0.0.0.0.0,0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.:0.0.0.0.0.0.9.0.0.0.0.0.¢
a=Phen(:,1);
a=atda
b=Phen(:,2);
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b=b+da
La=Phen(:,3);
Los=Phen(:,4);
%%%6%%% %6 %% %6%6%%6%6% %% %6%6%6 % %% %6%6%6%6%6%6 % %% %% %6 %6%6%6%6%6%6%%6%0%%6%6%6% % %6%%6%:%6%6 %% %% %% %%
% % Evaluation of Objective functions formulas for 100 sampled solutions
Y2%,9.9.0.0.9.9.9:0.9.0.9.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.
eo(1)=1
eo(2)=0
eo=eo'
for mm=1:2
for nn=1:2
km(mm)=(mm-1)*pi./a
kn(nn)=(nn-1)*p1./b
kmn=sqrt(km(mm).”2+kn(nn).”2)
Amn=sqrt((eo(mm)*eo(nn))./(a.*b))
end

end
Lae=La-WT;

epsef=(epsrf+1)/2+((epsrf-1)/2)*(1+12*(df/W))*-0.5;

lamf=c/(f*sqrt(epsef));

lama=c/(f*sqrt(epsa)),

Zcf=(120*pi)/(sqrt(epsef) *(W1/df+1.393+0.66*log(WT/df+1.444)));

Zcan=(da*Zo)./(((a+b)/2)*sqrt(epsra));
Zr=1./((pi*(a+b)/2)/(lamo*Zo)*(0.9+i*(1-0.636*log(((2*pi)/lamo)*da))));

Zpl1=2*Zcan *((Zr+i*Zcan. *tan(2*pi*(f/c)*sqrt(epsra)*(b/2)))./(Zcan+i*Zr. *tan(2 *pi*(f/c)*sqrt(epsra) *(b/2))));
Zp2=2*Zcan. *((Zr+i*Zcan.*tan(2*p1*(f/c)*sqrt(epsra)* (a/2)))./(Zcan+i*Zr *tan(2 *pi*(f/c)*sqrt(epsra) *(a/2))));
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%Los=(Los+df);

nl=(2*La)./((a+b)+2.3*da);

ka=2*pi/lama;

D=(120*pi*da)/(Zct*sqrt(epsef));

%ox 1=sin(ka*Wa/2)*cot(ka*La/2)*(4/(ka"2*Wa*sqrt(2*D*da)));
x2=sin(ka*Wa/2)*(2*sqrt(2)/(ka*sqrt(Wa*2*da)));
Y%x3=cot(ka*La/2)*(2/(ka*sqrt(2*¥*D*da)));

%n=x1+x2-x3;

n=x2;

%n=1.011;

%on=x2+x1-x3;

Yap=-2*i*cot(2*pi*Lae/(2*lama))./Zca;

Zap=1./Yap;

Ypl=1./Zpl;

Yp2=1./Zp2,

Zos=-1*Zcf*cot(2*pi*Los/lamf),

% Input impedance objective Functioin
Zin=n"2.*(1./(n1."2.¥*Yp1+Yap)+1./(n1.”2 *Yp2+Yap))+Zos;
Beta=2*pi*(f/c)*sqrt(epsra);

Z10=1./(n1."2.*Ypl+Yap),

Z01=1./(n1./2.*Yp2+Yap),
V10=(Z10./(Z10+Z01)).*(1./n1),
VO01=(Z01./(Z10+Z01)).*(1./n1),
Vs10=V10./(cosh(i*Beta*b/2)+Zcan. *sinh(i*Beta*b/2)./Zr);
Vs01=V01./(cosh(i*Beta*a/2)+Zcan. *sinh(i*Beta*a/2)./Zr),
for ff=1:np
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Exm(ff)=norm(Vs10(ft))';
Eym(ff)=norm(Vs01(f}));
end
Exm=Exm';
Eym=Eym/,
for u=1:np
phi(u)=atan2(imag(V10(u)),real(V10(u)))-atan2(imag(VO01(u)),real(VO1(u)));
end
phi=phi';
OB=sqrt(0.5*(Exm."2+Eym."2-sqrt(Exm."4+Eym."4+2*Exm.”2. *Eym."2.*cos(2*phi))));
OA=sqrt(0.5*(Exm."2+Eym "2+sqrt(Exm.~4+Eym."4+2*Exm."2. *Eym."2. *cos(2*phi))));
AR=0A'/OB";
AR=AR";
% Axial ratio evolutions
AxdB=20*1og10(AR);
%AxdB=AxdB";
objval=abs(50-real(Zin))+abs(imag(Zin));
1£3,9.9.0.0.9.0.0.9.0.9.9.0.9.0.0.0.:0,0.0.0.0.9.0.0.0.0.0.0.0.9.0.0.0.0.0.0.
if it==
var(1:np,:)=phen(1:np,:);
eval(1:np,:)=objval(1:np,:);
evall(1l:np,:)=Zin(1:np,:);
eval2(1:np,.)=AxdB(1:np,:);
else
if mod(it,2)==0
AxdB=AxdB'";
end
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var(1+np*(it-1):np*it,:)=phen(1:np,:);
eval(1+np*(it-1):np*it,:)=objval(1:np,:);
eval 1(1+np*(it-1):np*it,:)=Zin(1:np,:);
eval2(1+np*(it-1):np*it,:)=AxdB(1:np,:);
end
% sorting the input impedance objective function values
[objval,ind]=sort(objval);
% sorting the CP objective function values
[AxdB,ind]=sort(AxdB);
segma=8; % is the sharing distance between the chromosomes of the same ranking
% calculating the hamming distance of genotype chromosomes structures
for nn=1:10
for mm=1:10

for nm=1:10
dhammingCh(nm)=sum(abs(Ch(nn)-Ch(mm));

if segma<dhamming
shar(nm)=0
else
shar(nm)=1-(dhamming(nm)/segma)
end
end
end
% calculate the niche for each chromosome
for 11=1:100
M(Ch(ii))=sum(shar(i1))
end
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% calculate the sharing function for each chromosomes
for jj=1:100
Fshare(jj)=objval(jj)/M(jj)
end
Fit=sum(objval);
pro=objval/Fit;
gpro=cumsum(pro);
rrwn=rand(np, 1);
sel=zeros(np,Tlen);
for ik=1:np
for j=2:np
if rrwn(ik)<gpro(1)
sel(ik,:)=Ch(1,:),
elseif rrwn(ik)<gpro(j-1) & rrwn(ik) <= qpro(j)
sel(ik,:)=Ch(},:);
end
end
end
Chc=Ch;
% XXXXXXXXXXXXXXXXXXX
% Cross over operator
% XXXXXXXXXXXXXXXXXXX
bit=ceil(Tlen*rand(1,19));
for 1j=2:2:np/2
sel(ij-1,[bit])=Ch(ij, [bit]);
sel(ij, [ bit])=Chc(ij-1,[bit]);
end
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%% XXXXXXXXXXXXXXXXXXXXXX
% Mutation operator applied to 0.01 member of initial population
% XXXXXXXXXXXXXXXXXXXXX
pm=0.01;
rm=rand(np, Tlen);
for il=1:np*Tlen
if rm(i)<pm
sel(il)=1-sel(il),
end
end
Ch=sel;
noit=it
end
172;9.9.0.0.0.0.0.0.0.0.0.0.0.:0.0.9.0.0.9.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.9.0.0.0.0.¢
% First population using both CROSSOVER and MUTATION completed.
$73,9.0.9.0.0:0.0.9.0.0.0.0.0.0.0.9.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0:¢
match=zeros(np*maxit,1);
for in=1:np*maxit
if abs(real(eval(in)))< 5
if eval2(in)<=.8
match(in,:)=eval1(in,:);
end
end
end
[solution index]=sort(match);
match(index(np*maxit))
173,9.9.0.0.0.9.0.0.9.9.0.0.0.0.9.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0.0.9.0.0.0.9.0.0.0.0.0.0.0.0.0.9.0.¢
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173,0.9.0.0.0.0.0.0.0.9.0.0.0.0.0.0.:0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.9.0.0.0.0.0.¢

% Cavity model for cross-aperture coupled patch antenna
179.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.:0..0.0.9.0.0.0.0.0.0.¢

% The Design Parameters

mu=4*pi*10"(-7);
£=2.45%10"9;
epso=8.86*10"(-12);
c=3*10"8;
Zo=sqrt(mu/epso);
da=3.15*%10"(-3);
epsa=1.5;Zca=90;
lamo=c/f;
Wa=2%10"-3;
epsra=2.33;
epsrf=2.33;
df=1.6%10°(-3);
WE=4.6%107(-3);
D=WT;
lama=c/(f*sqrt(epsa));
ko=(2*pi)/lamo;
delta=1/30;
keff=sqrt((ko”2)*epsra*(1-i*tan(delta)));
epsef=(epsrf+1)/2+((epsrf-1)/2)*(1+12*(df/W1))*-0.5,
lamf=c¢/(f*sqrt(epsef));
%n=1.01*ones(100,1);
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nv=4; % number of variables
np=100; % number of populations
maxit=500; % number of maximum iterations
173.0.0.0.0.0.0.0,0.0,0.0,0.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.6.0.0.0.0.0.0.:0.0.0.¢
% Lengths of the parameters
len=[55 5 5],
Tlen=sum(len);
73:0.0.0.0.0.9.0.9.0.9.0.0.9.0.0.9:0.0.0.0,0,0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.¢.0.0.¢
% Generation of initial population
Ch=round(rand([np, Tlen)));
173,9.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0,0.0.:0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.¢
% Bounds of the design parameters
lob=[30.*10"-3 30.5*10"-3 15*10"-3 7*10"-3]; % Lower bounds of the parameters
upb=[39.*¥10"-3 39.5%10"-3 25*10"-3 11*107-3]; % Upper bounds of the Parameters
179,9.0.9.9.0.0.9.0.9,0.9.0.9.0.0.0.0.0.0.0.9.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.
% Converting the binary representations to the real values
rang=upb-lob;
num=2."(len)-1;
lop=cumsum([1 len]);
upp=cumsum([len]);
var=zeros(np*maxit,nv);
eval=zeros(np*maxit,1);
evall=zeros(np*maxit, 1),
eval2=zeros(np*maxit, 1),
for it=1:maxit

iteration=it;
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for j=1:np
phe=zeros([np nv});
end
for ii=1:nv
index=lop(ii):upp(ii);
sx=[];
for j=len(ii)-1:-1:0
sx=[sx 2"j];
end

SX=5X'";
Chindex=Ch(:,index);
phe(;,i1)=Chindex*sx;
phen(:,it)=lob(ii)+(rang(ii)/num(ii)). *phe(’,ii),
Phen=phen;
end
a=Phen(;,1);
a=atda
b=Phen(:,2);
b=b+da
La=Phen(:,3);
Los=Phen(:,4);
179.9.0.6.0.6.:0.9.0.0.0.0.0.0.6.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0,0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.
% Derivations of the Objective Functions
179,0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0.0.¢.4
eo(1)=1
eo(2)=0
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eo=eo'
function [Jmx Jmy 11x I2x I1y [2y]=cav(x,y)
Jmx=(2/(da*Wa))*sin(ka*((La/2)-abs(x-a/2))*cos(km*x),
12),9.9.0.0.0.0.0.9.0:0.0.0.0.0.9.0.0.0.0.0.9.0.0.0.0.0.0.0.0.0.6.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.6.0.0.0.¢
function PSIy=Akm(x,y)
global kaLab da Wa
for mm=1:10
for nn=1:10
km(mm)=(mm-1)*pi./a
kn(nn)=(nn-1)*pi./b
kmn(mm,nn)=sqrt(km(mm).”2+kn(nn)."2)
Amn(mm,nn)=sqrt((eo(mm)*eo(nn))./(a. *b))
PSIy(mm,nn)=Amn(mm,nn)*km(mm)*sin(km(mm)*x)*cos(kn(nn)*y)
end
end
112:9,0,0.0.0.9.0,0.0.0.0.:0,0.0.0.9,0,0.0.9.0.9.0.0.0.0.0.0.9.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.:0.0:0.0:0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.¢
function PSIx=Akn(x,y)
global ka LLa b da Wa
for mm=1:10
for nn=1:10
km(mm)=(mm-1)*pi./a
kn(nn)=(nn-1)*pi./b
kmn(mm,nn)=sqrt(km(mm).”2+kn(nn).”2)
Amn(mm,nn)=sqrt((eo(mm)*eo(nn))./(a.*b))
PSIx(mm,nn)=Amn(mm,nn)*kn(nn)*cos(km(mm)*x)*sin(kn(nn)*y)
end
end
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179.0.0.0.0.0:0.:0.0:0.0.0.0.9.9.0.9.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.9:0.0.0.9.0.0.:0.0.0.9.0.0:0.0.0,0.0.0.0.¢

function I2=SINY(x)

global kaLab da Wa

12=sin(ka*((La/2)-abs(x-a/2))*cos(km*x)
179.0.9.0.0.0.0.0.6.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0,0.0.0.0:0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.:0.0.0.0.¢
function I3=SINY(x)

global kalLab da Wa

[3=sin(km*x)
123,9,9.9.0.0.9.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0,0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0,0.0.¢
function I1=SINY(y)

global ka Lab da Wa

I1=sin(kn*y)

V/2:9.0:0.0.0.0.0.0.0.0.0.0,0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.¢

function J1=SINX(x)

global ka La a da Wa

ka=60;

La=0.18;

a=0.30;

Wa=0.02;

da=0.015

J1=(200./(da*Wa))*(sin(ka*((La/2)-abs(x-a/2)))./sin(ka*La/2))
£(),9,:0,9.0.0.9.9.0.0.0.9.9.0.0.0.0.0.0.0.0.0.9.9.0.0.0.0.0:0.0.0.0.9.0.0.0:0:0.0.0.0:¢.0.0.0.0:0.0.0.0.0°0.0.0.0.0.0/0.0.0.0.0.0.¢
function J2=SINY(y)

global ka La b da Wa

J2=(2/(da*Wa))*(sin(ka*((La/2)-abs(y~b/2)))/sin(ka*La/2))
11%,9.9.9:0.9.9.0.9.9.0.0.0.0.0.0.0.0.9.0,0.0.0.0.0.0.9.0.0.0.0.0.0.9.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.
function F=integ(Theta)
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global b lam0
F=(sin(((b.*pi)/lam0)*cos(Theta))./cos(Theta)).”2.*(sin(Theta))."3;
175.0.0.0.9.0.0.9.0.0.0.0,.0.0.0.0.0.0.0,0.0.0,0.0.0,0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.¢
global b lam0
lam0=122.449;
Ls=[43.6745 43.7964],
for i=1:length(Ls)

b=Ls(i);

takaml(i)=quad('integ',0,pi,[],[])
end
10,9,0.0.0.9.0:0.0.0:0,0,0:0.0.0:0.0.0.0.0.0.0.0.0.9.9.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.
%6%0%0%0%%%%0%0%0%%%6%%%6%6%6%6%6%%%%6%%6%6%6%%%%6%:%6%6%6%6%6%%6%6%6%6%%6%6%6%%6 %% %6%6 % %% %% % %% %% %
%%%0%6%%%6% %% %%
% Sorting the values for all above calculations
ifit==

var(1:np,:)=phen(1:np,:);

eval(1:np,:)=objval(1:np,:);

evall(1:np,:)=Zin(1:np,:);

eval2(1:np,.)=AxdB(1:np,:);
else .

if mod(it,2)==

AxdB=AxdB',
end

var(1+np*(it-1):np*it,:)=phen(1:np,:);

eval(1+np*(it-1):np*it,:)=objval(1:np,:);
eval 1(1+np*(it-1):np*it,:)=Zin(1:np,:);
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eval2(1+np*(it-1):np*it,:)=AxdB(1:np,:);
end
% Calculations of the fitness functions
Fit=sum(objval);
pro=objval/Fit;
$79,0.0.0:0.6.0.0.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0:0.0.0.0.0.0.0.0.9.0.0.0
% Roulette: Wheel Selection Procedures

gpro=cumsum(pro);
rrwn=rand(np,1);
sel=zeros(np, Tlen);
for ik=1:np
for j=2:np
if rrwn(ik)<qpro(1)
sel(ik,))=Ch(1,:),
elseif rrwn(ik)<qpro(j-1) & rrwn(ik) <= gqpro(j)
sel(ik,:)=Ch(j,);
end
end
end
Che=Ch;
172:9.0.0.0.0.0:9.9.0.9:0.9.0.9.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.¢
% Random crossover operators with half of population
bit=ceil(Tlen*rand(1,19)),
for ij=2:2:np/2
sel(ij-1,[bit])=Ch(ij,[bit]);
sel(ij,[bit])=Chc(ij-1,[bit]),
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end ;
129.9.0.9.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0 ¢
% Mutation operators
pm=0.01;
rm=rand(np, Tlen);
for il=1:np*Tlen
if rm(i)<pm
sel(il)=1-se.(il);
end
end
Ch=sel; ‘
11),9.9.0.0.0.0.0.0.0.9.9.0.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0,0.0.0.0.0.0.0.0.0.0.0.0.¢
noit=it
end
foNVOOOOOAUOOOOOOOOOOAUOOOOOOOOOOOOOOOOOOOOOOAvOOOOOOOOOOOOOA
% Checking the matched solutions according to the most suitable solutions
% input impedance plus or minus 5,
% Axial ratio between Zero and 0.8 dB
match=zeros(np*maxit, 1),
for in=1:np*maxit
if abs(real(eval(in)))< 5
if eval2(in)<=.8
match(in,:)=eval1(in,:);
end
end
end
[solution index]=sort(match);
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match(index(np*maxit))
173.0,0.9.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.:0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0
179,0.9,0.0.6.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0,0.0.0.0.0:0:0.0.0.0.0.0.0.0.0.0.0.0.0,.6.9.0.0.0.0.0.0.0.0.0,¢

function [Jmx Jmy [1x I2x I1y R2y]=cav(x,y)
Jmx=(2/(da*Wa))*sin(ka*((La/2)-abs(x-a/2))*cos(km*x);
XvOOOOOAvOOOmVOOOOOOOAVOOOOOOOOANNVOOOOAVOOAVOOOOOOOOANMMOOANNNNVOOANMM&
function PSIy=Akm(x,y)
global kaLab da Wa
for mm=1:10
for nn=1:10
km(mm)=(mm-1)*pi./a
kn(nn)=(nn-1)*pi./b
kmn(mm,nn)=sqrt(km(mm).”2+kn(nn).”2)
Amn(mm,nn)=sqrt((eo(mm)*eo(nn))./(a.*b))
PSIy(mm, Ed Amn(mm,nn)*km(mm)*sin(km(mm)*x)*cos(kn(nn)*y)
end
end
£():9:0,0.0.0.0.9.0.0.9.0.0.0.0.0.6.0.0,0.0.0.0.0.9.0.0.0.0.0.0.:0.:0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0:0.0:0:0.0.9.0.0.0.(
function PSIx=Akn(x,y)
global kaLab da Wa
for mm=1:10 ,
for nn=1:10
km(mm)=(mm-1)*pi./a
kn(nn)=(nn-1)*pi./b
kmn(mm,nn)=sqrt(km(mm)."2+kn(nn).”2)
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Amn(mm,nn)=sqrt((eo(mm)*eo(nn))./(a.*b))
PSIx(mm,nn)=Amn(mm,nn)*kn(nn)*cos(km(mm)*x)*sin(kn(nn)*y)
end
end
/73.0,6.0.0:0.0.0.0.0.0.0.:0:0.0:0:0:0.0:0.0.0.0:0:0.0.0.0.0.0:0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.:0.:0.0.0.0,0.0.0.0.0.0.0.
function 12=SINY(x)
global ka La b da Wa
[2=sin(ka*((La/2)-abs(x-a/2))*cos(km*x)
173,9.0.0.0.0.0.0.0.0.0.:0.0.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.:0.0.0.0.0.0.9.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0¢
function I3=SINY(x)
global ka La b da Wa
I3=sin(km*x)
£3;9,0.0.0.9.0.9.0.9.0.9.0.0.0.0.0.0.0.0,0.0.¢.0.0.0.0.0:0.0.:0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0,0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.4
function I1=SINY(y)
global ka La b da Wa
I1=sin(kn*y)
¥9,9.0.9:0.0.0.0.0.0:0.0.0.0.0.0.0:0.0.0.0.:0,0.0.0.:0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0
function J1=SINX(x)
global ka La a da Wa
ka=60;
La=0.18;
a=0.30;
Wa=0.02;
da=0.015
J1=(200./(da*Wa))*(sin(ka*((La/2)-abs(x-a/2)))./sin(ka*La/2))
¥19.90.0.0:0.9.0.0.0.9.0.0.0.0.:0.0:0:0.0.0.0.0.0.:0.0:0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0:0.0.0.0.¢
function J2=SINY(y)
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global ka La b da Wa
J2=(2/(da*Wa))*(sin(ka*((La/2)-abs(y-b/2)))/sin(ka*La/2))
173,9.9.0.9.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0,0.0.0.0.0.0.0.0.0,0.0.¢
function F=integ(Theta)
global b lamO
F=(sin(((b.*p1)/lam0)*cos(Theta))./cos(Theta)).”2 *(sin(Theta))."3;
122,9.9,9.9.0.9.0.0.0.9.9.0.0.0.0.0.0.0,0.0.0.9.0.0.0.0.0.0.0.0.0.:0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.:0,0.0.0
global b fam0
lam0=122 449,
Ls=[43.6745 43.7964];
for i=1:length(Ls)

b=Ls(1),

takaml(i)=quad(‘integ',0,pi,[],[1)
end
$72:9.0,0.0.0.0.0.0.0.9.0.0,0.0.0.0.0.0.0.0.0.0.0.0.0.:0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.(
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Transmission-line modelling of the cross-aperture-coupled
circular polarised microstrip antenna

B.Al-Jibouri, T.Vlasits, E.Korolkiewicz, S.Scott and A.Sambell

Abstract: A circular polarised antenna fed through a cross-aperture in a ground plane by means of a
niicrostrip feed line is modelled, and an original analysis using a transmission-line method is
presented. The field linkages from the feed to the slots and the slots to the antenna are modelled as
voltage transformers, which are employed in the synthesis of the overall transmission-line model of
.the structure. This analysis allows for an efficient computational procedure to predict the input
impedance of the structure. The application of a full wave simulation package and the expenmental
results obtained for the structure support the theory presented.

1  Introduction

In Europe, the USA and the far-east, increasing interest is
being expressed in developing road pricing, in order to
reduce traffic on motorways and city congestion, using a
two-way, high-speed digital data communication system
between a road-side unit (RSU) and an on-board unit
(OBU), which can be conveniently placed behind the wind-
screen of a vehicle [1]. The OBU antenna needs to be small
in size with a low profile, inexpensive to manufacture and
be mechanically and operationally robust. Further, circular
polarisation needs to be used so that the OBU can be
placed behind the windscreen of a vehicle in any orienta-
tion [2]. Circular polarisation and the other requirements
can be met by using a nearly square patch antenna with a
cross-slot feed in the ground plane. The advantage of a slot
feed is that it does not require ‘an external polariser and
expensive dielectric materials {3, 4]. With aperture coupling,
it is possible to match the feed line by varying the slot
length and the length of the open-circuit stub which is an
extension to the feed line. This eliminates the need for an
external matching network and ensures that the size of the
OBU is small.

In this paper, a transmission-line model of a single-feed
microstrip line coupled to a nearly square patch antenna,
through an equal length cross-slot in the ground plane, is
developed. Equal slots lengths are used to maintain the
symumetry of excitation of the patch and to ensure genera-
tion of circular polarisation having a good axial ratio. As
the slot length can be greater than half the patch width, the
matching condition is maintained over a wider bandwidth

[5, 6]. Theoretical and experimental investigations on the

single—feed microstrip line antenna have been reported

usmg a single slot, two cross-slots of unequal lengths and a .-

ring antenna [7-10].
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Some of the authors of this paper have reported on the
modelling of a cross-aperture coupled patch antenna using
a transmission-line model {11]. An original analysis of a sin-
gle-feed cross-slot aperture-coupled circular polarised
antenna is presented here. The transmission-line model is
derived and results are obtained for both mismatched and

- matched conditions. For a matched antenna, the resulting

axial ratio as a function of frequency is examined.

2  Derivation of the transm:ssnon line model ofa
cross-slot aperture-fed antenna

The general mode of excitation of a single-feed antenna can
be separated into two modes by perturbing the antenna
patch with a slot or some other form of a truncated seg- .
ment {12, 13]. In this paper, circular polarisation is
obtained using a nearly square patch of dimensions a and b
as shown in Fig. 1.

41,8

Cra &

Fl? 1" Design parameters of the cross-aperture- -coupled microstrip anterna, a
2. 1mun, b = 34.5mm, W= 4.724mm, L,, = 9mm, L, = I8mm, W, = 2mm,
=233 5= 233, d, = 3.15mm, dy = 1.575mm g =245 1

Since the patch dimensions ¢ and & are nearly equal, the
resonant wave numbers kg, = &b and kg = wa of the

-modes are close. Consequently, it can be assumed that the -

total quality loss factor Q is the same for both modes [14],
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and the resonant wave number k, can be replaced by an
effective wave number &, [15], where :

ke = koy/Er[l = 5/Q) (1)
with the condition that Q > 1. The loss factor @ includes
conduction, dielectric, radiation and surface wave losses of
the structure. For thin substrates, the losses due to the sur-
face waves are very small and so can be neglected [16]. The
radiation loss is inversely proportional to the thickness of
the substrate and it is usually the dominant term [17].

For circular polarisation the dimensions a and b of the
patch are related [18] by

b:.a{H%] @)

The self-admittances of the patch radiating slots are Y, =
Gy + jBy and Yy, = Gy, + jBg,, whereas Y, and Y, are
the coupling coefﬁc1ents between the radiating edges. Accu-
rate expressions for the self-admittance Y, and the mutual
admittances Y, have been derived [19, 20]. It has been
shown [21] that the effect of surface waves can be neglected
provided kod Ve, < 0.3, where d, is the substrate thickness,
a condition normally satisfied when patch antennas are
realised using substrates having low values of ¢, and/or are
operating at low frequencies.

The modelling of the transformer slots to patch coupling
assumes that only the dominant modes of the electric and
magnetic fields are present, so that the transformer ratios n,
and n, are equal to the fraction of current flowing through
the slot over the total intensity [22], hence

ne = Lo/a and ny =L,/b (3)

The two short-circuit transmission lines of length L,/2 in
Fig. 2 represent the stored energy near the slots. The mod-
elling of the transformer feed to slot coupling is restricted
to a small aperture with a narrow width compared with the
slot length [23, 24].

Fig.2 The rransmission-line equivalent circuit
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The discontinuity voltage on the microstrip line due to
an aperture field E is given by [25] :

Ay = / Ex (2)-hpyds® 4)
where E is the electric field in the aperture plane, and 4, is

the normalised magnetic field of the field feed line having a
uniform distribution given by [23] '

= ___1__ : ly| < We
T Wd, ¢ e
=0 otherwise (5)

where W, is the effective width of the microstrip line [26]
and d, is the thickness of the substrate.

v

n:i
u _ -
\/ % l VOU

Eay \/ Eay
Av
—p

l Vov

n:i

a b

Fig.3  Equivalent circuit of the cross-aperture to microstrip line transition

Tor the cross-slot aperture the total field E results from a
combination of the two-aperture fields E,,, E,, in the direc-
tions 1 and v as shown in Fig, 3a. The discontinuity voltage
for the cross-slot aperture is therefore given by

Ay = //(Eau)x )-h d31+//(Eav)x(z) P dss |

(6)

ag/2

open
circuit
X

33



where s, and s, are the intersections of each slot geometry
with the footprint of the microstrip line.-Assuming the slots
are narrow the electric field in the aperture plane is normal
to the slot length and constant across the width of the slot.
The field satisfying the boundary conditions in the slots is
given by [4]

Vi sin [k, (L

)],

Eau -
W, sin (ko %)
L W,
<= g =2
<2 pls
=0 otherwise (7).

V, is the slot voltage developed at the centre of the slot par-
allel to the u axis, and, k, is the wave number of the aper-
ture {27). For each slot, the relationship between ¥} and the
discontinuity voltage nV,, (or n¥,,) on the microstrip line is
represented by a transformer thh a turns ratio » and is
ngen by {23]

[ 7
/ E,y x (—

Thus the resulting discontinuity voltage is given by

AV =1V +1Voy =0 (Vou + Voo)

chods; = nVou (8)

~ and

-h d$2 - TLV:W (9)

(10)

Consequently, the transition between a cross-aperture and
a microstrip line can be modelled by the series connection
of two ideal transformers having a turns ratio », as shown
in Fig. 3b. The discontinuity voltage due to the cross stot is
obtained from eqns. 4 and 7 and is given by ’

Y/V \/2W d sm ka%&)

[ ()
el (&) as] 0

The integration above is performed over the overlapping
area of the aperture and the effective width of the micros-
trip line. Three mutually distinct cases arise for the forms of
the domains of integration, see Figs. 4a, b and c.

YW

Fig.4  Apertwe to microstrip line transition
The values of the above integral for the cases, «, band ¢ -
are given by

2W,

a . kaLa
T {l—eos( 5 )}

I = (12)

84

— —sin |k La _ cos ko Ve
2 sin | ka | :
Wa "aLa
- cos 5
; (13)
an
4 kaWo L, W,
fom goin (5 ) oo 1o (5 - 72)
2W, k,L
_ W ala . 14)
" cos ( 5 > | (14)

3 Theinput impedance of the antenna at the
apertures

The operation of the circularly polarised patch antenna
shown in Fig. 1 is based on the two orthogonal apertures
fields exciting the patch independently in the x and y direc-
tions. Two sets of the characteristic impedance Z, and Z,
and the propagation constants v, and y, need to be evalu-
ated.

The admittance matrix [Y,] connecting the currents and
voltages at the three ports of the transmission-line model in
the x direction (Fig. 2) is

[Yo] =

Ysa+Yex COth('Y:z 976') — Yoo —¥es

sinh(‘yz ?_QG_)
'—Ylnz }/5:: +ch; COth("/m 525-) = Yox

sinh(qm 2231)
2Yca coth (71 E,f—)
(15)

It then follows that the input admittance Y, of the trans-
mission line is given by

—YCE
sinh ('yz %"A)

—Yex

sinh ('11; 9—5”-)

Yin, = 2V, [coth (%2 5)

Yeu
sinh? (2z2e ) [Ym + Y., coth (7Iac) - Ym]:l
(16)
Similarly, the input admittance, Y;,, for the patch excita-
tion in the y direction (Fig. 2) can be dérived. The self-

admittance Y, of the two slots, considered as short
circuited slot lines is given by
J
Yop = —

27 Lo - -
z;-cot (ka3—> (17)

“The expressions for the total admittances of the two éper—

tures are ’
Yio = nYin, +Yop and Y =ni¥in, +¥a, (18)

As the cross-slot can be modelled by two transformers con-
nected in series, the input impedance ‘seen’ by the micros-
trip feed line under the centre of the aperture is given by

1 1
Lin = n?. (Z— + —;) — jZCf - cot (kaos) (19)
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Single-feed circular polarised patches typically provide
good performance, but only in a limited frequency band
contained between the resonant frequencies of the two
orthogonal modes. The value of the best axial ratio within
this band and the frequency where it occurs is strongly
influenced by the dimensions of the patch. Therefore it is
important for the theoretical model to predict the values of
the axial ratio as a function of frequency so that the dimen-
sions of the antenna can be accurately determined.

The axial ratio is calculated in terms -of the voltages V5,
Vs of the two radiating edges, the voltages V3, Vs at the
centre of the two apertures, and, also the feed line voltage
V. :

The voltages V3, Vg are determined by
/75!7 Tta

eV e M TR
where Y, and Y, are given by eqn. 18. The' voltages V)
and" V5 are related to voltages V5 and V5. These relations
can be obtained using the transmission-line theory and are
given by

(20)

1
Vo = 1% 21
2 % cosh (%922) + %j—(—*— sinh (v, %) (21)
and
_ 1
V5 = V (22)

® cosh (w%) +

Yoz o b
v sinh (%)
The phase difference between the x and y components of

the field in the boresight direction (phase error, ¢,) is the
same as the phase difference between V, and Vs, namely

¢ = arg(Vs) — arg(Va) (23)
The x and y directed field components in the far field are
directly proportional to the voltages ¥, and Vs, respec-
tively, therefore the amplitude error 4, is given by '
4 1%
Ae = — 24
= (24
The axial ratio achieved in the design is obtained from the
amplitude and phase error as given by [17]

14 A2 + [1+ A% + 242 cos(24,)]
14+ AZ = [1+4 AZ + 242 cos(2¢. )]

AR =

. N o=

(25) .

YYAMVAL GO UN WY AU WOLUE LHYID. LU LY dt A BLYTLL LlE-

quency.

5 Comparison between measured and calculated
results <.

To compare the results predicted by the transmission-line
model with practical results, three-unmatched antennas
were fabricated having difterent slot lengths. A feed line of
fixed length S1mm, as measured from the centre of the
slots, was used. The measured and computed input imped-
ance of the antennas as a function of frequency over a
range of 2-3GHz, in 0.2GHz steps, are shown in Fig. 5.
Good agreement is obtained over the complete frequency
range specified. In the design of circular polarised antennas
for optimum axial ratio, the important part of the imped-
ance response is between the resonant frequencies of the
TM,o and TMy, modes, and the optimum value is located
at the cusp in the impedance locus. As can be seen for the
cases b and ¢ of Fig. 5, the position of the cusp is within
2% of that predicted by the transmission-line model. The
largest error of some 5% occurs for case a, where the slot
lengths are small, and is due to the assumption that the
excitation modes on the antenna are perfectly orthogonal,
whereas in the fabricated antenna this is only approxi-
mated. The structure generates orthogonal modes, the
amplitude of which will be a maximum when the aspect
ratio of the slots is large. It is therefore expected that the
computed and practical results will have the best agreement
for those slots.

Fig.6 Input impedance of a matched cross-aperture coupled antenna of fre-
quency range = 2.25-2.7GHz, steps = S0MHz ’
—(O— calculated, —x-— measured

Fi g 5 Measured and caleulated input impedances for mismatched aperture-coupled antennas, @ = 32 1nun, b = 34.5mum, Ly, = 9mm, W= 4.724mm, W, = 2mm, &,
=23

3, &= 233, d, = 31.5mm, dp= 1.575mm
(@) L, = ISmm
) L, =20mm
© L,=25mm
—O— caleulated. —x— measured
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The input impedance of the matched antenna in Fig. 1 as
a function of frequency, based on the transmission-line
model, is shown in Fig. 6 together with the measured
result. There is good agreement between the predicted and
measured results.

Fig. 7 shows the calculated axial ratio using the transmis-
sion-line model compared with that obtained experimen-
tally and using a full wave simulation package [29]. The
agreement is generally good and the results show a mini-
mum axial ratio at 2.4GHz, compared with 2.45GHz for
the measurement result. However, part of this error is due
to the difficulty of measuring the axial ratio accurately.

8 -
o | \ \
6f BAR
5l Y\

axial ratio, dB

4

3r R

2t Y
. y

1t LA

0
2.35

2.40 2.45 2.50 2.65
frequency, GHz :

Fig.7 Axial ratio of the cross-aperture-coupled antemna shown in
Figs. land 2

measured result -

— — — full-wave simulation

transmission-line method

6 Conclusion

In this paper, an original analysis of a cross-aperture-cou-
pled circularly polarised antenna based on the transmis-
sion-line method has been presented. In order to apply the
transmission-line method, the transition between a cross-
slot aperture and a microstrip line.has been investigated,
and it is found that the cross-aperture can be regarded as
the series connection of two orthogonal slots, which excite
the patch in the x and y directions independently. This
allowed the representation of the patch by transmission-line
networks. The input impedance and the axial ratio of the
cross-aperture-coupled circular polarised antenna have
been derived. The model is computationally efficient for
optimising the dimensions of the antenna for circular polar-
isation and input matching.

This paper has shown that the transmission-line model of
the cross-slot circular polarised antenna agrees with the
simulated results based on the full-wave analysis and the
experimental results. It also confirms that the effect of the
surface wave can be neglected if thin substrates are used.
The advantage of the transmission-line model is that it
allows for good understanding of the coupling mechanism
between the antenna and the slots and between the slots
and the microstrip line. The derived equations allow for
direct computation on a PC and then the transmission-line
model is readily simulated using P-Spice.
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Cavity model of circularly polarised

cross-aperture-coupled microstrip antenna

B.Al-Jibouri, H.Evans, E.Korolkiewicz, E.G.Lim, A.Sambell and T.Viasits

Abstract: A cavity model is used to analyse an aperture-fed nearly square circularly polarised patch
antenna. The form of the aperture is that of a symmetric cross-slot that couples the excitation between
a single microstrip feed line and the patch antenna. Using equivalent magnetic current sources at the
slots, the modal electric and magnetic fields under the patch are obtained, and hence analytical
expressions for the patch admittances at the aperture are derived and used to obtain an equivalent
circuit of the circular polarised antenna. Good agreement is obtained between the circuit modelling

and practical results.

{1 introduction

An aperture-coupled feed structure is known to have a
number of practical advantages. Since the feed network

- and radiating patch are on separate substrates, both the
thickness and dielectric properties of each substrate can be
independently chosen to meet requirements of the feed
network to the radiation patch. The isolation of the patch
from the feed network by the ground plane minimises
spurious feed radiation. A compact structure can be real-
ised using -aperture coupling, and as the aperture is posi-
tioned below the centre of the patch, the symmetry ensures
good circular polarisation [1, 2].

Aperture—coupled structures have been fully analysed
using spectral domain [3, 4] and spatial solution [5] meth-
ods. These analyses can be used to examine the effects of
the .design parameters on the performance of the antenna
with good accuracy. However, these approaches are
numerically intensive and, because of the poor convergence
of the reaction integrals and tabulation of Green’s func-
tions, can be time consuming and require expensive compu-
tations. In addition, these methods of analysis do not
produce equivalent circuit models which are suitable for
small-scale CAD computations.

Although not as rigorous as the above full-wave analy-
ses, the cavity model [6, 7] can readily be used to derive
equivalent circuit models of the antennas for implementa-
tion of smail-scale CAD. It has been shown that in the

_ cavity model the antenna substrate thickness must be much
less than the free-space wavelength [8], a condition
normally satisfied in the design of microstrip patch antenna
structures.

In this paper the cavity model has been used to model a
c1rcu1<1r]y polarised nearly square patch antenna, excited
using a microstrip feed line via a symmetrical cross-slot
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[1, 2, 9]. In contrast to a single slot structure the cross-siot
structure allows the use of slot length greater than half the
patch width; hence the matching condition is maintained
over a wider bandwidth. In addition, the equal cross slots
provide symmetry of excitation of the patch and ensure
generation of circular polarisation with good axial ratio
[2, 10]. An equivalent circuit model has been derived and
used to determine the input impedance of the antenna and
further, based on the derived equivalent circuit the condi-
tions for producing a good axial ratio are also examined. It
is shown that there is a close agreement between the practi-
cal results and those predicted by the cavity model
approach.

2 Field distribution

The structure of the antenna using a symmetrical cross-slot
is shown in Fig. 1, where it is assumed that the electric field
distribution in each of the two orthogonal apertures is in
the form of a single piéce-wise sinusoidal mode [3]. The
electric field in the aperture parallel to the y axis has only
an x-directed component £,,, given by

B = Yoy sinfee (5 —ly-8[)] azWo < 4 < o3V
ax W sm(k ——) b— L,, < < b—L, L
TSy s
z=0
=0, otherwise

(1)
where V, is the voltage at the centre of the aperture paral-
lel to the y axis and &, is the wave number of the aperture
determined by Cohn’s method [11]. Similarly, the electric
field in the aperture parallel to the x ax1s has only a y
component £,, given by .

an — %_‘(/)—_’_Sln[k (L"’ |3¢-———‘)] a-'ZLav S T < atL,

= T3
o sin kuka_ : b—W, b—W,
z=0
=0 otherwise
b ! -

. (2)
where Vj, is the voltage at the middle of the aperture paral-
lel to the x axis. :
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Fig.1  Design parameters of cross-aperture coupled microstrip antenna
a = 32.1mm, b= 34. Smm, W= 4.724mm, L, = 9mm, L(, = 18mm, W, = 2mm,
g = 2.33, 6= 233, d, =3, [Smm, dp=,1.575mm, ¢; = = 45°

The cavity models [12] assumes that the tangential
magnetic field at the cavity side walls is zero to a good
approximation, and, by the equivalence principle [12], the
magnetic currents in each of the two apertures just above
the ground plane are then given by

Mog = =2E4 (3)
and
May = 2By (4)

Fig.2  Equivalent magnetic currents replacing electric fields in aperture

The equivalent magnetic current density excitation is
assumed to be uniformly distributed in the cavity volume
above the slot [13] as shown in Fig. 2. The corresponding
current densities J,,, and J,,, in the aperture cavities are
therefore given by

g = v sl (B fe )] anla < g < bl
dy W, sm(k o b—W,,, < y < < b+21/V,,,
O <z<d,
=0, otherwise
(5)
- 148

and _
me . 2Vhy Sin[ku(L-—_{"—ly_%D] a—2‘/V.-,_ S T S G'+L}/Vn.

fre doWa . sin(k,,_%"‘) b—2L(. < y < §+—LQ.
N A
0<2z<d,
=0, otherwise
= (6)

The magnetic field A inside the cavity volume due to the
magnetic current density J,, is given by Maxwell’s equation

VXxVxH-EH=—jwigdm (M

For the magnetic fields H,, H, which only have x and y
components, eqn. 7 reduces to the following two differen-
tial equations:

O°H, 0°H, . P
Gdy By T keI ()
O°H, 0°H

¥ _ 1.2 — 3 ]m
3:1:3y ayrz l" Hy jWI.LO Y (9)

The solution of the above differential equations can be
expressed in the following eigenfunction expansion form

= Z ZBm,mn\I’m,mn (10)
Hy = Z Z By,mn\l’y,m-n (11)

where B,,,, and B, ,, are the unknown mode coefficients
and W, ,,, and ¥, are the eigenfunction of eqns. 8 and 9.
The e1genfunct10n must satisfy the associated homogenous
equations and hence

azlllm’mn _ a2\1]y,mn
Oxdy ay?
a. \Il 82\111‘ mn
28;5;” - ayz - kmnqjy,mvn =0 (13)

where k,,, are the associated eigenvalues. The boundary
conditions on the four magnetic walls are

- km'nqjm,mn =0 (12)

Uemn=0aty=0andy=0
Uymn=0atz=0andz=a (14)
The eigenfunctions are given by
Usmn = Amn-kn.cos(kmz) sin(kny) (15)

Uy mn = Amn.-kn. cos(kny) sin(kn) (16)

with v
. Xan K N _ 1 ifp = O —
Apn =4/ o where X”“{Z if p#£ 0 17)
and
m.mw n.mw
by = —— kp = — 18
m a ? b - ( )

The mode coefficients B,,,, and B, can be found by
substituting for H, and H, from eqns. 10 and 11 into the
non-homogeneous differential eqns. 8 and 9 to give

Z Z B, mn(l‘mn - ]‘/ Vo mn = —JweSme (19}
and,

2 Z By,mnv(ky‘zn;n - kQ)‘Ily,vnn = _]hwsjmy (20

Multiplying eqn. 19 with the mode function Wy anc
eqn. 20 by W,y and integrating over the cavity volume o
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the patch gives

a b
ZZBrmn(l’“mn—l"z // T,mn zmn’dey
0

a b
= —jws / / Jnv z m.’n’dxdy (21)
0 .

and,

a b
2
Z Z B‘y,m't mn k / /\Ily mn¥ y,m'n’/ dxdy
m n 0

b
= —jwe / / Iy ¥y, mn dady (22)
0 0
The orthogonal properties of W, and lP)._,,',,, are

a b
/ / \Ilzv,mn\]?a:,m'nl d.Ldy
0 0

.2 : — ! — !
k2 ifm = m and n = n/ (23)
0  otherwise

b
//\pymm\lly,m'n/dwdy
0 0

_J KL, ifm=m and n=n (24)
0 otherwise
hence
b
B:L‘,mn - (A, jww k? / / J’ITL’E\:P(E 'm'n,dwdy
’ITL?I n O
(25)
'i a b
‘ Jwe
By,mn = m//J77zy\I/y mndzdy
I m 0 0
(26)

- Substituting for J',,,_‘., oy Wxpm and W, integrating
.eqns. 25 and 26 gives

_ —jwe. Amnn Voo
B:C,Tn.’”. - dakn . (kz k‘rn/n)
4 sinc (kn‘—’g—) sin (ZF) cos (%1) .
sin (ka%—)
ko [cos (km : ) —cos (ko &+)] (27)
k2 — k2,
_ —jc‘}j AmnVOy .
B‘y,m'"- a l km ( l"fnn)
4sinc (km %) sin (BT) cos (3F)
sin (kaé.l)
ko [cos (kne) — cos (ka%e)] (28)
k2 — k2
- With the known mode coefficients the components of the
magnetic field in the patch cavity are given by v
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H, = Z Z AmnBz mmnkncos(bpx) sin(kny) (29)

m

Hy - Z Z A'm,nBy.mnk'm Sill(k).,'nilj) COS(kny)

(30)
Finally the electric field E. can be determmed from the

- Maxwell equation

Eiloy) = ]—jj [dZy - dflﬂ (31)
giving
E(ey) = e Z Z AmnCimn cos(kn ) cos(k,y)
(32)
where
Con = Be,mnk2, — By mnk2 (33)

Hence, the electromagnetic fields in the volume of the
patch are now known and defined by eqns. 29, 30 and 32.
The losses in the cavity can also be taken into account by
replacing k by an effective wave number [3]

Kips = Koer(1— jbess) (34)
where J, is the effective loss tangent, which includes the

-radiation and copper dielectric losses {14].

3 Inputimpedance

The admittances of the patch of the two orthogonal aper-
tures can be evaluated using the energy conservation theo-
rem {12} and are given by

f f f H 'ITL:C

Vo |?
fff H.‘/ 'rny
IVO'ylz‘

Substituting the expression for the magnetic field from
eqns. 29 and 30 and the magnetic current density from
eqns. 5 and 6, and performing the integration, the follow-
ing analytical formulas are obtained for the admittance
values of the antenna at the apertures:

BRI (TR}

Ya: ,ant —

and Yy ont = (35)

m 7

sine (b, %) sin (%) cos (2) _
sin (k&)

1' cos (k7)) }2 (36)

Ky [cos( Koy, 2o

5
2
v D 25

sin (km “g2) sin (B7) cos (3F)
sin (ka%—)

k

m

L.y _ AR .
ko [cos (kn 5 ) kgos (ko )}} (37)



The self-admiittance of the aperture is obtained by consider-
ing it as two short-circuited slot lines of length L,/2, and, is
thus given by

Yop = — chja cot (ka%> (38)

Finally, the input impedance of the antenna is given by the
following expression:
n? n?
: + .
}-J:,ant + Yap Yy,ant + 3 ap

Zi-n =

- jZf COt(kaOS)
(39)

where 1 is the turns ratio of the microstrip to aperture
impedance transformation for the two orthogonal aper-
tures, k,is the wave number of the feed line [10, 13].

C
Lima Bymn “xmn

Fig.3  Equivalent circuit based on cavity model

4  Equivalent circuit

! Using the developed analytic expressions (see eqns. 36 and
j 37) for the patch admittances at the apertures, it is possible
to draw an equivalent circuit of the cross-aperture coupled
i CP antenna based on the cavity method as shown in Fig. 3.
Eqns. 36 and 37 can be written in the form

}/ —ZZ 16‘](&)6A$nn
z,ant — ”
S dal? = w2 (14 50 )

{sinc (k%) sin (2F) cos (BT) )

Each of these formulas corresponds to the expression of the

150

admittance of m x n series RCL circuits, which are all
connected in parallel (see Fig. 3). The equivalent circuit of
the patch admittance, as seen by the slot parallel to the y
axis, have the following circuit elements: *

o e
T 16ec? A2

mn

{Sinc (l”"%"l) sin (2F) cos (mr) .

sin (ka%)

Lz:,m'n

ko [c08 (ke ) — cos (kae)] )
k2 — k2,
€Tak$nn

-1
Cz,m-n =L

T,mn
s c2

R:c,mn = La:,mnkmnaseff

(42)
Similarly, the equivalent circuit of the patch, as seen by the
slot parallel to the x axis, have circuit elements:
da '
16ec? A2

mn

(e )20 () n )

Ly,mn =

-2
— L—l 6Ta/“mn

Cy,mn —Hy,mn o2 Ry,1nn = Ly,mn km11C5eff

(43)
5 Axial ratio

For the calculation of the axial ratio, the far field compo-
nents of the antenna are first determined in the boresight.
This is performed by replacing the electrical field at the
edges of the patch by equivalent magnetic currents as given
by [15]

M=2dy E,ay) -2 XN (44)

where n is the outward normal unit vector to the magnetic
wall at the edges of the patch. Substituting the expression
of the electric field from eqn. 32 gives the following values
of magnetic currents at the four edges of the patch:

da :
NIx(:cﬂg:O) - jwe ,HZ.L ZL A"”’:C'mn C-OS(Am.’E) (45)
da n
My (o y=b) = — e > AmnCrmn cos(kmz) - (—1)
(46)
dy -
My(z=0,y) = Fooe Z Z Apn Crn cos(kny)  (47)

da i
]\/[y(zza,y) = —jUJE Z ZAmnCmn cos(kny) : (_1)
(48,

The electrical field E{(¥) caused by an infinitesimally smal
magnetic current element (ZM) is obtained as

m

Jhoe™dkor

47y

E(r) rx dM (49
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where r is the unit vector pointing from the magnetic

current element to the observation point and r is the
distance between the magnetic current and the observation
point. The electric field radiated by the patch is obtained by
integrating eqn. 49 along the edges of the patch. In the
boresight, the components of the electric field are, there-
fore, given by

b

dykge ko .
B, = —4(7)1_‘;5;— ’ / (Z Z AmnCin COS(kny)'

0 m n

1)171 - Z Z Amnc‘mn COS(’%?J)) dy

(50)

a

dykge=3ko / (
Ey = Z Z A‘lnnc_'rnn COS(kmy)
4rwer J —

— Z Z AmnCmn cos(kny) -‘ (——1)”) dz

(51)
which simplify to

E, = M ZZAmnCmn : [( 1) ]

drwer —
(52)
dakoe“jkor A
By = —" AmnOmn 1 =-(=1"
v drwer %; [ (=1) ]
(53)
where,
—-B if m odd
G = { Bomo 4
0 0 if m even (54)
B if n odd
Con = { T=0n 55
0 Lo if n even (55)
Therefore
dak()@—jkor
= S 4By m
Ea 4drwer ; 0=y,m0 (56)

dokoe J"UT
Ey - ot S-SR Z AOn z,0n (57)

" 4mwer

The expressions for By, and B, ,, can be written in the
following form:

ch Oon — Vbr " Pzon (58)
By,mO - VO?J y mg (59>
where '
, jwe. Ao
B , =
PO Aok - (k2 — K2)

2 3z _2—)]
60
sin (kra%i) k2 (60)
jw&“.Aon

B! .
vmo = g, k (k% - k2,)

dsinc (kn =) sin (BE) ko [1 — cos (ko %)
* sin (ka%) ke

(61)
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From the equivalent circuit, the voltages V4, and Vo can
be expressed as

()I'z,ant + Y’ap)__l,
(}fz,ant + y-a,p).-l + (yty,ant + Y—ap)«l
(62)

I/E).E = VO'

()’y ant T }fap)—l
()/m,u,nt + }fa ) L4 (}y ant + }ap) i
(63)

Substituting these results into the expressions for the elec-
tric field components in the boresight gives the computa-
tional formulas for the field components E, and E,
ngakoe'jko’"

2rwer

(Yz ant + }/ap)~l

A 0B

(Yz,ant + Ya.p) 14 (}y ant + Ya,p) -1 Z m0=y mo
(64)

VOQ - Vo .

E,. =

and
Ey _ Vodakoe_jko‘r )
2nwer
(Yy ant + }rap)_l !
A nB (2
(y'z,a,nt + )/ap> + ()y ant + Y. ap) -1 Z ° =0
(65)
The amplitude error (Ae) and phase error (¢,) required for
the calculation of the axial ratio can be expressed as

Z AnloBy m0

|Bo| _ [Yy,ant + Vap| |

A = = - us 66
Byl ™ Werane + Topl T ©
a: ,0n
- AT'I B, m
: Ey sz,a.nt + Y:zp Z AOnB;;,On
(67)

Finally, the value of axial ratio is calculated by {12]

1+ A2 +
1+ A2 —

1/2

[1+ 44 + 242 cos(24.)]"

‘ 1/2

(14 A4 + 242 cos(2¢.)]"/
(68)
Egns. 66 and 67, based on the resonant cavity model,
provide a numerical means of determining the axial ratio of
the cross-aperture coupled patch antenna at a given

frequency when the design parameters shown in Fig. 1 are
known.

AR =

6 Comparison of cavity method, full wave
simulation and experimental results

The input impedance of the antenna with the dimensions in
Fig. 1 has been calculated over a frequency range of 2.25-
2.7GHz. It can be seen from Fig. 4 that the comparison
for the input impedance between cavity model, full wave
simulation Ensemble® {16] and experimental resuits are in
good agreement. The impedance loci with the double reso-
nance loop corresponding to the orthogonal modes also
demonstrates that good circular polarisation has been
achieved. Calculated resonant frequency from the cavity
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model of 2.45 GHz is in close agreement with that obtained
experimentally and from full-wave simulation.

Fig.4 [Jupur impedance of cross-aperture coupled antenna Fig, 1
- -0~ - cavity model

—®@—  full-wave simulation
—X—  experimental results
8 r
7 -
6 .

axial ratio, dB
w_»now
T T

2.35 2.40 2.45 2.50 . 2.55
frequency, GHz

Axial ratio of éross-aperture coupled antenna Fig. |

cavity nodel

full-wave simulation

— — — - experimental results

The axial ratio (see Fig. 5) has also been evaluated using
the cavity model, simulated using Ensemble and practically
measured. The prediction of the frequency for the best axial
ratio is accurate to about 2% while that prediction of the
axial ratio bandwidth is within the range of 10%, when
compared with experimental results.

7

Conclusions

Based on the cavity model of the equal cross-slots struc-
ture, this paper has presented a theoretical analysis to
determine the modal fields under the patch antenna. Using
these fields an equivalent circuit of the antenna has been
derived which is then used to detéimine the input imped-
ance and the axial ratio of the circular polarised antenna.
This cavity model has been used successfully to design a
circular polarised impedance matched antenna. The results
based on the cavity model show a good agreement with
full-wave simulation and practical results.
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line elements were used with shorting vias to ensure good connec-
tivity between the upper and lower ground planes and prevent the
excitation of spurious modes. The return loss at the resonant fre-
quency was measured to be 21dB, with a 2:1 VSWR bandwidth of
2.7%. By comparison, an ordinary probe-fed or microstrip-line fed
patch antenna on the same substrate would yield a bandwidth of
the order of 1.5%. The impedance bandwidth of this element could
be increased by increasing the substrate thickness, as long as_ the
coplanar waveguide line does not become too wide.

Fig. 2 also shows results of modelling this antenna with
Momentum, for the case of three vias per side. The resonant fre-
quency and resonant resistance are predicted quite well, although
the calculated points do not match the measured data over the
entire locus. Nevertheless, considering the complexity of the prob-
lem caused by the presence of the vias, the calculations are sur-
prisingly good, and should be more than adequate for design
pUurposes.

The principal plane patterns of the antenna (with three vias per
side) is shown in Fig. 3. The measured back radiation in the E-
plane is 18dB down, and in the H-plane it is 15dB down. These
results are similar to those obtained in [4] for a proximity-coupled
circular patch at SGHz.

Conclusions: A simple structure of a printed antenna fed by slot-
coupled GCPW on a single layer substrate is presented. The mini-
mum number of shorting vias required to prevent spurious modes
is demonstrated. The measured characteristics of the antenna
include the radiation pattern, bandwidth, and front-to-back ratio.
Measurements show that the antenna has a good radiation pattern
and bandwidth.
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Multiobjective genetic algorithm approach
for a dual-feed circular polarised patch
-antenna design '

B. Aljibouri, E.G. Lim, H. Evans and A. Sambell

A design procedure for a dual feed network is presented to
produce a circular polarised matched antenna involving eight
design parameters with associated constraints. Determination of
such design parameters has been made possible by utilising a
multiobjective  genetic  algorithm  (MGA) approach. - The
conditions for circular polarisation and impedance matching were
the objective functions employed in the MGA. The associated
constraints were the lengths and characteristic impedance values
of the feed network. The return loss and axial ratio for a 5.8 GHz
antenna were investigated and good agreement was obtained
between simulated and practical measurements.

Introduction: Microstrip patch antennas are used in a variety of
communication systems, especially when the receiver needs to be

compact and have a low profile. Further. for applications such as
radio frequency identification (RFID) systems in which the
receiver may be placed in any orientation, circular polarisation is
used. Circular polarisation can be realised by using either a single
[1] or a dual feed {2, 3]. In many cases, owing to the simplicityvof
design and manufacture a dual-feed arrangement is preferred.

An MGA programme has been developed .to optimise the
design of the dual-feed network, involving eight variables, which
are required to meet the conditions for circular polarisation and
matching at the feed port. Two constraints on the design parame-
ters have also been applied. one to ensure that the widths of the
feed lines are as narrow as possible yet realisable, and the other
constraint to ensure that the lengths of the feed lines are sufficient
to fit the network around the square patch antenna.

Zin 2181 b 7,8,

7
Z L

2583
d

2,84 €

Fig. 1 Dual-feed LHCP square patch antenna and equivalent circuit

Design of feed network using mudltiobjective genetic algorithm
approach: A dual feed network based on a power divider to pro-
duce circular polarisation is shown in Fig. l¢ and its transmission
line model in Fig. 1b.

It is possible, using a transmission line approach, to match a
complex load impedance to a complex source impedance by relax-
ing the constraint length of a traditional /4 transformer [4]. Con-
sequently, by varying the impedance and lengths of the
transmission lines of the feed network, both matching and circular
polarisation conditions can be satisfied. For the structure shown
in Fig. I the design variables’ parameters (characteristic imped-
ances and element lengths of the feed network) are Z,, 8,. Z,, 9,
Z3, 61, Zy, 8y and constitute the parameter set in the MGA. The
two objective functions employed in the MGA are given by
eqns. 1 and 2 below and give the conditions required for circular
polarisation and impedance matching, respectively. For circular
polarisation

Vo e HOt0 1+ Ty][1 + Ty

Vi (L4 De-D0)[1 + Dye-2904]
% [1 + r3€_2j93][1 + F4e”2j0"]
e300 + T5][L +Ty)

where Ty, T, T and Ty are the reflection coefficients at junctions
b, ¢, d, and e, respectively (see Fig. 1).
For the impedance matching

_ Zin — ZO -
a Zin. + ZO -

where T, is the input reflection coefficient at junction ‘a’.

For microstrip realisation. search intervals between 120Q2 and
140Q were used for the parameters Z,, Z,, Z;, Z;. The 120Q
impedance was chosen to reduce the coupling between the feed
lines and the antenna and also to minimise the step discontinuities
at the feed lines junctions. thereby reducing spurious radiation.
The 140 impedance represents the maximum impedance that can
be realised. To fit the feed network around the antenna, the
lengths 8,, 8., 0;, 6, were constrained to an interval between w4
and .

The tolerance for |F»/Vy was 1 £ 0.1 and for arg(V,/V,) was 90°
+ 4°, so as to ensure good circular polarisation, while the tolerance
for T, was £ 0.02 in order to produce good matching conditions.

=xj (1)

riu

Results and discussion: The MGA approach, based on a nondomi-
nating sorting genetic algorittim [4], was developed to produce sets
of feasible solutions. Selection was made from these solutions,
using additional factors, such as a preference for similar character-
istic impedance values of the feed line network.

The operating frequency of the patch antenna was 5.8GHz, and
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the feed network was optimised to produce left- and right-hand
circular polarisation (LHCP and RHCP) with a 50Q matched
input impedance condition. The two sets of solutions for the opti-
mised feed network are shown in Table 1.

I ! 1 1 J
55 56 57 58 59
frequency, GHz

b

Fig. 2 Simulated and practical results of dual-feed square microstrip
patch antenna , )

practical
—}— simulated
h=0.79, €, = 2.33

I
O o O

magnitude, dB
no_»_ o

5.8
frequency, GHz
a

Fig. 3 Simulated results for LHCP and RHCP designs

a Axial ratio

b Radiation pattern
—{J— LHCP
—X-— RHCP

Table 1: Two sets of selutions for optimised feed network

91 ZI ez Zz 93 Z3 94 Z4 Zin | Vz/V4| arg( V2/V4) CpP
2.311135.011.96]132.410.8{135.211.16{134.3} 50-0.5; | 0.97 86 RH
1.2 1137.410.74|137.112.31135.7| 1.97 { 138.6149.5+0.5/ 1.08 89.7 LH

As can be seen in Table 1, it is possible to use an average value
of impedance for all four feed lines as this value is within the

design and typical manufacturing tolerances. This makes the -

design particularly attractive as the effect of the step discontinuity
is eliminated and also spurious radiation is reduced.

Practical and simulated (full-wave analysis software) results for
the reflection coefficient of the LHCP solution using 137.2Q are
shown in Fig. 2 and indicate that a good matching condition at
5.8GHz has been obtained.

The simulated results of the axial ratio and radiation pattern of

the LHCP and RHCP designs are shown in Fig. 3 with a good
axial ratio and the expected radiation patterns.

Conclusion: It has been shown that the design of a dual-feed net-
work for a square patch antenna for circular polarisation involves
eight variables and that a closed form solution to the problem
cannot be obtained. An MGA with specified constraints has been
successfully implemented to optimise the design of a dual-feed net-
work. A feed network with single feed impedance has been real-
ised. The practical and simulated results for the return loss, axial
ratio and radiation pattern show good agreement and confirm the
validity of the approach.
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Independent component analys?s of
saccade-related electroencephalogram

“waveforms

L. Vigon, R. Saaichi, J. Mayhew, N. Taroyan,
J. Frisby, D. Johnston and O. Pascalis

A methodology based on the signal separation technique
extended independent component analysis (ICA) is devised
analyse saccade-related electroencephalogram (EEG) wavefor
The methodology enables saccade-related components to
successfully extracted from the EEG mixtures and the bi
regions responsible for their generation to be identified.

Introduction: Saccades are rapid changes in the orientation of
eyes that are used to realign the visual axes on objects of inter
Dysfunction in this system may lead to difficulties in various -
ual functions such as depth perception and reading. Different n
ral signal components are involved in preparation and execut
of saccadic eye movements. One of these is described as a pre-s
cadic potential related to motor commands for saccade gene¢
tion. Others, such as efferent feedback from saccade generat
centres to visual cortex, are believed to provide visual stability
the surrounding world across the eye movements. The sacca
movement is accompanied by an EEG signal associated with
ual information processing called the lambda-wave [1].

The investigation described in this Letter required the obscur
ongoing background EEG as well as the electrooculogram (EC
signal caused by eye movements to be separated from the sacc
components of interest. A popular signal separation techniqu
independent component analysis (ICA) [2]. ICA is an extensior
principal component analysis (PCA) that deals with higher-or
statistical dependencies. It is based on the assumption that the
nal sources are statistically independent. The extended version
ICA (hereafter referred to as ICA) can handle both super- ¢
sub-Gaussian signals [2]. In this Letter, an analysis of the sacca
related EEC waveforms is carried out by applying an ICA-ba
procedure. The study provides information about how the br
deals with the problem of vision with moving eyes.

Experimental procedure: EEC and EOG data were recorded for
healthy human adults using a network of 64 silver-silver chlor
electrodes. -All electzodes were referred to the vertex. The d
were filtered (bandpass frequency range from 0.1 to 100HZ) ¢
digitised with a sampling rate of 250. The subjects were instruc
to fixate a red square that appeared randomly on the screen ¢
computer at one of five predefined checkerboard locations: cen
left, right, up and down. For each location 50 trials were record
The duration of each trial was 2s.

Analysis procedure: The recorded signals were digitally lowpass
tered at 45 Hz and their baselines were adjusted to zero. To t
serve the saccade-related EEG components, the waveforms in &
trial were time synchronised with reference to the EOG signal
that trial. The synchronised averaged waveforms were decorrela
using PCA and sphered [2]. The EEG waveforms recorded fr
the locations close to the international 10-20 system of electrc
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Application of simulated annealing to design
of serial feed sequentially rotated 2 x 2
antenna array

H. Evans, P. Gale, B. Aljibouri, E.G. Lim,
E. Korolkeiwicz and A. Sambell

A 5.8GHz circularly polarised 2 X 2 patch antenna amay is presented,
employing sequential rotation of dual-feed circularly polarised
elements; appropriate phase-shifting and power splitting are achieved
via 2 serial feed arrangement. The feed has been optimised using
simulated annealing; the resulting structure has a voltage standing wave
ratio 2:1 bandwidth of 9.8%. Results obtained by full wave simulation
and practical measurement confirm the integrity of the design.

Introduction: Many modem communication systems use single-layer
patch antenna arrays as they are light, low profile and inexpensive. One
such system is a two-way digital communication link between 2 moving
vehicle and a roadsidé beacon for traffic management applications. This
array has been used in the roadside unit of a commercial system and also
as a sub-array within a 4 x 4 arrangement resulting'in a gain of 18.9dBi.

Sequential rotation of radiating’clements, with suitable excitation
phase-shifting, has been shown to improve the polarisation purity and
radiation pattern symmetry over a wide range of frequencies. In addi-
tion, owing to the excitation phase-shifting by the feed, off frequency
reflections from mismatched elements tend to cancel out at the feed
point, leading to improved input impedance over a wider bandwidth
[1 - 3]. These applications of sequential rotation all employ some form
of corporate feed network.

This Letter presents a design that incorporates sequential rotation
using a serial feed to provide appropriate phase-shifting and power split-
ting between the radiating elements. As it is not possible to obtain closed
form expressions, the impedance elements within the feed network have
been optimised using a simulated annealing algorithm.

Array description: The antenna configuration is shown in Fig. 1a. The
radiating elements are dual feed left hand circularly polarised microstrip
patches with an input impedance of 50 [4], which are sequentially
rotated by 90° with respect to each element’s immediate neighbour. The
serial feed compensates for this physical rotation by shifting the phase
of each element’s excitation by 90°.

50Q

bod ' 21 -180"

poin

Zin 270"
500
500

Fig. 1 Antenna configuration and equivalent circuit

a 2 X 2 antenna array incorporating sequentially rotated radiating elements

excited by serial feed network
b Equivalent circuit for serial feed network

The radiating elements are spaced at 0,74\ as it has been shown that
this minimises mutual coupling without substantial degradation of the
radiation pattern by side lobes [5]. Smooth bends were used in the feed
network as it has been shown that this can reduce feed radiation [6]. The
use of high impedance elements in the feed network further reduces cou-
pling and spurious radiation. :

At the design frequency, the serial feed ensures that equal power is
fed to each element, Off frequency, as the signal propagates along the
feed, correct phase-shifting and power splitting progressively deterio-
rate. Although degradation of accurate power splitting dominates, the
use of sequential rotation reduces this problem.

Feed optimisation: The equivalent circuit for the serial feed can be seen

"in Fig. 1b. M4 transformers are used to provide the necessary imped-

ance matching and phase delays. The value of Z1 is fixed, as it must
both divert a quarter of the power to the first patch while ensuring that

the input impedance to the whole structure is 50€2 There is no unique
solution to the remaining impedances. However, to ensure Z5 and 27 are
at a maximum impedance, it is necessary to make Z6 the maximum

impedance that fabrication constraints will allow, typically between 128
and 1450 )

An adaptation of iterated simulated annealing [7] has been imple-
mented in C++ to optimise the feed network with the following five con-
straints. The minimum impedance was constrained to 70Q to reduce
coupling and spurious radiation. In this Letter, solutions were found for
a maximum impedance of 128 and 145 The target impedance was set
to the maximum impedance value. The input impedance at the feed
point, Z,,, was constrained to 50Q for this array, although it can be
changed if the structure were used as a sub-arfay. The -patch input
impedance was set to 50Q2 for this design. ¥

Results: Two sets of solutions for the feed network can be seen in
Table 1. 1In both cases the optimisation algorithm has ensured that Z6 is

"at the maximum value, thus ensuring both Z5 and Z7 are also at maxi-

mum values; all impedances are within the specified constraints,

"Table 1: Feed network sotutions with maximum impedance restrained to 125

and 145Q
Z, FA\ Z2 Z3 Z4 Zs Z6 7"
Q Q Q Q Q Q Q Q
50 100 80 120 96 80 128 30
50 100 90 135 115 85 145 85

The antenna was fabricated on 0.79mm 1/2 oz RT 5870 Duroid (g, =
2.33). The integrity of the design has been confirmed using full wave
simulation [8] and experimental measurement. The voltage standing
wave ratio (VSWR), radiation pattern and axial ratio can be seen in
Fig. 2. Practical measurement confirms a VSWR 2:1 bandwidth of
9.8% although the axial ratio is not as wide band. The gain of the main
lobe has been measured at 12.4dBi.

~

VSWR (magnitude)
—- o oo

i N —
5.455565758586.06.16.2
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w18
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5455565758596.06.16.2
fraquency, GHz
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Fig. 2 VSWR, radiation pattern and axial ratio

a VSWR
—X-— fuil wave simulation
practical measurernent
b Radiation pattern
—X~— full wave simulation

@ practical measurements
¢ axial ratio ~
—X—— full wave simulation

Conclusion: A sequentially rotated 2 X 2 antenna array with a serial feed
has been presented. Simulated annealing successfully optimised the feed
network with a minimum of computational resources. The performance
of the array has been confirmed both by full wave simulation and exper-
imental measurement confirming a VSWR 2:1 bandwidth of 9.8%.
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Efficient Impedance Coupling Formulas for Rectangxﬂar
Segment in Planar Microstrip Circuits

Eng Gee Lim, E. Korolkiewicz, S. Scott, B. Aljibouri, and
‘ Shi-Chang Gao

Abstract—A rectangular patch is one of the most common microstrip
segments for which the Green’s function is known and is used in the seg-
mentation and desegmentation analysis of complex antenna structures. The
coupling impedances between portsona thicrostrip segment are derived by
integrating the associated Green’s function to obtain a result which involves
the evaluation of double infinite series. In this paper the double infinite se-
ries is replaced by a single term together with a single infinite series to pro-
duce a computationally more efficient formula for the coupling impedance.
Three coupling port configurations are examined and in each case numer-
jcally efficient formulas are derived.

Index Terms—Coupling impedance, Green’s function, microstrip rectan-

gular patch antenna.

1. INTRODUCTION

Microstrip circuits may be treated as planar two-dimensional circuits
[1] with compound planar geometries treated by segmentation [2}, [3]
and desegmentation methods [4]. This requires the calculation of the
impedance coupling between ports on the component segments. The
time consuming part in planar circuit computations is the large number
of terms required in evaluating the double infinite series form of the
coupling impedance formulas.

In this paper the Green’s function is expressed in the four modal sets,
(m=0,n=0),(m>1Lrn=0),(m=0,n2>1),(m>1n>1)
and integrated to obtain the impedance coupling formulas in terms of a
single term, two single infinite series, and, one double infinite series. The
single infinite series are summed to closed form, while the double infi-
nite series is reduced to'a single infinite series. The summation formulas
derived in the paper are based on Gradshtyn [5].

_The new formulation for the coupling impedance between two ports
“p” and “q” have been derived for three possible port configurations
for a rectangular patch (Fig. 1). The ports all are located along the

. permeter of the rectangle. : ‘ ‘

The initial formulas and their economization procedures are shown

* in Case A, Case B and Case C below.

II. COMPUTATIONAL ANALYSIS

3

There are three cases to consider as shown in Fig. 1.
The general formula for the coupling impedance given by Okoshi
[6] is

l 1
Zpq = W, / /G(s[so) ds dsg e))

W, W,

where, W, ¢ are the width of the feed lines at portsp and ¢. W, 5 < A,
" A. being the wave length in the substrate. The integrations are taken
along the interface between the ports and the antenna patch.

Ma;luscript received May 31, 2001revised June 11, 2002.
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Fig. 1. Three port configurations.

A. Case A: Two Ports on the Same Side

The two ports p, g have centers.(0,y, ), (0, y) and the Green’s func-
tion becomes

oo
24 1
72 m? — A2

jwph |1
G(0,9510,y4) = 0 [_“g"’

+ 2% i cos % yp cos By,
2 n? — B2 :

nZ 52

nT b
cos By, cos —’b" Yq
X e @
m .
a? + 2 T 72
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Fig. 2. Coupling impedances of two ports located on the same side at (0, y,,),
(0, yq)- (a) Coupling impedances for y, = 18 mm and y, = 22 mm and (b)
coupling impedances for y, = 14 mm and y, = 26 mm.

where A = ak/m, B = bk/m; h is the dielectric thickness; k*> =
w?peoe~(1 ~ §/Q) and, Q is the total quality loss factor, which in-
cludes, copper (@), dielectric (Q4), radiation (@) and surface wave
(@Qsw) losses of the structure where normally the effect Q. of can be
neglected [7].
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g
=
o
Y
g
4
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£

-5 ! { | |
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(b}

Fig.3. Coupling impedances of two ports located on adjacent sides at (0, ¥, ),
(z4,0). (a) Coupling impedances for y, = z, = 18 mm and (b) coupling
impedances for y, = z, = 14 mm.

From (1) and (2), by integration, see (3) at bottom of page, where,
D? = (n® - B2)a2/b2y 01 = (m/b)(yp — (Wp/2)),02 = (m/b)(yp +
(W5 /2)),85 = (/5)(yg — (W, /2)), and, Ba = (m/5) (g (Wo/2)).

Summing the above double series with respect to the inner summa-
tion results in total elimination of the second single series. Summing

Jwph | =W, W,

_ 202 W, W, 1
Zpq = abW, W, k2 + 72 mzzx m2 — A2
+_2_bj i (sinn8; — sinnf2)(sin ndz — sin nby) -
- Ly - n2(n? — B?)
4% S K (sinnby — sinnb;)(sinnfs — sinnb,) )
3
o S S s nfe (it
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the first of the above single series eliminates the —W,W,)/k? term.
Total final result of the economization is the new computationally ef-
ficient coupling impedance formula

2a%p?
WoW,m3

jwuh
Pg ab

[_k cotka +

= (sihnﬁl — sin nf;)(sinnfs — sinnfdy)
x Z n2D

n=1

x coth D] €

!

B. Case B: Two Ports on Ad]acent Sides

The two ports p, g have centers (0,y,), (%4,0) and the Green’s func-
tion becomes

2139

where, C2
b2 = (n/a)(yg — (We/2)), b3

(m?* — A% /a% 81 .= (n/a)(zq + (Wa/2)),
(v/a)(zp = (Wpy2)), and,

- bs = (W/a)(yp + (W/2)).

Summing the above double series with respect to the inner sum-
mation results in total elimination of the first single series. Summiing
the second of the above single series eliminates the (W, W, )/k* term.
Total final result of the economization is the new computationally effi-
cient coupling impedance formula, see (7) shown at the bottom of the

page.

C. Case C: Two Ports on Opposite Edges
The two ports p, ¢ have centers (0, yp), (a, y¢) and the Green's func-
tion becomes

2b2

7{'2

jw,uh 1

Z (— )m

prOS Tyg 4 -

_BZ . +7r_22

G(0,9pla,y4) =

cos &
<>

fow pul 1 2a* cos g 202 n=1 m=1
G(anp!zq»o):w ~ 73 '-i —2—:+_ I
ab k - mP =4 (——l)"‘ cos 5yp, cos By,
X Z + n* k:2 . : (8)
=, cos b oy, 4 n=1
; XQZ — B2 + Py . . . )
| n=1 4 : From (1) and (8); by integration (see (9) at bottom of page) where, D,
‘I O O s Mo cos | 61, 82, 83, 84 are as defined in case A.
| X Z Z :112 Iizyp 3) Summing the above double series with respect to the inner summa-
} m=1n=1 ‘T + 7T w2 tion results in total elimination of the second single series. Summing
| : the first of the above single series éliminates the (W, W,)/k? term.
r q
! From (1) and (5), by integration Total final result of the economization is the new computationally ef-
| ficient coupling impedance formula
. Jwph . .
1 Zpg= ?iszVAT g dwsh [WyW, _ 2a0°
| i P bW, W, |ksinka  @®
W, W, 2a VV sin m9 —sinmé 2a*W,
1 X { 22 Z (si (77112 — 2) — g Z (sinnf; — sin n92)(51n nfs — sin n94) (10)
= D sinh D= '
(sinnf; —sin n94) 4ab® &
S 253
n=l - m=1 III. RESULTS
- (sin nfs —sin nfs)(sin mf; —sin mé; The derived equations for the coupling impedances were evaluated
X Z 2( 2 2 (6) . p v
mn?(n?+C?) for a square patch of length @ = 40 mm at 4 frequency of 2.45 GHz on
g Jwph ‘W, [sin B(w — 64) — sin B{m — 83)]
T W, W, ak? sin kb

~ sin m92) [sinh C(mw — 64) — sinh C{mw — 83)] |

Z (sm m91

7
: m(m? — A?)sinh Cr @
7 = jwph | WoW, 2“2I’Vqu i =n~ _ ﬁ
TR ) — mE_AZ 7t
- « i (sinind; — sin nfy)(sin nf; — sinnfy) _ 4070
Lo n?(n? — B2) v
o i i (—1)"1(sinn91 — sin nfy)(sin nfz — sin nG;) ©)

n=lm=1

n2(m? + D?)




2140

g
=
o
by
2
]
L v
E
-100 —
- | { 1 | {
2 0(? 235 24 245 | 25 255 2.6
.+ Frequency (GHz )
— Real part of the equation (10)
— Imaginary part of the equation (10)
== Real part of the simulation
*°°°  Imaginary part of the simulation
400 T T T T T
=200
g
P
S
g
9
j=
E
- ! I | |
200 235 2.4 . 245 2.5 255 2.6
. Frequency (GHz )

Real part of the equation (10)
Imaginary part of the equation (10)
Real part of the simulation
Imaginary part of the simulation

Fig.4. Coupling impedances of two ports located on opposite sides at (0, v, ),
(@, yq). (a) Coupling impedances for ¥, = 18 mm and y, = 22 mm and (b)
coupling impedances for y, = 14 mm y, = 26 mm.

a substrate (Duroid 5870) where er = 2.33, thickness k = 0.79 mm
and the loss tangent of 0.0012. ' ,

A square patch was chosen as this geometry produces a variation of

coupling impedance depending on the separation between the two ports
in contrast to the rectangular patch case when the coupling impedance
is essentially independent of the separation. The quality factor Q of
87 was used which takes into account copper, dielectric and radiation
losses. -
", Results for two different separations between the two ports were ob-
tained for the three cases and compared with those predicted by a full
wave analysis software (Ensemble). These results are shown in graphs
2,3 and 4. o

As can be seen in Fig. 2(a) and (b) for case A, the coupling imn-
pedances decrease with separation-of the two ports. Fig. 3(a) and (b)
show the comparison of results for case B and as expected the mutual
impedance increase as the two ports are brought closer together. Finally
Fig. 4(a) and (b) shows the results for case C. For all three cases there is
an excellent agreement between the results obtained from the efficient
computational formulas with that predicted by the ensemble..

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 5 I,NO. 8 AﬁGUST
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Numerical trials using the new formula have shown that inall cg
considered only one term of the series is required to give converge,
to three significant figures. In the worst case convergence to five s g
icant figures requires at most 4 terms of the series, and, for converge;
to seven significant figures 10 terms at most are required. '

IV. ConcLusioN

In this paper an efficient computational formula for each of the th
possible rectangular patch coupling impedances coriﬁgurations, ]
been obtained. Good agreement between results from the new forn
lation and Ensemble is obtained.

(1]

{31
[4]
{5

{6
[7]
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An Efficient Formula for the Input Impedance of a
Microstrip nght -Angled Isosceles Triangular Patch
Antenna

E. G. Lim, E. Korelkiewicz, S. Scott, A. Sambell, and B. Aljibouri

Abstract—Input impedance formulas for feed positions first,
on the vertical side and second, on the hypotenuse, are obtained
from coplanar microstrip circuit analysis. The formulas that
involve both single and double infinite series are economized by
introducing closed forms of the infinite series. These new formulas
are verified by comparison with practical results and a simulation
based on full wave analysis.

Index Terms—Efficient formula, input 1mped‘mce, right-angled
triangular patch antenna.

I. INTRODUCTION

N recent years, microstrip antennas have aroused great in-

terest in both theoretical research and engineering applica-
tion due to their low profile, light weight, low cost, reliability,
conformal structure, and ease in fabrication and integration with
solid-state devices [1]-[3]. However, the majority of the studies
proposed in this area have been concentrated on rectangular and
circular microstrip antennas. It is known that the right-angled
isosceles triangular patch antenna has radiation properties sim-
ilar to that of the rectangular patch antenna, with the advantage
of being physically smaller.

Using the cavity model a general formula for the input
impedance of a single-feed microstrip antenna of any geometry
has been derived by Okoshi using the Green’s function solution
of the wave equation [4]. Included are the effects of radiation,
copper, and dielectric losses [1] and also the fringe-filed
extensions. This formula involves the double integration of
the associated Green’s function. The Green’s function for a
right-angled isosceles triangle has been obtained by Chada
and Gupta [5]. They have derived the Green’s function by
constructing a set of specially selected line sources, the poten-
tial from which is expanded in an infinite series to obtained
expansion functions satisfying the associated homogeneous
wave equation boundary value problem. These functions then
applied to the nonhomogeneous wave equation to determine
the required Green’s function expansion coefficients.

From [4] and [5], impedance formulas are obtained in terms
of the feed position and frequency for the geometries shown
in Figs. 1 and 2. These initial formulas are economized by the
introducing closed forms for the infinite series [6].

Maunuscript received December 3, 2001; revised February 13, 2002.
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Fig. 1. Patch with feed on vertical side.
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Fig. 2. Patch with feed on hypotenuse.

For the feed on the vertical side the formula involves three
single infinite series and two double infinite series in terms Ol
the resonant mode contributions (7, n). Introducing closec
forms results in the total elimination of two of the three single
infinjte series while the closed form applied to the remaining
single series eliminates the contribution of the (0, 0) mode.
Closed forms of the inner summations of each of the two
double infinite series reduces each to a single infinite series.

1536-1225/02817.00 © 2002 IEEE
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For the feed on the hypotenuse the initial formula consists of
one single infinite series and one double series. The single series
reduces to a closed form but the double series cannot be reduced
toclosed form. Some economization is obtained by extracting the
diagonal modes (m > 1, n = m), which take the formrof three
single infinite series, two of which reduce to closed form. Appli-
cation of economization to the third series involves eight single
infinite series each one reducing to one of four possible closed
forms related to convergence conditions. In terms of computa-
tional efficiency, it is preferable to directly sum the third series.
The remaining double sum, by symmetry, reduces to a semi-infi-
nite double series for the summation indexesm > 1,n = m + 1.

The initial formulas and their economxzatlon procedures are
shown in Sections II-A and B.

1I. COMPUTATIONAL ANALYSIS

The general formula for the input impedance given by Okoshi

[4] is
Zin W?/ /

where W < ), A being the wavelength in the substrate. The
integrations are taken along the interface between the microstrip
feed and the antenna patch.

(s|so) ds dsq )]

A. Patch With Feed on Vertical Side

For the feed geometry shown in Fig. 1 the Green’s function
G(0, yl0, yo) can be arranged in the form shown in (2), at the
bottom of the page, where A = ka/n; h is the dielectric thick-
ness, k2 = w?peoe(1 — j/Q), and Q is the total quality loss
factor [1].

From (1) and (2), by integration

w2 owr = 1

J2whis
ka2 x2 m2 — A?
m=

Zin = 2

4 2aW i (—1)™(sinmf; — sinmby)

w L m(m? — A?)
+Ei SO: (sinm@; — sin mfy)?
= m2(m? — A?)

20 o= (sinmb; — sin m92 a2 o 2
Z Z m2(m? + n? — mX-:l Z
(—-1)™*+7(sinmf; —~sin m92)(sin nfd; —sin nf,)
' AZ) 3)

mn(m? + n? —

where 81 = (z/a)(T + (W/2)); 62 = (n/a)(T — (W/2)).
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Fig. 3. Feed on vertical side of isosceles triangular patch antenna. (a) Input

impedance of center feed position (I" = 20 mm). (b) Input impedance of offset
feed position (' = 24 mm).

Summing the first of the above double series with respect to the

. inner summation results in the total elimination of the third single

series. Summing the second double infinite series eliminates the

1 ’”cos———q)(1+( nm

mmw
cos %% yo)

G(O) y‘O‘ 3/0) :JQWhN _k2a2 72

+ii(l+(—)

(cos 2Z y + (—1)™ cos X y) (cos AT 4o + (—1)™ cos X o)

(m? — 42)

mmn

1 o0 001=1
=D I

m=1n=1

(2)

(m? + n? — A?)
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Fig. 4. Feed on the hypotenuse of isosceles triangular patch antenna. (a) Input
impedance of center feed position (I" = 20 mm). (b) Input impedance of offset
feed position (' = 24 mm).

second of the above single series. Summing the first of the above
single series eliminates the —W?2 /k2a?term. The final result of
the economization is the new input impedance formula

o gwhp [ W2 W(sin Af; —sin Af,)
Zin = W2 { ka cot ka k2asin Ar
24? & (sinm8; —sin mfs)? =
+—7—r§— }: -y othB7r+—~ Z

m=1 =1
(1) (sinmb; —sin mbz)(sinh Bf; —sinh Bfs) 4
m(m? — A?)sinh Bw @

where B = /m?2 — A2,
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From (4), numerical evaluation shows that for a center fe«
at T = a/2, the first term is’dominant and gives the inp
impedance to four significant figures. That is

—jwphcot ka
ka

is a good analytic approximation that can safely be used f

practical impedance matching design requirements.

It is also to be observed that for the center feed position, ti
impedance is virtually independent of the width W of the fe
line.

In contrast, numerical calculations show for an offset fe
position the impedance has a relatively low value at the rigl
angled comner but increases rapidly as the offset feed length
is increased.

Zin = (

B. Patch With Feed on Hypotenuse

For the feed geometry shown in Fig. 2 the Green’s functi
G(z, a — z|zo, @ — z0) can be arranged in the form shown
(6) at the top of the next page.

From (1) and (6), by projecting the integration along the h
potenuse into the x axis, the following result is obtained:

Fin = jwph | W?3r®  8a* . (sinmb; —sinmbs)

-—2W27r2 -2 02 7r4 — mQ(m'Z — A2)

22>
o L L
. (Sm(m +n)6; —sin(m + n)f)
(m? 4 n?)
+(sin(m - n)91 — Sin(’rn — 77,)92) 2 ,
(m? — n2)

where 61, 6, are given in (3).

In the above formula, the single series can be summed
closed form making a contribution to the —W?2#?/k%a? ter
The diagonal term m = m from the double sum is extracted a
is in the form of three single infinite series, two of which are ¢
pressed in closed form. By symmetry the remaining terms in t
double series are expressed in the form of a semi-infinite dout
series for the summation indexes m > 1, n = m + 1.

The final result for the input impedance is given in (8) at t
top of the next page.

From (8), numerical evaluation shows that for a feed positi
on the hypotenuse, the input impedance is a maximum at t
ends of the hypotenuse while f111mg umformly to near zero
the center.

Consequently, there is a feed location on the hypotenu
giving an input impedance of 50 €2, thus allowing for simj
matching implementation.

ITII. RESULTS

Impedance formulas (4) and (8) were verified by applicati
to the patch antennas shown in Figs. 1 and 2, having a reson:
frequency of 2.45 GHz, ¢ = 40 mm, W = 0.67 mm substr:
(Duroid 5870) thickness & = 0.79 mm, er = 2.33, and the l¢
tangent of 0.0012. ‘
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G(z, a—x|T0. 0. — Tg)

2w 1 N 1 & (cos 2Ep 4 (-7 cos 1% (a — z)) {cos ™E 2g 4 (—1)" cos ZF (a — )
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L1 i i cos ™% 3:cos BX (g — 2) + (—1)™F" cos 2Z z cos 2L (a — )
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mm nw nr mn
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Qwph | W (SW -4 a? -
Zin w_/qzh ( - \/_ Z (sin 2m€1 sin 277799)
12 2k%a 42 = (m? — A%/2)
_ 4(cos Am — cos A(m — f; — 62) cos A(f2 — 61) + 2sin A(r — 1) sin A6»)
k2asinka
+W (sin%(w—%l) ~sin—\’/*—§(7r —292)) Vilz\/icot%W

V2k2g sin ka/\/2

n=m-1

402 X
=03
m=1

1
(m? +n?—

4ka

]
. (sin(m

—n)f; — sin(m — n)fz)

' {(sin(m +n)f; — sin(m + n)b,)

(7 + )

(m? — n?)

Input impedance results for the first configuration using a
center feed show that only the leading term in (4) is required
for four significant figure accuracy. For the offset feed position
7 = 24 mm, convergence to five, six, and eight significant
figures is obtained with the upper sum limits m = 2, 5, and 24,
respectively.

For the second configuration, similar results are obtained.
Using a center feed only, the leading term in (8) is required for
four significant figure accuracy. For the offset feed position
T = 24 mm, convergence to five, six, and eight significant
figures is obtained with the upper sum limits m = 2, 5, and 35,
. respectively.

Graphs of the impedance values for two feed positions using
the new formulas (4) and (8), Ensemble™, and practical measure-
ment, are shown in Fig. 3(a) and (b) and Fig. 4(a) and (b).

Inall the above cases the graphs show good agreementbetween
the new formulas, practical measurement and Ensemble results.

IV. CONCLUSION

In this paper an efficient computational formula for each
of two possible right-angled isosceles triangular patch input

impedance configurations, using the Green’s function a
proach, have been obtained. The number of terms in the seri
for a required accuracy is given. Good agreement betwe
results from new formulas, Ensemble™, and practical me
surement is obtained.
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