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Abstract
Fathi Makhzum Ali Abdussalam

ANTENNA DESIGN USING OPTIMIZATION TECHNIQUES OVER
VARIOUS COMPUTATIONAL ELECTROMAGNETICS
Antenna design structures using genetic algorithm, Particle Swarm and Firefly
algorithms optimization methods applied on several electromagnetics numerical
solutions and applications including antenna measurements and comparisons
Keywords
Genetic Algorithm; Particle Swarm method; Firefly method; Method of Moments (MoM);
Finite difference Time Domain (FDTD); Antennas; Radiation Pattern, Power Gain;
Optimization techniques; hybrid method; Computational Electromagnetics; Numerical
Solution;

Dealing with the electromagnetic issue might bring a sort of discontinuous and nondifferentiable regions. Thus, it is of great interest to implement an appropriate optimisation
approach, which can preserve the computational resources and come up with a global
optimum. While not being trapped in local optima, as well as the feasibility to overcome some
other matters such as nonlinear and phenomena of discontinuous with a large number of
variables.
Problems such as lengthy computation time, constraints put forward for antenna
requirements and demand for large computer memory, are very common in the analysis due
to the increased interests in tackling high-scale, more complex and higher-dimensional
problems. On the other side, demands for even more accurate results always expand
constantly. In the context of this statement, it is very important to find out how the recently
developed optimization roles can contribute to the solution of the aforementioned problems.
Thereafter, the key goals of this work are to model, study and design low profile antennas for
wireless and mobile communications applications using optimization process over a
computational electromagnetics numerical solution. The numerical solution method could be
performed over one or hybrid methods subjective to the design antenna requirements and
its environment.
Firstly, the thesis presents the design and modelling concept of small uni-planer UltraWideband antenna. The fitness functions and the geometrical antenna elements required for
such design are considered. Two antennas are designed, implemented and measured. The
computed and measured outcomes are found in reasonable agreement. Secondly, the work
is also addressed on how the resonance modes of microstrip patches could be performed
using the method of Moments. Results have been shown on how the modes could be
adjusted using MoM. Finally, the design implications of balanced structure for mobile
handsets covering LTE standards 698-748 MHz and 2500-2690 MHz are explored through
using firefly algorithm method. The optimised balanced antenna exhibits reasonable
matching performance including near-omnidirectional radiations over the dual desirable
operating bands with reduced EMF, which leads to a great immunity improvement towards
the hand-held.
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Chapter 1
Background and Motivations

1.1

Introduction

Antennas are an essential part of the global wireless system that transmit and
receive electromagnetic waves. The transfer of the electromagnetic waves needs
to be done in such secure and trustworthy way. Generally, antennas comprise of
conductive parts as well as may have dielectric elements; this was the paradigm
of radio systems at the beginning of 20th century. The linear and exponential
advances in technology over the past century, zeros and ones are allowing
rapid advances to be made in many other domains of science, which in turn has
led to effective components miniaturizations, higher data rate as well as the
obvious enhancement of information transmitted, and almost a complete
saturation of the frequency spectrum among others. Due to the unprecedented
technology evolutions, devices become more complex and antennas should be
made miniaturized and compact in order to be easily integrated within whole
system platform.

Antennas could have various structures starting from wire antennas, planner
antennas and 3D volume antennas that fit many types of applications [1-22]. To
integrate their operations within the system, it has to fit several design constraints
in terms of scattering parameters, radiation performances, radiation efficiency,
and some certain volume size. To do that is not a trivial solution but it is quite
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costly to achieve the optimum design requirement. Optimization techniques could
support such design procedures and shorten the design cycle for such a complex
problem. On the top of such design procedures, the antennas are sometimes
required to meet some spectrum distribution by means of the tunable process
through reconfigurable antennas or changing or controlling the pattern over realtime process such as the use of antenna arrays through phased/magnitude
antenna arrays. In fact, through my review, two parts of optimization applications
applied to antenna/s could be addressed in the following:


Antenna design structures: this is a fixed design procedure on the volume
and size restricted by the global system.



Real-time optimization: this is a real-time process to control some
elements that could be the magnitude or phase signals fed some number
of radiating elements.

The above discussion can be easily demonstrated in Figure 1.1 for which the
applications for optimization techniques applied to radiating elements can be
considered. There were extensive refereed papers to deal with the optimization
applications for antenna design, however, most of the important application were
identified and related to the current work as displayed in Figure 1.1.

2

Figure 0.1 Classification of various applications using optimization techniques
for antenna radiating elements.

In spite of the research work on the antenna, there were quite extensive
applications apart from the antennas that are considered here, these were
previously reviewed by several authors. Some of these works were covering,
biomedical data [23], software computing techniques [24], Soft Computing and
Pattern Recognition [25], Communication Systems and Network Technologies
[26], Devices, Circuits and Communications [27], Control, Instrumentation,
Communication and Computational Technologies [28], etc.
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Figure 0.2 Classification of various optimization techniques for antenna
radiating elements.

The optimization applications have adopted several optimization techniques/
methods to achieve their design targets for single and multi-antenna elements.
The optimization process is normally facing a mathematical dilemma in most if
not all engineering research areas, which has been motivated the engineers to
figure out the optimum and best convenient solution. Optimization issues are
widely covering numerous problems and applications as shown in Figure 1.2, so
that the methods to disband these problems must be active research solutions of
various research areas [29, 30].

The traditional methods have been widely used in practice for which the Least
Square Method (LSM) is the common method applied broadly in so many
applications [31, 32]. While the methods adopting the use of big data are well
known by Machine learning [33-35] and Neural networks [36-39], that are
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required to learn and then making decisions wisely to adjust their parameters to
satisfy the design constraint functions. Recently these methods became very
interesting in the optimization process of the Cognitive Radio-based LTE
Networks [40-44]. Another interesting type of optimization techniques are widely
used and known as evolutionary algorithms [45-47], that is adapted for the
present work of research here [48-52]. These methods were found very interested
and sufficient for small and large design problems within the antenna structures
and sometimes the antenna environment. Finally, hybrid methods between two
or more methods [24, 53-59] [23] [19] [60] mentioned above could be adopted to
solve and maintain the execution time (processing time) of tackling small and
large problems at the same time.

Optimization algorithms could be carried out deterministically or randomly.
Previous approaches to deal with optimization issue need a huge computational
time and work that leads to the failure of this process due to the size increase of
the issue. Therefore, this has motivated the engineers to employ bio-inspired
random optimization algorithms as computationally adequate options compare to
the deterministic method. Meta-heuristics are normally depended on the iterative
improvement of either a population of solutions (as in Evolutionary algorithms
[61] [46] [48], Swarm

based

algorithms [29, 30], Firefly [62-65]) or a single

solution (eg. Tabu Search [66-68]) and commonly utilise randomization and local
search

to come up with the best solution for the optimization problem as

cautiously and wisely stated in [69].
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1.2

The New Research Motivations and State of the art of the present
work

The thesis aims to investigate the design process of antennas based on the
optimisation process. The design and implementation of these emerging
techniques on several antenna applications were modelled and compared to wellknown methods. This thesis also describes the application on the modelling
aspect at how to obtain the optimal solution at desired frequency spectrum and
to improve antenna performances and to reduce the design time cycle for such
application. The following are the key main points investigated in the thesis:
1. Three optimisation methods named GA, PSO and FF were illustrated in
details and a list of procedures was given to demonstrate their advantages
into the solution of the fitness function.
2. A modified hybrid solution was embedded within the firefly optimisation
process that attends to overcome the problem design of finite discretization
objects encloses or next to large scatterers.
3. A new formulation of basis function to solve four random points patches
elements within the MOM.
4. A new process of design procedure of UWB antenna using the FF method.
Many parameters were considered for optimisation process without
affecting the processing time too much.
5. Antenna design with one or more notches spectrums over a wide
bandwidth operation.
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6. Solving for resonances modes of three types of microstrip antennas using
a new formulation of integral equations and applying MoM numerical
solution.
7. A novel miniaturised balanced antenna handset over dual-band spectrums
using firefly optimisation is designed, fabricated and tested. The evaluation
process of the antenna handset to improve the immunity with the handheld
position is studied.

1.3

Organization of the Thesis

The thesis is organized into seven chapters as in following:
Chapter 1: presents a general overview of the antenna design using optimization
process, define several applications and techniques including the state of the art
of the present work.

Chapter 2: Presents the evolutionary algorithms and discusses the programming
and mathematical formulations of most attracting algorithms in the field of
antenna design. The chapter also illustrates more information regarding the
antenna design software tackling one and more parameters for the optimisation
process. Examples were also given and the results were compared between
three optimisation algorithms.

Chapter 3: introduces a novel numerical solution technique for the development
and implementation of hybrid codes to optimise the antenna design when it is
closely spaced from large scatterers objects using firefly method. A new patch
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formulation was applied and developed within the MoM to simplify the
computation of the basis functions over complex meshing geometries. Two
examples are studied and used to demonstrate the viability of applying the
method in matching antenna input port for two large objects scatterers. The
design process of the UWB antenna was optimised for the first time by adjusting
the geometry size of the antenna.

Chapter 4: presents the optimization of UWB antennas using three algorithms
by applying single and multi-objective to achieve wider bandwidth spectrum
antenna operations. The designed antennas were fabricated and tested and then
the results were compared with the simulation. The chapter also investigates the
design process of the Notch-band characteristics of UWB antenna. The process
is applied to minimize the interference from the adjacent narrowband (NB)
systems by optimizing the antenna using the firefly algorithm (FA) to achieve a
better notching response. The resulted antennas were fabricated and tested, the
measured results were illustrated and compared with the simulated one.

Chapter 5: describes the possibility of using the firefly optimisation technique to
estimate the resonances modes in microstrip patch antennas. Three types of
antenna geometries were considered in which the mathematical model was
derived and a programme was written to solve a MOM method formulation. The
firefly optimisation process was embedded in this software programme to predict
the first three modes of resonances that could be generated by patch antennas.
Several parameters were considered for optimisation within this software code
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and the results were compared with the previously published date. The solution
technique is confirmed that is capable to estimate resonance with good accuracy.

Chapter 6: introduces a balanced antenna covering dual-bands of the LTE
standards 698-748 MHz and 2500-2690 MHz using firefly optimization algorithm.
Many parameters were considered including the necessary elements applied to
the balanced Balun for feeding network. The applied fitness function covers the
required impedance matching and the Omni-directional radiation performance to
meet the operation specs of mobile handsets. The optimisation process is
considered for free space and handheld with/without Balun scenarios that
showed sufficient impedance matching and radiation patterns. The resultant
balanced operation shows reduced EMF on the handset and improve the
immunity of using a human hand.

Chapter 7: summarizes the obtained results of the preceding chapters giving
comments, conclusions and suggestions for future work.
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Chapter 2
Optimization Methods and Software Implementation

2.1

Introduction

Optimization process towards optimum design requirements required quite
extensive mathematical progression and solutions of several well-defined
equations based on many constraint functions. The type of processing engine
and processing time sometimes could also depend on the specific design
problems such as the required antenna structures to meet several antenna
performances and perhaps one needs to look further of the detailed
computational electromagnetic software that could match the necessary link to
the optimizer process or method.

As a result, the optimization methods could have special advantages, that they
could be reasonably and easily configured not only for a particular objective, such
as bandwidth improvement but also for multiple purposes such as broadening the
bandwidth together with symmetry radiation pattern. By the way of precisely
defining the objective function, it is feasible to come up with solutions, which are
possibly ideal as in the scenario of a single objective, or/and probably and globally
optimum together with a parameterized curve or surface, or volume as in the
paradigm of multi-objective. In this regard, ideal designs may be met with low
fabrication cost and testing. This chapter detailed the optimizations methods and
then concentrates the discussions on Bio-inspired algorithms in terms of genetic
[70-72], particle swarm [4, 29, 73, 74] and Firefly [63, 70, 74] algorithms. And then
10

finally some examples to compare the optimisation processes of these methods
based on several variable parameters were implemented and discussed.

2.2

Optimization Techniques

Generally, the optimization faces the mathematical issue in all engineering areas.
It is simply exploited to bring the best possible solution of a given objective target
that is well known by the fitness function. Optimization problems are wide-ranging
to cover numerous applications, thus the technical methods adopted to optimize
and solve single or multi-objectives ought to be, an active research topic for many
applications. These methods could also find their way into linear and non-linear
solution approaches for examples, active antennas [75-77] and beam steering
antennas [78-80].

Optimization algorithms could be carried out deterministically or randomly.
Previous approaches to deal with optimization issue need a huge computational
time and work that leads to the failure of this process due to the size increase of
the issue. Therefore, this has motivated the engineers to employ bio-inspired
random optimization algorithms as computationally adequate options compare to
the deterministic method. Meta-heuristics are normally depended on the iterative
improvement of either a population of solutions (as in Evolutionary algorithms [8183], Swarm based algorithms [70, 84, 85] or a single solution (eg. Tabu Search
[86, 87] and commonly utilise randomization and local search to come up with
the best solution for the optimization problem.
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2.3

Bio-Inspired Algorithms

To solve tough and complex problems using computer software, there are/ were
great and massive sources of motivation that covers wide research areas as it
demonstrates a tremendously diverse, dynamic, sold, complexity as well as
attractive and effective solution. The basic approach for any kind of new software
is always attended to introduce the best solution to deal with the attained
problem/s and to keep trade-offs among the whole components that are involved
in the design process. This is the main purpose of employing bio-inspired
computing. Nature-inspired algorithms are basically metaheuristics that
imitates/mimes the nature to resolve the issues of optimization and paving a new
trend in computation software methods as shown in Figure-2.1. Over the last few
decades, a large amount of work have been investigated in such particular area
and have revealed promising contribution in solving quite interesting issues such
as that found in (1-21).

The results of such research contributions have

effectively helped in broadening the choice and feasibility of Bio-Inspired
Algorithms (BIAs) as well as discovering and investigating new computing
application opportunities in different areas and topics. The author view of these
solutions algorithms is based on the dilemma of the natural variations that have
been adopted within the engine process. As a result, the software is
implemented and then optimized statistically to meet specific experiment criteria
regardless the content of the parameters involved in the process engine to match
the inputs of design problems.
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Figure 0.1 Classes of search techniques

2.3.1 Evolutionary Algorithms
Evolutionary computation (EC) is a promising model in the realm of artificial
intelligence realm, which seeks to take advantage from collective phenomena in
adaptive populations of problem solvers using the iterative evolution containing
development,

growth, reproduction,

selection, and survival as seen in a

population [88]. Therefore, the Evolution Algorithms (EA) use mechanisms
inspired by biological evolution as seen in Figure 2.1. EAs are one of the
renowned, conventional and recognised algorithms occurring in nature-inspired
algorithms. The concept of EA lies in the biological evolution in nature, which is
considered as a responsible object not only for the design of all living beings on
earth but also for the schemes they utilise for interaction with each other. EAs
apply this prevailing and robust design philosophy in order to come up with
favourable solutions to complex issues. EAs are not deterministic algorithms or
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optimization algorithms that are costly-based [89, 90]. The main engine process
could be binary, scalar or even sometimes complex but all based on finite
boundary problems.

An umbrella of effective and most succeeded EAs includes genetic algorithm
(GA), genetic programming (GP) [91], Differential
strategy (ES) [92] and most recent

Paddy

Evolution, evolutionary

Field Algorithm [93, 94]. These

categories of the EA have such common features. For instance, the abovementioned EAs are all population-based randomly search algorithms and their
performances lie in best-to-survive principles. Each algorithm begins by
generating first element values based on certain conditions. An

EA exploits

mechanisms stimulated by biological evolution, these are a mutation,
recombination, reproduction, and selection. Attractive solutions to the
optimization problems play the role of individuals in a population, and the fitness
function that represents the target objective/s defines the quality level of
solutions.

The solutions of these methods are characterized by common computing
algorithms that adopt the following main concepts in their analysis and design
procedures, these are,


Guided Random Search type engine.



Selection of the optimum optimizer problem solution.



Based originally on the idea of biological evolution.
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The power of the evolutionary algorithms is limited by the lack of a clear
genotype-phenotype distinction.



EAs are known as global optimization methods which work well on ‘noisy’
functions which have many local optima.

2.3.2 Swarm Intelligence
The concept of Swarm Intelligence (SI) is employed equivalently to the work to
describe the artificial intelligence. The term or definition was initially presented in
1989, in the cellular robotic systems perspective by Gerardo Beni and Jing Wang
[95]. This can be simply described and based on the natural and artificial
collective performance of decentralized, self-organized systems,

This method is characterized by common phenomenal computing and
intelligence step procedures. The main concepts of such of these are:


SI systems naturally comprise a population of simple agents that locally
interact with one another and with their environment, which is exploited for
optimization problems.



The envisaged interactions between those agents may lead to the
emergence of "intelligent" universal behaviour, which is anonymous to the
individual agents.



The swarm intelligence still has not been clearly defined. Theoretically, it
ought to be a system that is a multi-agent and has self-organized
behaviour, which indicates some intelligent behaviour.
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Particle Swarm [96], Ant colony [97], Firefly [62, 98, 99], Wind Driven[100]
Algorithms are examples of on Swarm intelligence [74].

2.4

Genetic Algorithms

Genetic algorithms are a type of adaptive random optimization algorithms that
intend to provide optimum solutions. This can be done by imitating basic
evolutionary procedures that witnessed in nature.

Typically, in the genetic

algorithm (GA), when some fixed size population N is defined, each member of the
population is a binary string called a chromosome. The chromosome population
actors for potential solutions for a specific issue and this can be implemented via
evolutionary processes like selection, mutation and recombination, innovative and
possibly promising solutions are produced.

A simple example that matches this engine process could be found from biology
strings of DNA that form the chromosomes that work as a blueprint for an
organism. Additionally, chromosomes may be segmented into genes, as depicted
in Figure 2.2a, each of which encodes a certain protein, which can control a trait,
for example, the colour of eyes. In the genetic algorithm scenario every
chromosome is a string of numbers that are having a fixed length, where each
gene is introduced by a group of numbers as indicated in Figure 2.2b, commonly
binary, however, still can be integers or floating point.
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(a)

(b)

Figure 0.2 (a )Diagram of a human X-chromosome and(b0 GA chromosome

It should be noted that each ”gene” of a GA means the parameter value in a
manner comparable to the one that genes controlling trait expressions. With the
use of a suitable decoding program, the genes of a chromosome are altered from
binary strings to elements of a real-valued vector. Afterwards, this vector is
evaluated by a fitness function that is the desired optimization function. At the
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same time, each chromosome is assigned a level of fitness, that is relying on its
estimation by the fitness function as it is progressing towards optimum solution.

A population of likely solutions (chromosomes) generates fresh potential
solutions by merging components in a proper way that similar to the one of
genetic regrouping. This new solution will be calculated, and then substitute the
previous and old solutions. Nevertheless, in most cases, the ideal solutions that
are from the prior generations are maintained and substitute the worst solutions
from the present generation known as elitism. This type of a GA operation is
mimicking the basic form of natural selection. Accordingly, the first population of
such solutions, through simulated mating and natural selection, “evolve” in the
direction of proper and better optimal solutions.

2.4.1

Selection

One of the keys and vital element in exploiting GA for optimization is the selection
technique as it influences the values of fitness function for the period of the
computation procedure. However, as the ideal individual might not be the best
optimum solution, so, there will not be a pure focus on the selection, and this is
because of the fact that genes supported by any unfit individuals may also have
to be well-maintained and they, in general, could be characterised as stochastic
and deterministic. These approaches typically place for the duration of the
reproduction procedure [101].
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The recombination process initiates with the selection. Chromosomes are chosen
from the population for the reproduction. The decimation of the population is the
simplest selection scheme for use in GA. This scheme is positioning the
individuals from the lowest to the highest taken into consideration the value of
their fitness. In order to assign a margin point a minimum fitness value is arbitrarily
selected that will be utilised as an eviction reference, whereby any individual with
minimum fitness that is lower than this value will be removed from the population.
The new generation would be produced from the rest of individuals by a random
pairing procedure [102].

Due to the easiness and effortless of the above-mentioned strategy, it effectively
accomplishes filtering unfit individuals. However, any individuals with special
features, which have been taken from the population can be not recovered, which
in turn may impact the fitness values obtained.

Also, a very common technique of selection is the fitness-proportionate selection
that is basically applied with "roulette wheel sampling" [103]. In roulette-wheel
sampling, each chromosome is allocated a probability of selection based on its
fitness level by:

⁄∑

Where

is the fitness of the

(2.1)

chromosome, and N is the population size. It

may be noted that each chromosome contains a slice of a circular roulette wheel,
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and the chromosomes probability of selection is proportional to the size of each
slice is as demonstrated in Figure 2.3.

The individuals that have high fitness will continue proceeding to the reproduction
phase with this strategy. Furthermore, in the mating procedure, the individuals
that come up with low fitness value can also be considered that will keep their
genetic data [102].

Figure 0.3 Roulette-wheel selection example
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In addition to roulette-wheel sampling as well as other fitness-proportionate
selection approaches, there also exist other selection techniques, this includes
tournament selection [81, 104]. This technique includes arbitrarily selecting M
members of the population, which satisfies the equality 1 ≤ M ≤ N, typically (N=2)
and at that point picking the fittest individual from this cluster. The process
continues repeating N times [30]. Then, based on a small tournament size, fewer
fit individuals have more opportunity. Note that N = 1 is corresponding to purely
arbitrary selection.

2.4.2 Recombination and Mutation
After the step of the selection procedure, the carefully chosen individuals swap
slices on parts of their binary strings in a procedure so-called recombination or
crossover. The biological method of recombination takes place within the first
phase of meiosis, where the chromosomes shape or configure pairs and then
exchanging diverse slices of genetic material. New groupings of DNA are formed
and deemed as an important source of genetic variation and might lead to new
beneficial combinations of alleles (variations of a gene). Lastly, these offsprings
are prone to mutation, where single elementary bits of DNA (nucleotides) are
altered, due to copying errors.

In the same way, in a GA recombination, it is normally executed over single point
crossover, double point crossover, or uniform crossover. Single point crossover
is the smoothest and easiest technique and involves producing a random
number,

< M-1, where M is the length of the parents binary string , to
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be the crossover position, and later to exchange the particular parts of the
parents Figure 2.4 (a).

Figure 0.4 Diagrams of GA crossover methods,(a) single-point

Two crossover locations are randomly chosen by utilizing double-point crossover.
Everything between the two selected points in the parent chromosomes is
exchanged in order to improve the chromosomes of a child, see Figure 2.4 (b).
As long as the number of crossover points increased, this probably may lead to
deep and profound exploratory search. However, the envisaged good solution
can be severely disrupted as the number of crossover points are extremely
increased, in which will affect the convergence and bring to a very low level or
even no convergence to the best solution [105].

In the scenario of the uniform crossover as indicted Figure 2.4 (c), every location
in a parent string is allocated a probability for swapping. An arbitrary number
is

produced, and if

≤

, where

, is the probability for exchanging at

chromosome position , then an exchange takes place. The uniform crossover is
said to discovers the solution

space in a very effective way compare to both

single or double-point crossover that could bring disruption to strings, which make
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solutions with high fitness. Once both processes of selection and crossover are
done, this may make the offspring to be subjected to mutation.

Generally, the mutation within biology is a slight alteration in DNA, which is similar
to that in a GA, mutation is applied at an arbitrary point as a bit flip in a string.
The influence is mainly is to preserve some quantity of diversity in the population,
this will help in avoiding solutions convergence to local extremes.

On another hand, the mutation is deemed as a background operator to the key
recombination operation [106]. The procedure of all above-mentioned, namely
selection, recombination and mutation will be repeated till a fixed number of
iterations is met, or the lowest level of fitness is achieved. Figure 2.5 clarifies the
procedure of such a method.
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Figure 0.5 Diagrams of a GA process.

2.5

Particle Swarm Algorithm

Like the GA, the particle swarm optimization (PSO) is also a type of optimisation
that is population-based adaptive random optimization. On the other hand, in
contrast to the GA, many operators that are evolutionary, i.e. selection, crossover,
or mutation. As an alternative, PSO is established from the collective swarm
intelligence that is perceived in the social performance of fish, birds, bees, etc.,
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[107], since they seek for the optimum feeding positions. The possible solutions
are stated as particles, and rather than evolution on the way to ideal solutions,
they "fly" within the problem space through trajectories defined via the best
locations that face not only by an individual particle but also by the swarm as a
whole.

Each particle in PSO may demonstrate a potential solution to the process of the
optimization problem, along with a linked position as well as velocity. The fitness
function is employed to estimate the possible solutions and to define the best
positions. Every particle maintains the path of both its own best position (pBest),
and the global best position (gBest), in which, the best position visited by the
whole swarm. In a case the particle’s recent location show well fitness value
rather than it's pBest, its current location substitutes its pBest, and if any of the
pBesti are better than the current gBest, it is also substituted. The process of
such method can be simply expressed by the following [44]:

1

2

,

(2.2)

,

(2.3)

∆

Where

is the velocity,

is the inertial weight that defines the impact of the

previously particle’s trajectory,
and

is the position of the ith

particle's pBest,

is the position of gBest. The superscript k states to the kth

iteration.

Both factors c1 and c2 are the cognitive weights, and the social weight that
define if a particle has tendency in the direction of pBest or gBest.
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The cognitive parameter is controlling the experience effect of each particle
considering its best performance found so far, whereas the social parameter with
consideration of its the best location may be found by its society, which is either
the entire swarm or its neighbourhood. Finally,

,

and

,

are distributed

randomly in uniform numbers between 0 and 1, and ∆ is the time step, where
it is standard for t = 1. The basic algorithm is shown in Figure 2.6.

In the stability

analysis

that is given in [108], it

was suggested that the

constriction factor is normally obtained with accordance to the next formula:
2
2

∅

∅
∅

Where

(2.4)
4∅

1

2

(2.5)

is constriction factor, =1 and in order to secure the rapid convergence

of the strategy, the value of ∅ should complies with the fact that ∅

4. The

above-mentioned strategy is naturally used for the constant ∅

4.1, with

0.72984 and

1= 2= 2.05 [43],[109].
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Figure 0.6 Diagrams of a PSO process

PSO is commonly applied by utilizing floating point representing of the solution,
rather than binary coding as the GA typically adopted. Nevertheless, PSO having
binary variations. In binary PSO (BPSO), [109], the update velocity Equation
(2.3) stays the same however is provided a different explanation. Rather than,
the velocity of a particle, the

representing the probability, which the bit

would be taking the value 1. Thus, from Equation (2.3),
the interval (0, 1), and

,

and

is constrained

to

are binary strings. It should be noted

that the other parameters stay unchanged.
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The additional adjustment to PSO for its binary variant is the location update
Equation (2.4), which will not be validated as velocities have now become
probabilities. This may be achieved by using a sigmoid function for normalizing
the velocities, this is set by:
1

(2.6)

1
Later in order to update the binary string that represents the location, the next
formula must be implemented,

(2.7)

1,
0

Where

is a random number that uniformly distributed over the interval (0,1).

Additionally, the neighbourhood of each particle is commonly determined via its
index. Actually, the major variants of the PSO are using the ring topology that
is considered as the best used topology in the state of the art [61]. Within the ring
topology,

the neighbourhood of each particle

comprises of particles with

neighbouring indices [61] [110].

2.6

Firefly Algorithm

In the tropical and temperate counties, the flashing light of fireflies is seen as a
wonderful sight an in particular in the summer sky. Generally speaking that a two
thousand firefly species exist, in which most of them are producing both rhythmic
and short flashes. The flashes are normally having a unique pattern for a specific
species. In addition, the flashing light is created through a procedure called a
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bioluminescence, and the correct jobs of these signalling systems are still in
discussion. On the other hand, the two major functions of these flashes are mainly
to fascinate mating partners (communication) and to bring potential prey.

Moreover, the flashing might also function as a protective warning tool. A type of
rhythmic flash is the rate of flash and the quantity of time shape segment of the
signalling system, which carries and join both sexes. Females reply to a male ’s
especial flashing patterns within the same species, whereas in some species, for
example, photuris, the fireflies of female could imitate the mating flashing pattern
of different species therefore as to lure and eat the fireflies of male that might
mistakenly make the flashes as a possible appropriate mate.

Generally, it is widely known that the intensity of light from the light source to a
given specific distance ‘r’ conforms with the inverse square law [63]. In the other
word, the intensity of light ‘I’
( ∝ 1⁄

drops as the distance r is increased in terms of

). Besides, the light gets absorbed by air that will make very less strong

when the distance augmented. With such two combined features, most of the
fireflies will be only observable to a restricted distance, in normal cases about
hundred meters at the night time, this said to be sufficient enough for the fireflies
to get communicated. Typically, the flashing light may be formulated in a way,
which is linked to the function objective in order to be improved, this makes it
feasible to derive such new optimization algorithms.
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2.6.1 Attractiveness
In the algorithm of firefly scenario, there exist two vital issues, these include,
formulation of the attractiveness and the light intensity variation. For easiness, it
could be supposed that the firefly attractiveness is defined by its brightness that
in a way is connected to the encoded function objective [111]. Simply, to
maximize the optimization problems, the brightness ‘I’ of a firefly at a certain
position x may be selected as (

α f(x)). Yet, the attractiveness is relative;

it needs to be realised by the beholder eyes or referred to by other some
fireflies. Consequently, distance (rij) between firefly i and firefly j will be varied.
Furthermore, when the distance from the source of light decreases the light
intensity drops as well. Additionally, the light will be absorbed in the media, which
in turn will vary the attractiveness with respect to the degree of

absorption.

Simply, the intensity of light I(r) shows a discrepancy with accordance to the
inverse square law (I(r) = Is/r2 ) where (Is) is the intensity at the source. In
a case of a specified medium with such a fixed coefficient

of light absorption,

the light intensity I differs over the distance r, which is (I = I0e− r), where I0
is the original light intensity.

To escape the singularity at r = 0 in the expression (Is/r2), the joint influence of
both the absorption and inverse square law may be approached from the given
Gaussian form:

(2.8)
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Occasionally, this formulation possibly will require a function that drops
monotonically at a lower rate. In this occasion, it may be feasible to utilise the
following calculation,
(2.9)

In the short distance from, both above methods should be fundamentally same,
that is due to the series expansions about r = 0 are corresponding one to
another up to the order of O(r2), be given following:
1

γ
1

γ
γ

⋯,
γ

⋯,

(2.10)
(2.11)

Due to the fact that attractiveness of firefly is in proportion relation to the intensity
of light that is perceived by nearby fireflies, then the attractiveness β of a firefly
can be defined by:
β
Where β

β

(2.12)

is the attractiveness at r = 0. Since it normally can be quickly

calculated 1/(1 + r2) than

an exponential

function, the above function, if

essentially, may appropriately be substituted by:

β

(2.13)
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2.6.2 Firefly Terminologies
Based on having admiration to idealized the fireflies flashing characteristics, one
can produce firefly-inspired algorithms. To simply describe the Firefly Algorithm
(FA), it is possible to apply the three procedures below [111]:
1) All the fireflies benefit from the feature of unisex, thus any firefly can be
attracted to other fireflies nevertheless with a sex they carry.
2) The attractiveness is in proportion relation with the brightness; hence
for instance, if there are two flashing fireflies, the one with less
brightness would travel in the direction of the one with more b
brightness. Since both are in proportional relation, so as the distance
increased them both decrease. In case that the brighter one does not
exist at specific firefly, then it would arbitrarily move.
3) The firefly brightness is influenced or defined by the objective function
landscape. To maximize the function weight, the brightness could be
basically in proportion to the objective function value. Additional
procedures of brightness may be obtained or determined in a
comparable approach to the fitness function that is in genetic
algorithms.
In another word, a theoretical comparison exists between the bacterial foraging
algorithm (BFA) and firefly algorithms [112].

In the case of BFA, the way that bacteria gets attracted is basically and partially
based on the distance and their fitness, whereas in FA, the attraction is
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connected to the objective function and monotonic decay of the attraction along
with a given distance.

On the other hand, the agents in FA is adaptably visible and more multipurpose
in attractiveness variations, this commonly generates a higher mobility and
therefore the search space is efficiently explored.

2.6.3 Distance and Movement
It is said that the distance between any two fireflies i and j at Xi and Xj
locations correspondingly is the Cartesian distance, as indicated by:

∑

Where

,

,

(2.14)

,

is the kth element of the spatial coordinate

of ith firefly.

In 2D case, this can be expressed by:
(2.15)
Where the new position of the new Firefly can be given by:
β

α

(2.16)

While the second term is because of the attraction and the third one is random
and is considered as the randomization parameter, rand is an arbitrary figure
that produces uniformly distributed between (0 and 1). In most scenarios, in
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which are going to be implemented, the following values can take

=1 and

α ∈ (0, 1). The basic flowchart of the FA algorithm is illustrated in Figure 2.7.

Figure 0.7 Flowchart process of FF algorithm.

2.7

Simulation and Results

Two examples have been considered here to evaluate the process results for
the three algorithms illustrated above; these are GA, PSO and FF.
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Example 1:
Since the effectiveness of the GA, PSO, and FA are demonstrated, the
Rastrigin function given in [113]was considered, this function can be simply
defined by:

,

1. .

10

∑

10 cos 2

(2.18)

Table 0.1 The properties of the algorithms elements for FF, PSO and GA used
in Example 1.
FF: Firefly

PSO

GA

Variables bound limits:
X1 = (LB=-5.0 UB=5.0);
X2 = (LB=-5.0 UB=5.0);
Max gen.
100

Max gen.

100

Max gen.

100

, npop

1, 30

Swam

30

nbits,

20

min

0.2

size

2, 2

npop

40

0.5

c1, c2

0.5

Mutation

0.02

w

The geometrical 3D surface plot of this function for n = 2 is shown in Figure
2.8. The Rastrigin function is multimodal, with frequent local minima. Its global
minimum is found at f(x) = 0, i.e., for xi = 0, i = 1, …., n. It is assumed here that
the search range is limited to -5.0 < xi < 5.0.

The elements for all three algorithms are given in Table 2.1. It is attended that
the maximum generation and population size for all methods were considered
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at 100 and 30 respectively to be fair comparisons to which they will reach the
best fitness within these requirements. It was also attempted to change these
elements for the benefit to achieve the optimum fitness and hence these were
selected in this example.

Figure 0.8 Rastrigin function for n = 2.

Figure 0.9 The variations of best fitness over a number of iteration; Red: FF,
Green: GA and Blue: PSO.
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Table 0.2 Comparisons results for the best solution values for the GA, PSO and
FF algorithms.
Algorithm

Best

Best fitness

X1

X2

iteration

GA

82

0.5159046

0.076512

-0.03875

PSO

42

0.0994959

0.04959

-0.000001

FF

24

0.000001

-0.000024

-0.000067

The fitness functions for all three algorithms were plotted for the maximum
generations several times since the process of such methods is a statistical
process as demonstrated in Fig. 2.11. While the best achievement for the best
fitness at minimum iterations is illustrated in Table 2.2. It is clear from Figure 2.9
and Table 2.2, FF outperforms PSO and GA for such a multimodal function. The
FF reached its best fitness at around 50% less than the PSO and around 75%
less than the GA.

Figure 0.10 The variations of cumulative function for FF algorithm for 10
attempts solutions of example 1.
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The cumulative function for FF for 10 attempts solutions as a function to the
number of iterations is shown in Figure 2.10. It is clear the best fitness for all
these attempts are between 24 and 42. It should be noted that the data were
considered individually for each solution.
Example 2:
In this example, a helical antenna element with a conical normal mode is chosen
in order to get the height reduction, A radiation pattern with Omni-directional
shape, and possibly satisfactory bandwidth for working on WLAN. The helix
antenna needs to be resonated at the 2.45 GHz operating frequency. The helix
is mounted on a perfect ground plane with the required bounded elements given
in Table 2.3 and its estimated antenna geometry is depicted in Figure 2.11.

Figure 0.11 The basic geometry of the helix considered in example 2.

The elements of the helix considered in the optimization process are height, wire
radius, helix radius at the bottom, helix radius at the top and spacing between
turns of helix antenna. In addition to and because of the antenna size reduced
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with comparison to the free space wavelength another two parameters in terms
of simple first order LC circuits were exploited for the input return loss
improvement. These LC elements are also considered in the optimization
process of Table 2.3.
The fitness function is also including the 80 MHz bandwidth a constraint limit
including acceptable power gain better than 0dBs. The L and C are considered
in terms of the reactance impedances that are extended between 10 and 200
ohms as illustrated in Table 2.3. The fitness function considered for this example
is stated by the following:

  R(i )  Z o
X (i ) 
G (i )  1 

fitnessmin   w1 

  w2
i 1
Zo
Z o 
1.0 
 
nf

(2.19)

where nf is the number of the frequency components put forward to cover the
entire bandwidth. R( i) and X( i) are the ith resistance and reactance at the input
port of the antenna. G is the maximum power gain at the azimuth plane. Zo is a
real value that represents the characteristic impedance required for matching
purposes, in which for this example is set to 50 ohms.

The input reflection coefficient of the optimum helix dimensions given in Table 2.3
is shown in Figure 2.12. It can be easily observed that the bandwidth at 8dB and
10dBs return losses were around 100 and 215 MHz at the centre frequency
2.65GHz.
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Table 0.3 The input data for the FF algorithm and the helix elements.
FF Algorithm data
Max gen.
, npop
min

50
1, 30
0.5
0.5

Helix elements
Height (mm)
Bottom radius
(mm)
Top radius (mm)
Wire Rad (mm)
Spacing between
turns (mm)

Lower

Upper

Optimum

bound

bound

value

10

20

17.5

2

3

2.2

2
0.1

3
0.5

2.8
0.5

4

8

6.4

XL (ohms) → L
(nH)

10 ohms

200 ohms

Xc (ohms) → C
(pF)

10 ohms

200 ohms

157.07
Ohms →
9.82 nH
35.76 ohms
→ 1.78

Figure 0.12 Input reflection coefficient of the helix antenna.
The antenna power gain was varied between 0.8 and 1.2 dB over the total 215
MHz bandwidth.

The antenna radiation was almost Omni-directional in the

azimuth plane with mostly 0.6 dB absolute variation over the 360 degrees. The
variations of the fitness and accumulative functions are shown in Figure 2.13 and
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2.14 for which almost the FF algorithm was capable to achieve best optimum at
sometimes 10 iterations.

Figure 0.13 The fitness variations for 10 attempts.

Figure 0.14 The variations of cumulative function for FF algorithm for 10
attempts solutions of example 2.
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2.8

Summarized Conclusions

An overview of the inspired algorithms including FF, GA and PSO has been
presented. Detailed flow charts to operate and execute these algorithms were
illustrated based on the input’s elements required and the looping to the fitness
function. The parameters needed to justify the operation of these algorithms were
given in supporting the required adjustments when each method is applied. Two
examples have been demonstrated for examining the impact of the speed and
the best solutions can be achieved. The first example was studied a multimodal
equation by means of Rastrigin function for all three algorithms. It was shown the
FF method outperforms the other two methods in achieving the optimum best
solution. The other example was considering a small helix antenna with around
9 elements adjusted using the FF method, the optimum values achieved proved
that the helix geometry can satisfy the fitness function to cover the WLAN
spectrum bandwidth.
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Chapter 3
Electromagnetic Computational Methods

3.1

Introduction and Motivations

Lately, numerous analytical and numerical methods to Maxwell's time-dependent
curl equations have been widely exploited with not only the huge increase in the
capacity of computer memory but also in the persistent developments in the
efficiency of computational imitating. Therefore, the continuous request of
effective tools for field modelling in the issues of electromagnetic scattering
complex

has

expanded.

Generally,

the

approaches

of

computational

electromagnetic were broadly applied to massive areas that include the near-field
studying case, far-field radiation, electromagnetic compatibility [114], microwaves
circuit design [115], optical scattering through plasmonic material [116, 117] and
transmission modes of meta-material cells [118]. These areas could cover a huge
amount of application and services into several microwave devices,
communication systems and medical diagnosis [119] and etc. Here where the
difficulty comes in selecting the best computational method to satisfy each
application and modelling process in solving a 3D problem.

In Fact, to select the best appropriate numerical procedure for addressing a
precise issue, several factors need to be taken into considerations. These include
the scattering geometry and the radiating objects, requirements of a computer,
the type of domain such as time/frequency domain and the conditions of
absorbing boundary. The features and geometry of material play significant roles
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in selecting the methodology that utilized in order to create the mathematical
model of properties for the electromagnetic coupling issues.
For example, in biomedical use, the model geometry has come up with several
features such as inhomogeneous/anisotropy, easy to penetrate objects that
cannot be simply incorporated in the formulations. On another hand, the FDTD
algorithm has the ability to simulate and examine the inhomogeneous/anisotropy
media in which makes it such a suitable and sufficient method.

Classically, the researchers are applying two key types of numerical algorithms
techniques. These are the Method of Moments (MoM), Finite Element Method
(FEM) and Finite-Difference Time-Domain (FDTD) method. These methods can
be categorized as follows: MOM can be considered in the frequency-domain
integral formulation (this is more common of the engine process used in this
method) or sometimes time domain integral equations (that is useful sometimes
to wire antennas), whereas FDTD and FEM are adopting the time-domain
differential formulation.

The method of Integro-differential equation is commonly universal in nature, thus,
both the boundary conditions and initial should be executed as long as the
algorithm keeps continuing.

In the open structure using MoM applying frequency domain, the coupling
between the antenna geometries is sufficient to solve the boundary problem
through a simple matrix form based on electric circuit theory. In comparison, the
approach of differential-equation is classically local in nature, in such scenario
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both the boundary conditions and initial are actively involved in the computational
algorithm, so the size of the problem space sometimes is important to stabilize
the required reliable solution.

The previous method generally suggests such extensive analytical preprocessing while the advanced one requests slight analytical pre-processing.
Therefore, the formulations of differential-equation are gradually renowned
because of the fact that it is capable of solving any sort of the computational
domain problem within the geometries.

In this chapter, the frequency domain of MoM and the FDTD will be addressed
and then joint through a hybrid computational solution to represent the
computational electromagnetic engine for the optimization process for GA, PSO
and FF methods. This starts with a short description of each method followed by
the appropriate mathematics to describe the hybridization. Then finally few
examples are demonstrated to show how the solution techniques being applied
using such processing engine with optimization tools.

3.2

Finite Difference Time Domain (FDTD)

In recent times, the method of finite-difference-time-domain (FDTD) [120] has
been considered widely and gradually dominant in solving the problems of
computational electromagnetics. This is because of several features:


It

is

simple:

The

second-order

accurate

central

finite-difference

approximations for spatial and temporal derivatives of the electric and
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magnetic vector field components is directly used to solve Maxwell's
equations explicitly in the absence of linear algebra.


Fidelity: both narrowband and wideband applications may be simply applied
by implementing several time pulse shape, for instance, the Gaussian and
sinusoidal wave correspondingly.



Robustness: in the computations of FDTD, numerical dispersions could be
enclosed in order to accurately make huge variations of electromagnetic
scattering issues. Moreover, for the purpose of faster simulation period, it is
feasible and easily that FDTD algorithm may be executed on parallel
computers.



Effectiveness: issues that involve nonlinear media could be fundamentally
and directly reduced within the time-domain in comparison with the ones
occurred the frequency-domain.



Versatility: It may be essentially utilized in order to produce inhomogeneous,
anisotropy materials such as geophysical strata, shielding metal structures
and biological tissues.

The above-mentioned procedure is normally applied in the computational domain
with highly complex configuration. In general, the FDTD method is the most
recognized numerical technique that uses for solving the issue of electromagnetic
simulation including the spectrum range from RF to optical. It is deemed as one
of the dominant numerical methods to solve any sort of partial differential
equations. Furthermore, it also could be employed to deal with the spatial and
temporal distributions of electric and magnetic fields in various media.
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Theoretically, FDTD is a scheme, which splits the solution domain into finite
discrete points and later substitutes the partial differential equation with a set of
linear equations.

It is also successfully used to solve several issues such as propagation problems,
radiation and electromagnetic waves scattering that are related to radar, antenna,
wireless communication system, high speed electronic, photonic, radiography,
bio-electromagnetic x-ray crystallography and geophysical imaging.

Such a success could be seen in tremendous scientific published work.
Furthermore, a particular commercial software is available on the market that was
extended and become globally used. Additionally, there are several books that
were referred to the research work of FDTD such as the one of Taflove and
Hagness [120], Taflove [121] and Kunz and Luebbers [122].

The method of finite differences resolves the field equations in discrete points
defined in an orderly manner in the full field of the structure. It directly solves
Maxwell's equations in differential form by replacing the differential operators by
difference operators, thereby achieving an approximation by discretization [123];
that is the FDTD starting point, for which the direct discretization of the local
Maxwell equations is performed. This method is applicable to structures
whatsoever without changing the basic algorithm [124] [123].

Commonly, in [60] Yee has applied an algorithm; this was characterized by the
component of the electric field that was temporally and spatially offset from the
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component of magnetic field in order to obtain the update equations. Such
equations have been utilized in a leap-frog manner in order to proliferate the
electric and magnetic fields ahead in time. These equations offer the current fields
in terms of the previous fields over the completely computational domain. Since
the outcomes of Yee’s revealed, the method has been broadly exploited with
different endeavour [125-129]. The computational domain boundaries in FDTD
should be wisely treated, while the problems in open regions are being simulated.

Forged reflections would be commonly occurred from the grid termination. This
issue could be overcome by an effective approach called the absorbing boundary
condition (ABC). This can be done by absorbing the outgoing propagating waves,
while not generating any spurious reflections. In fact, in 1971 Merewether [130]
was the first one who proposed the ABCs for solving the open region problems.
The advance chronicle to amplify the practicability investigation of the procedure
was present continuously in the literature by [131-135] that were based on
nonmaterial type. By comparison, a novel idea was demonstrated by Berenger in
1994, this idea called the perfectly matched layer (PML) ABC, that has been
based on the category of material [136]. This contribution of Berenger’s PML is
clearly shown such a precision, comparing to the other ABCs that were presented
in [137, 138] for a wide and comprehensive assortment of applications. The key
limitation or constraint that FDTD suffers from is that only consistent grids could
be utilized. Consequently, the state of resembling geometry in FDTD is limited to
boundaries that are staircase-shaped, in which it leads to an enormous figure of
computer memory requirements and the CPU time in particular while dealing with
curvature geometries with fine characteristics [139].
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In the computational domain, the entire number of cells will considerably grow
because of a global fine mesh. Also, the FDTD suffer from another weakness,
which is the existence of error owing to the numerical dispersion [140, 141]. In
this scenario, several researchers have been encouraged to analyse the
procedure of subgridding as a method to carry the issue. Various approaches
have been suggested to enhance the efficiency of FDTD method such as nonuniform meshing [142], sub-cellular method [143], non-orthogonal mesh [144],
alternative direction implicit (ADI) technique [145-147], higher-order procedure
[148, 149], hybrid method [150-152] and an approach of subgridding [153-157].
In subgridding method of FDTD, the components that are smaller-sized within the
assembly will be filled with fine grids, while the rest of the space is characterized
by coarse grids. Actually, the boundary fields between the coarse and fine grids
are essentially unidentified in nature. Commonly, they can be anticipated by
means of exploiting the spatial and temporal interpolations.

The coarse and fine grids regions are calculated by the FDTD technique and also
preserved in time step that complies with the condition of the Courant stability.
Accordingly, the stability of subgridding algorithm could locally refine the mesh.
Therefore, solution precision may be improved with no significant increase in the
computational efforts.

3.2.1. FDTD Implementation
The approach of FDTD is used to solve Maxwell's curl equations for electric and
magnetic vector fields inside a finite computational domain trimmed by suitable
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boundary conditions. When the electric and magnetic losses exist, Maxwell's curl
equations in differential form for a source and isotropic medium are

  E  
 H  
In equations (3.1) and (3.2),

H
 *H
t

(3.1)

E
 E
t

(3.2)

*is the magnetic resistivity in

the electric conductivity in S/m,  E and 

*

H

 /m, therefore,

 is

are the losses of electric and

magnetic correspondingly that might occur within the medium. In Cartesian
coordinates, (3.1) and (3.2) yield the following scalar equations


H x 1  E y E z
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(3.6)

E y

1  H x H z


 Ey 

  z
x


(3.7)
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t
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By following the original notation of Yee's [158], a space point within the
rectangular grid is determined as following and Figure 3.1:
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(i, j , k )  (i x , j y , k  z )

(3.9)

Let F denote any function of discrete space and time

F ( i  x , j  y , k  z , n  t )  Fi n, j , k
The x ,

y and

(3.10)

z are, correspondingly are the increments of grid space in

directions of x, y and z and t is the increment of time. Using an approximation of
the central finite-difference, space and time derivatives of F can be written as
n

n

2
Fi  1 / 2, j , k  Fi 1 / 2, j , k
F

 O ( x )
x
x

(3.11)

Fin, j, 1k / 2  Fin, j, 1k / 2
F

 O (t ) 2
t
t

(3.12)

Fin, j, 1k / 2  Fin, j, 1k / 2
F

 O (t ) 2
t
t

(3.12)

Figure 0-1 Cell FDTD structure; (a) Axes discretization, (b) cells number and
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2
In formula (3.11), O(x) is the term of errors that characterise the completely

remaining terms in a Taylor series expansion and equation (3.11) is recognised
as a central finite difference system in space with second-order accuracy.
Similarly, (3.12) is second-order accurate in time. By applying Yee's finitedifference scheme to (3.3):

 Eyn

 E y in, j , k 1 / 2


i
j
k

,
,
1
/
2
n 1 / 2
n 1 / 2
H x i, j , k  H x i, j , k

1 
z



n
n
 i, j , k  E z i, j 1 / 2, k  E y i, j 1 / 2, k
t
*

  H x in, j , k 

y



(3.13)

The H x in, j , k field component in (3.13) is calculated at time step n, however, due
to the unavailability of the amount of H x in, j , k at time step n, the next interpolated
calculation is exploited:
n 1 / 2

H x i , j ,k 

(3.14)

n 1 / 2

H x i , j ,k  H x i , j ,k
2

By replacing equation (3.14) with (3.13), then moving the entire remaining terms
to the right and keeping H x in, j ,1k/ 2 on the left-hand side, supposing the cells of
cubical FDTD are utilized, the updating equation of the finite difference for both
the magnetic and electric field components may be developed and obtained as
follows:
n
E n
y i, j , k 1 / 2  E y i, j , k 1 / 2

n 1 / 2
n 1 / 2
H x i, j , k  Da, H x
H
 Db, H x
n
i, j , k x i, j , k
i, j , k   E n
z i, j 1 / 2, k  E z i, j 1 / 2, k


H

n 1 / 2
y i, j , k

 Da, H y

i, j, k

H

n 1 / 2
y i, j, k

 Db , H y
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n
E n
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(3.15)

(3.16)
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(3.20)

The coefficients that are on the left-hand side denoted to as Yee's updating
coefficients. The coefficients of the electric field could be described in the
following terms as:
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(3.22)

and the magnetic updating coefficients are:
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2
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2

i , j , k 


(3.23)

(3.24)

where m could represent x, y or z and

 m

represents the size of the cell in the

m-direction. Supposing that when the assembly is in the examination and
comprises of several material kinds (dielectric and/or magnetic), the updating
coefficients of both the electric and magnetic fields may be seamlessly obtained
from Equations (3.21)-(3.24) prior time stepping algorithm FDTD begins. The
components of the electric and magnetic fields are positioned half a cell one from
another in Yee’s cell, as shown in Figure 3.1c.

Figure 0.2 Time stepping FDTD algorithm flow chart
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The component of E or H in three-dimensional space is respectively bounded
with four circulating H or E components. Such arrangement of the fields helps in
realising of a discretised version of Maxwell's equations.

Once well defining the spatial resolution established from the features of the
geometry and the operating frequency, an appropriate time step size should be
chosen in such a way that stability is presented (see before). As the flowchart in
Figure 3.2 illustrates, a leapfrog procedure between E and H components are
applied in order to execute the time stepping FDTD algorithm. The displacement
of the half-cell between the E and H grids reveals the physical reality, in which
the computer should alternately function through them.

3.2.2 Stability and Accuracy of the FDTD Technique
In order to validate the computed results, the spatial increment  should be small
in contrast to the wavelength (usually   / 10 ) and the scatterer minimum
dimensions (whichever is smaller). To get stability, the numerical solution of the
differential equation must not increase in prospect time steps in a manageable
way. When the suitable spatial increases are selected, stability will be
accomplished by exploiting the Courant stability condition [159], in which defines
the relation between the cell size and the time step for three-dimensional FDTD
as the following:

 maxt 

1
x

2



1
1
y
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2



1
z

(3.25)
2

where  max

is the maximum velocity of the wave phase inside the model. In

the case of cubic cell whose cell size is  , in a d-dimensional (d=1, 2 or 3)
spatially homogeneous FDTD grid, equation (3.25) becomes:

t 



 max d

(3.26)

In order to reduce the running time requirement of the computer, the time step
ought to be selected as large as possible yet satisfying equation (3.26). The
selection of the reduced time steps can provide further accuracy, however, the
time of simulation run will be longer.

In fact, the stability likewise relies on the algorithm that involved in modelling the
Absorbing Boundary Conditions (ABC) for simulating the extension of a domain
to infinity. The efficient type of ABC exploited within this studying of the thesis will
be theoretically detailed and stated in the next section.

3.2.2 Absorbing Boundary Conditions (ABC)
The key basic considerations of the FDTD technique for radiation problems is
simulating the extension of the lattice to infinity to model geometries in open
regions by applying an ABC at the outer boundary. The ABCs can be divided into
two categories, differential equation based ABCs and material absorber ABCs.
The Perfect Matched Layer (PML), introduced by Berenger [160] in 1994, lies in
the way problem space of FDTD being surrounded by a matched non-physical
absorber that is highly lossy . This was considered as the best and accurate
available approach of the ABCs, also it has turned out to be as a standard mainly
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in all the present FDTD simulations. Therefore, PML has been exploited and
applied within this work of the thesis and will be concisely explained in the next
sub-sections.

3.2.2.1 Berenger's Field-Splitting Formulation for the two-dimensional
case
In fact, that the plane wave incident on a planar boundary of a dispersionless
medium from free space could be seamlessly transmitted and with no reflection
(matched across a planar boundary) in the case of the completely normal incident
waves when the following matching situation is fulfilled for that medium.


*

o
o

(3.27)

In contrast, indirectly incident waves can get a partial reflection back to the free
space, consequently influencing the numerical outcomes. The PML method can
deal with such an issue, this can be done by matching the incident wave to the
absorbing boundary medium for all polarisations, all frequencies and all angles
of incidence. Starting with the TM polarisation case, in two-dimensional Cartesian
coordinates, Maxwell’s equations involve Ex, Ey and Hz components. The PML
technique employs a modified field splitting formulation by dividing the Hz
component into two components Hzx and Hzy. The resulting four field components
are joined by the following equations:

o

o

( H zx  H zy )
E x
  y Ex 
t
y

E y
t

  x Ey  

(H zx  H zy )
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x

(3.28)

(3.29)

o

E y
H zx
  *x H zx  
t
x

o

H zy
t

 *y H zy 

(3.30)

E x
y

(3.31)

Considering Figure 3.3, the FDTD problem space is surrounded by a PML of
numerous cells with different thickness and ended by Perfectly Electric
Conducting (PEC) walls on the four sides.

PML layers at the left and right sides have only

x

*
and  x (satisfying Equation

*
(3.27) ) and indicated as PML(  x ,  x , 0, 0). At the bottom and top sides only y

and  y * (satisfying Equation (3.27) as well) are present, resulting in PML (0, 0,

y,  y * ). At the corners where there is an intersection between the horizontal
*
and vertical PML, all four losses exist which gives PML (  x ,  x , y,  y * ).

Figure 0.3 Implementation of Berenger's PML ABC on a 2-D FDTD grid
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It can be noted that the wave sub-components travelling in the normal direction
to the PML medium will be subject to an intense attenuation due to the presence
of

 and * in that direction. (e.g. sides PML (  x ,

 x* , 0, 0) absorb field

components (Ey, Hzx) propagating along x as they are governed by equations
(3.29) and (3.30) ).

Meanwhile, the tangential propagated wave sub-component will penetrate into
the PML medium without any reflections since  and * are zero in that direction,
and these components will be attenuated at the corner regions. (e.g. sides
PML(x, x*, 0, 0) cannot absorb field components (Ex, Hzy) propagating along y
in the PML medium and they will be absorbed in the corner).

Suppose that the PML layer thickness is  and the incident angle of the wave
that impinges on the PML interface is  and let

 represent either

 x or y and

* represent either  x* or  y * . The electric and magnetic losses must steadily

increase with a certain profile as a function of the depth of the PML layer. At the
PML-FDTD space boundary, both  and * should be zero. With depth increase,
both losses must augment the values of 

max

and  max* in proximity to the PEC

walls. A power-law profile gives the electric loss as a function of the depth as in
following and Figure 3.4:

 
 (  e )   max  e 
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n

(3.32)

where  e is the depth into the PML, and n is a positive number (normally an
integer) and chosen to be 2 for a parabolic conductivity variation.

Figure 0.4 A power-law profile provides losses of the electric as a function of the
depth.

The magnetic loss variation inside the PML medium is similar to that of the electric
loss and defined as:



*

m 

  

* 
(  m )   max


n

(3.33)

where  m is the depth into the PML. Since the E and H components are half a
cell apart, there should be a half-cell interval between  e and  m . The net
amount of reflection from the PEC wall at normal incidence is given as [160]

R(0)  e 2 max  /( n 1) o c

(3.34)

where c is the speed of light. It has been reported [161] that R(0) 10-5 yields the
optimum performance. Using this value of the reflection coefficient

max

can be

found from equation (3.34) and  max * is obtained from the matching condition
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equation (3.27). It has also been reported in [161] that the PML ABC is at least
40 dB more accurate than the second-order Mur ABC [162], which was previously
the most popular.

3.2.2.2 PML ABC in Three-Dimensions
The following twelve equations can be obtained when applying the field splitting
formulation for a three-dimensional FDTD problem space
H xy
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t

o

o
o
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(3.46)

PML matching conditions similar to those of the special TM situation are used,
for three-dimensional PML layers in the directions x, y and z.

3.2.2.3 The PML approach numerical implementation
The Yee algorithm is used in implementing the PML technique, except that an
exponential time step algorithm is utilised when updating the fields in the PML
region. The reason is that Berenger [160] noted that the rapidity of the decay of
outgoing waves in the PML medium might be so fast that standard Yee time
stepping could not be used, and he recommended the use of exponential timestepping (used for highly lossy media [163] and [164]) as an alternative. For
example, the explicit update equations for Hzy and Exy in the PML region (applying
equations (3.40) and (3.41)) are written as:
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(3.48)

The updating equations for the other ten components are obtained in a
comparable manner.

62

The above update equations are useable throughout the regions of PML with the
exception of the interfaces. For instance, suppose that at the yL interface
(equivalent to j  j L ) in the discrete space, where j is the y-direction cell
reference as indicated in equation (3.9), then the updating equation at the
interface for the Ex component is;
E xy n 1  E xy n
i , j ,k

i , j ,k



t

 i , j L ,k .

H

n 1 / 2
z i , j 1 / 2 , k

 H zx in,j 11/ /2 2 ,k  H zy n 1 / 2

i , j 1 / 2 ,k



(3.49)

where it is assuming that  y is zero at the interface.
It is found in [165] [166] that, to diminish the PML cells thickness, the optimum
profile of conductivity is the following geometric progression;
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2  ( g N  1)



ln R (0)

g

(3.50)

So that the conductivity will be increased by the factor g from one cell to the
adjacent one. Where N is the cells number in the PML thickness and g is the
geometric grading factor. That is a practical aspect and it has to be a function of
the number of cells in the scatterer region (Ns). An empirical formula for g and Ns
can be obtained from [165]. Following the previous theory, the three-dimensional
PML ABC was implemented successfully, as in [167] and [160], applied for the
FDTD calculations. It was noticed that a thin PML layer of 4 to 8 space cells
attenuates waves sufficiently such that the numerical results were stable. For
most of the simulations done in this work a PML of 6 cells for cell size of
reasonable cell width and with a geometric grading factor of 5.34; that is resulting
normal reflection coefficient R(0) of the order of 0.01%.
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3.3

Method of Moment

The method of moments is a digital technique to effectively solve a system of
integral equations by transforming it into a matrix system solved by computer
processor [168, 169]. It is based on the criterion of nullity of a functional
incorporated from an integral of the residues generated by the difference between
the approximate solution (test function) and the exact solution, weighted by
weight functions (test functions). The test function is expressed as a series of
basic functions known the weighting coefficients are determined by solving the
linear system [169].

Indeed, the technique is exploited in such numerous avenues in order to fit
various applications such the solving of the integral equations such as that found
in [26, 170-177]. On the other hand, this method is very suitable for solving the
scattering problems and antenna designs, but the size of the objects should not
be bigger that few wavelengths. It is suggested as the number of unknowns and
matrices dimensions may be easily controlled and improved for a particular
geometry. The spectrum response may be deemed as the fascinating element,
which the Method of Moments can deal with and in particular in the case of the
frequency domain. This will lead the precise sense or meaning of the input
impedance variations over a broad range of frequencies. Generally, the antenna
input impedance of the antenna depending on several parameters such as
operation frequency, structure/geometry, type of feeding, and proximity to the
adjacent objects.
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The antenna input impedance is commonly known as the ratio of the voltage to
the current at its input port. It may be accomplished from the numerical technique
solution through the integral equation, this is broadly referred to as the Integral
Equation Method of Moments [169]. Such method also has been prolonged to
contain the electromagnetic problems.

Methodically, it is a simple, and

multipurpose, however, but a huge amounts of computation is required.

This method suffers from some constraints such as the capacity storage and
speed of the computer [168] . This method was used to solve the scattering
integral equations and electromagnetic wave. Basically, this is accomplished by
imposing boundary condition at number N of discrete points on the scattered
surface, which produces a number of equations that would be numerically
resolved in order to achieve the scattered field [168]. Commonly, this is obtained
by forming the surface as a wire grid in which the mutual and self-impedance
between the fragments wires could be computed and characterized in the
impedance matrix.

The impedance matrix is deemed as a square matrix of dimension N x N where
N is the unidentified elements of the current. By reversing the N x N matrix, the
wire solution, the current surface or volume and the antenna radiated fields might
be achieved, in which leads to the fact that is the antenna excitation is welldefined. The wire numbers, patch or volume elements that should be applied in
order to guarantee a concurrent numerical solution will be varied as a function of
the specific code implementation.
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3.3.1 MoM Implementation
Primarily, the typical approach of the MoM is followed, however, without any
completed attempt to estimate the current surface or the scattering field observed
points to a single point on the surface of the conducting scatterer. As an
alternative, both are permitted to be entirely as common points on the wire
surface and the surface current is permitted to get components both parallel to,
and transverse to the surface element axis. This concludes the form of equation
as follows:

 I j .L ( J j )  ( E i )

(3.51)

j

where Ij is a basis function for the surface current Jj, Ei is the incident electric
field strength and L is the integro-differential operator given by:

L ( J )  ( j A    ) tan

(3.52)

where A and  are the vector and scalar potentials. If a set of testing functions
Wm is defined, Equation (3.52) may be rewritten as:

 I j Wm , L ( J j )  Wm , E i

for

j  1, 2,... N

j

(3.53)

where

W m , L ( J j )    ( W m .L ( J j )) ds ' ds  Z mj

(3.54)

Wm , E i   ( Wm .E i ) ds  Vm

(3.55)

s s'

s'

where ds and ds are the scatterer surface differential areas for both the source
and the observed points correspondingly, m = 1, 2, ...N is the index of the testing
function and Z and V are the conventional abbreviations for the interaction matrix
and excitation vector terms in the Method of Moments.
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3.3.1.1

Evaluating the Impedance and Voltage Matrices

The impedance matrix elements Zmj could be described utilizing the closed
surface integral identity [178] as following:

1


Z mj  j    J j .Wm  2 (.J j )(.Wm )  g ( R ) ds ' ds
k
s s' 


(3.56)

where g(R) is the free-space Green function [179-181] and is given by the
expression:

e  jkR
g ( R) 
4R

(3.57)

R is the gap between the source and observation on the wire surface. Singular
integral takes place when R = 0 (i.e., g(R)  ). The coordinates for a point on
the surface of an arbitrary shape of elements such as rectangular, triangular or
four random points element as shown in Figure 3.5. The corresponding dipole
elements and the basis functions are illustrated in Figure 3.6.

Figure 0.5 Differential elements used for any arbitrary scatterer surface; a)
rectangular, b) triangular, c) four random points element.
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Figure 0.6 Differential dipole elements used for any arbitrary elements shown in
Figure 3.5; a) rectangular dipole elements, b) Triangular dipole element, four
random points element dipole

A combination of dipole elements between the differential elements shown in
Figure 3.5 is also possible that could appear at the edges or hard bending
surfaces. The impedance elements for the rectangular and triangular were
detailed in several kinds of literature example [182] [183]. The four random points
element will be illustrated with the help of Figure 3.7, in which it is possible to
drive the directions and value of the functions that will be substituted into the
Equation (3.56).

Figure 0.7 Local and global axes distributions along the left differential
element of Figure 3.6c.
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The point coordinates on the surface of the left element of Figure 3.58 in the
direction of u direction can be given by:

u  p , q   ( q1  q 2 ) aˆ q  p 2 aˆ p

(3.58)

Where

â q and â p are the unit vectors for the axes q and p respectively. q1  q ,
q 2  mp  b and

p 2  p . Similarly, the co-ordinates in the direction of v

direction could be represented in terms of the local axes m and n.

In the case that the surface current is prolonged over the element surface by
means of triangular basis functions, where the variation of the current continuity
is finite [184], then as an illustration, such functions into u direction (may be stated
from:

u
 

f

u
f u   
u
 f   1

u

for

0  u  u

and

v1  v  v 2

u
f ' u   f ' u   
u

for

0  u  u

and

v1  v  v 2

'

where f (u ) is the differentiation of

(3.59)

(3.60)

f (u ) and u is the patch length at any

value of v between v1 and v2 presented in Figure 3.7. A uniform f(v) function
combined with f(u) all over the differential element. It should be noted that the
similar basis functions in the directions of
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âv , can be specified in a similar way.

The testing functions are selected in order to equal to the expansion basis
functions (Galerkin’s method), producing asymmetric impedance matrix.
Therefore, by replacing Equations (3.59)-(3.60) with Equation (3.56), the
elements of the impedance matrix may be met. Take an example, the impedance
element for basis and test function in u direction may be described or written as
follows:

1


Z uu '  j    aˆ u .aˆ u ' f (u ) f (u ' )  2 f ' (u ) f ' (u ' )  g ( R )ds ' ds
k
s s' 


(3.61)

where

uˆ  p , q  

( q1  q 2 ) aˆ q  p 2 aˆ p
( q1  q 2 ) aˆ q  p 2 aˆ p

(3.62)

The other elements of self and mutual impedance in the case of the entire other
basis directions could be accomplished in a comparable approach. The
magnitude of R is written as:

R

x  x '2   y  y '2  z  z '2

(3.63)

Since x, y and z are the functions of u and v, then R is also a function of u and v.

3.4

Hybrid Methods

Field Computation using the hybridization approach takes advantage of features
that provided by a number of methodologies to analyse the electromagnetic
issues, which may not be resolved appropriately or precisely by applying single
method alone. Illustrations of such issues contain those comprising arbitrarilyoriented, antennas that are thin-wired and inhomogeneous dielectric scatterers,
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which are applied in several topics, i.e detection of microwave breast tumour
[185] [186], ground penetrating radar [187] [188], hyperthermia treatments [189]
and electromagnetic compatibility [190] [191] [192] [193] [194].

Hybrid methods divide the problem into sub-problems to be solved individually
using the most suitable method and finally recombining the sub-solutions. Both
the Method of Moments Time Domain or Frequency Domain (MoMTD/MoMFD)
and Finite Difference Time Domain (FDTD) analyses were hybridised with several
numerical techniques and reported in the literature. The following is a summary
of relevant MoM and FDTD hybrid combinations with other methods.

The methods of Ray-based hybrid joining the Geometrical Theory of Diffraction
(GTD) and Uniform Geometrical Theory of Diffraction (UTD) with MoM were
heavily implemented [195] [196] [197] , they are in particular appropriate, in the
case of a tiny object, for example, an antenna that is from a dipole type is
positioned facing an object that is an electrically large such as a reflecting screen.

At that point, MoM is applied on the tiny object, and the effect of the huge body
is found by exploiting the GTD/UTD. lately, in [58] [55], a current based hybrid
method was presented, which combines the MoM with the physical optics (PO)
approximation, this is the proper approach for three-dimensional perfectly
conducting bodies. This allowed current flows continuously that is made utilizing
the two methods overall surface of the scattering body. Then, a gathering of MoM
with the Finite Element method (FE) was reported in many publications, e.g. in
[198]. The problems of EM radiation comprising of an inhomogeneous dielectric
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body of arbitrary shape (e.g. printed circuit boards) joint to one or more perfectly
conducting bodies, for example, cables, strips and wires. The FE technique is
such an efficiently differential equation technique, which is normally being
employed within the frequency domain. In [199] a hybrid of three numerical
methods, FE, GTD and MoM has been demonstrated in order to investigate the
radiation features in the case of cavity-backed aperture antennas with a finite
ground plane. Yet, the struggle of recognizing open domain boundaries has been
such a restriction as stated in [200].The generation of FE mesh in three
dimensions is still also not easy mission. Whereas realistically promising
approaches are exist for the discretisation of technical assemblies, the trouble
and harshness of producing finite element models for the classically very
inhomogeneous issues in dosimetry presently stops prevalent use. Tha additional
important three-method hybrid was GEMACS5.2 [201] that joint MoM, GTD and
the Frequency-Domain Finite Difference method (FDFD). This has been
envisioned for the simulation of aircraft and the FDFD domain using a nonstandard formulation, specifically for penetrating cavities in aircraft.
On the other hand, the FDTD technique was utilized in combination with other
numerical methods. In 1993 Aoyagi et al. [202] employed the algorithm of Yee in
combination with the scalar wave equation for the purpose of computations
reduction that required to devolve a Vivaldi antenna. Cangellaris et al in [203]
applied the technique of hybrid spectral-FDTD for the propagation analysis in
anisotropic, inhomogeneous periodic structures. Lee and Wang [204] [205]
presented a hybrid ray-FDTD approach to examine the cavity scattering with a
complex end and wave penetration via inhomogeneous walls. In 1994,
Mrozowski [206] demonstrated a hybrid FDTD-PEE (partial eigenfunction
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expansion) technique for speeding up the FDTD technique, while providing a
solution for the problems of shielded structure. Additional to the previous survey,
finite element and finite volume approaches were later joined with FDTD, [192]
[207][151] in order to accurately model bent structure and those with fine
characteristics.

Hybrid procedures that are fully functioning in the time domain were previously
presented [208][57][209], however, the time-domain MoM still considered as it is
not mature and flexible compared to the frequency-domain form. The advantage
of a version of time-domain MoM is to generate data in the range of broad
frequency. Moreover, no an iterative process is required to pair with FDTD,
however a huge time run is needed while the junction is treated with more than
two wires [210], In contrary to the version of frequency domain , where the
structures of complex metallic can be precisely made with less period of time run
and with further resilience for modelling different complex geometries.
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Figure 0.8 Basic Geometry of Hybrid Combination of Frequency domain MoM
and FDTD

Figure 3.8 shows the simple geometry of the hybrid merging of frequency domain
MoM and FDTD, recommended by Mangoud [211][212], in 2000. The hybrid
FDMoM/FDTD

numerical

technique

overcomes

the

shortcomings

of

homogeneous FDTD and MoM in effectively solving several problems of
electromagnetic interaction scattering. In 2004, novel hybrid technique combines
the three methods of FDTD, the FETD and the MoMTD to study the issues of
thin-wire antennas that radiate closely to the arbitrarily-shaped inhomogeneous
bodies [194]. In [194], staircase mistakes [213] from FDTD may be diminished
with the aid of employing a Finite Element Method (FEM), however, this process
needs high computational resources. Recently, the method in errors [211] has
been prolonged in order to involve the investigation the response of wideband
antenna utilizing an impedance interpolation technique [193] to reduce the
computation time on the MoM side.
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3.4.1 Hybrid Method Formulation

The hybrid method formulation using the total/scattered field formulation is
presented including the Huygens surface considerations to couple the fields
between two numerical methods such as the MoM and FDTD [182] [214] [56]. A
computer code was written for implementing the MoM/FDTD hybrid technique,
using the core of MoM code and FDTD code discussed in this chapter. Changes
made to those codes based on some other considerations and programming
aspects early used in [211] [215] [212]. The following implementation steps
illustrate in detail the programming issues and code subroutines that have been
implemented for the hybrid MoM/FDTD program, as illustrated in the flowchart of
Figure 3.9.

The fundamental dimensions and discretisation can be summarised as follows:
the problem space size was calculated as px, py and pz without PML layers and
for the step size in x, y and z directions in general cubic FDTD cells was used, so

x = y = z = . The time step was chosen to accord with the numerical stability
condition:  t 


c

3

.

The number of layers of the PML ABC was named n layer, generally set equal to
6, with the reflection coefficient for normal incidence 10-2, and geometric grading
factor ‘ggrade’ coefficients. The working frequency was named freq, the number
of run-time steps nmax, where:
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nmax



Nc
freq  dt

(3.64)

where Nc is the number of cycles. For the Huygens surface (Sc) the following
assignments were made for the rectangular surface faces, referenced within the
FDTD grid lattice: xmin, xmax, ymin, ymax, zmin and zmax. The values of these
depend mainly on the size of the source (antenna) used and modelled by MoM.
The Huygens back-scattered surface (Sc-) inside the first Huygens surface in the
scattered region was referenced as: xminb, xmaxb, yminb, ymaxb, zminb and
zmaxb.
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start
FDTD Problem space size and time step
calculations

Calculations of equivalent surface fields (surface currents) coordinates
+ import coordinates file to MoM code
Model Source Antenna geometry (MoM)

Solve for antenna currents (MoM) with this iteration's voltage
source excitation

Evaluate surface currents (J,M) on Huygens surface at the
previously calculated coordinates (Sc)
DFT the surface current values to be ready as time function excitations
for FDTD code

Scatterer geometry modelling inside the FDTD total field region for the predefined
problem space

Modified FDTD algorithm: general H, E; ABC H, E and H,
E for Huygens surface excitations updating equations
Evaluate magnitude and phase of back scattered surface currents (Jbs,Mbs) on Huygens
surface on scattered region (Sc-) and far field transformation virtual surface

n  n max

No

MoM back scattered voltage (Vb) on the antenna calculations
to be added to the free space excitation (V1)
No

Convergence?

SAR, far field, resultant near field
calculations for the last iteration.

End

Figure 0.9 Hybrid MoM/FDTD program flow chart
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Finally, the origin of coordinates for the MoM modelled source (antenna)
geometry was set at the centre of the edge defining the Ez of FDTD cell reference
(ax, ay, az), as shown in Figures 3.10 and 3.11. Also, in general, the far field
virtual surface and radiated power virtual surface Sa is located at ffxmin = nlayer+2,
ffxmax = mx-nlayer-2, ffymin = nlayer+2, ffymax = my-nlayer-2 and ffzmin = nlayer+2,
ffzmax = mz-nlayer-2.

mz
(Number of Ex components
in z direction)

z

mzm1
(Number of Ez components
in z direction)
mz - nlayer

Meq on Huygens
surface (Sc)
Jeq on Huygens
surface (Sc)

zmax
(Cell reference of upper
face of Huygens surface)

MoM modelled
antenna origin
Ez(ax,az)

az
(FDTD origin cell
z reference)
zmin
(Cell reference of lower
face of Huygens surface)

Ez(mx,nlayer)

nlayer
(Number of PML
cells in z direction)
1

x
1

nlayer
(Number of
PML
cells in x
direction)

xmin
(Cell
reference of
left face of
Huygens
surface)

ax
(FDTD
origin cell x
reference)

mx - nlayer
xmax
mxm1
(Cell
(Number of Ex
reference of
components in x
right face of
direction)
Huygens
surface)

Figure 0.10 plane cross section of the 3D problem space showing ABC layers
and equivalent surface with respect to the reference cell

78

Figure 0.11 Calculations of electric and magnetic field component separation
distance with respect to a reference Ez (ax,ay,az) component considered as
MoM origin

Decomposing the problem geometry, the source and the scatterer are located in
two separate regions. Here, there are two sub-geometries: the antenna geometry
and scatterer geometry. As shown in Figure 3.12, two different techniques may
be applied.
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(a) Modified total/scattered field formulation: As shown in Figure 3.12(a), the
Huygens surface surrounds the antenna: in this case the virtual surface
depends on the antenna size, and it is suitable for use in electromagnetic
dosimetry of handheld antennas, subsurface radars and in general when
the source is close to the scatterer and the size of the source is less than
that of the scatterer. The size of the equivalent surfaces Sc and Sc- will be
relatively small in this technique.

(b) Total/scattered field formulation: The total field is considered inside the
Huygens surface Sc and the scattered field outside, as shown in Figure
3.12(b). This formulation will be more suitable if the scatterer size is
smaller than that of the source, or if the source is far from the scatterer
such as in the case for modelling of base station interaction with the human
body. It should be noted that the source antenna could be completely
outside the problem space region.

Figure 0.12 two different techniques for the hybrid MoM/FDTD method
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Both methods were utilized and it was concluded that the decomposition should
be chosen depending on the physical size and the separation of the source and
scatterer. The question is how the size of the Huygens surfaces Sc and Sc- could
be chosen and how they will affect the accuracy of the results.

3.4.2 Numerical Solutions Applying Optimization Process

The optimization process using FF and hybrid formulation through MoM and
FDTD is illustrated in Figure 3.13. The convergence within the hybrid method was
established within a few iterations, as it is assumed from earlier work by [65] that
between 3 to 4 iterations were quite sufficient to achieve reasonable solutions.
The optimization processes were applied for two examples in this section. These
examples are illustrated as in following:

Figure 0.13 Optimisation process of the FF with hybrid method of MoM and
FDTD.
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Example 5.1: Dipole Adjacent to Perfectly Conducting Plate
An antenna adjacent to a perfectly conducting plate was chosen as a verification
example for the developed hybrid code with FF optimisation process as shown in
Figure 3.14. The antenna was modelled using wire code MoM: it was a halfwavelength dipole directed along the z-axis. The conducting plate used had
height = 3/2 and width = , modelled by FDTD exactly as for the verification
example of the time-domain MoM/FDTD technique used in [190]. A conducting
plate is better than a wire dipole as a scatterer object to be modelled by FDTD
since no radius needs to be taken into consideration in this case.

Figure 0.14 The antenna and reflector models within the hybrid method.

The separation distance Dc between the antenna and the plate was varied and
the input impedance of the dipole was the target of comparisons. The details of
the full parameters used for this example is given in Tables 3.1, 3.2 and 3.3.
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It may be noted from Tables ( 3.1 - 3.3) for run 1 the modified total/scattered field
was used with Huygens surface of size (20660) that replaces the dipole in
FDTD grids. This was fixed at the location shown in the table and the plate was
made to be movable in the problem space. For run 2 also, the modified
total/scattered field was used, but in this case, the plate was fixed and the
(121836) Huygens surface was made movable. For run 3 the total/scattered
field was used with Huygens surface size (501085) surrounding the plate.
Table 0.1 nput MoM and FDTD parameter of Example 5.1 (run 1)
FDTD parameters
Modified total/scattered field
961 MHz
71,40,96
83,52,108
8251107
6

0.00624 = 0.02
5 ps
t
Time cycles
15
(Dipole centre) ax, ay, az
42,15,54
32,52
xmin, xmax
12,18
ymin, ymax
24,84
zmin, zmax
Huygens surface size (Sc)
20660 (fixed)
Plate centre
42, 15+Dc ,54
17,67
pxmin, pxmax
17,92
pzmin, pzmax
MoM parameters: radius of the wire = 2mm, number of segments = 17,
source segment number = 9. Coordinates of the end 1 antenna = (0,0,78)mm, coordinates of the end 2 antenna = (0,0,78)mm.
Note: In this case, the Huygens surface was fixed while the plate location varied
inside the FDTD: Dc is the variable separation distance between the
antenna and the plate (in FDTD cells number)
Formulation
Operating frequency
px, py, pz
mx, my, mz
Total number of FDTD cells
Nlayer

Figures 3.15 and 3.16 illustrate contours of electric field distribution for the central
y-z and x-y planes for run 1. Both the surface of the plate and the Huygens
surface can be distinguished from the figures. It can be seen that the plate reflects
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the incident signal from the dipole and that the inner (scattered) region of the
Huygens surface contains non-zero values for the backscattered field.

Table 0.2 Input FDTD parameter of Example 5.1 (run 2)
FDTD parameters
Formulation
Modified total/scattered field
37, 22-37*, 49
ax, ay, az
31,43
xmin, xmax
13-28* , 31-46*
ymin, ymax
32,68
zmin, zmax
Huygens surface size (Sc)
121836
Plate centre
37,12,49 (fixed)
12,62
pxmin, pxmax
12,87
pzmin, pzmax
Note: In this case, the plate model was fixed while the Huygens surface location
varied inside the FDTD
(*) indicates variable parameters according to the variation of the antenna
and the plate separation distance.
Table 0.3 Input FDTD parameter of Example 5.1 (run 3)
FDTD parameters
Formulation
Total/scattered field
42,17,54
ax, ay, az
12,72
xmin, xmax
12,22
ymin, ymax
12,97
zmin, zmax
Huygens surface size (Sc)
501085
Plate centre
42,17,54
17,67
pxmin, pxmax
17,92
pzmin, pzmax
Note: in this case, the plate and Huygens surface was fixed inside the FDTD and
the dipole location varied in the MoM model.
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Figure 0.15 Contours of electric field distribution for central y-z plane (in dB)
with run 1

Figure 0.16 Contours of electric field distribution for central x-y plane (in dB)
with run 1
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In this example, the dipole should be matched to 100 ohms characteristic
impedance based on optimisation the distance ‘d’ between the dipole and the
conducting plate. A simple fitness function is stated within the FF method and
given by:

Fit 

R  100
X

100
100

The FF method is characterized by the following: Max gen = 50,
min

= 0.2 and

(3.65)

= 1, npop, 20,

= 0.5. It is clear that all runs become stable after four iterations

of the hybrid. At this point these, are 31% difference from the first iteration for the
resistance and 2% for the reactance compared to [216]. This is a remarkably low
number of iterations: for a highly resonant structure since this depends on the
percentage of back scattered field with respect to the forward field. The FF was
converging within few iterations as illustrated in Figure 3.17 and 3.18. The
optimum distance was found around d = 2.42 wavelengths that is clearly matched
the results achieved by [216]; whereas the input impedance found around 94+ j17
Ohms.
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Figure 0.17 The variations of cumulative function for FF algorithm for 5
attempts; (a) the fitness variations, (b) the variations of cumulative function.
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Example 5.2: Bow-Tie Dipole Adjacent to Lossy Dielectric
In this example the optimization of Bowtie antenna (see Figure 3.18) next to lossy
dielectric rectangular volume shown in Figure 3.19 is simulated and studied to
achieve stable frequency response over a wide range, having dimensions 1.25
(the wavelength is corresponding to the centre frequency 2.5 GHz), 0.833 and
1.66, with dielectric properties r = 52,  = 0.85 inserted into the total field region.
The separation distance ‘d’ between the dipole and the dielectric was varied over
three values; these are 10, 20 and 30 mm. This problem was simulated using
hybrid MoM/FDTD as shown in Figure 3.19. The antenna design was optimised
using the Firefly algorithm in a similar way shown in Figure 3.13. The Hygiene
surface that encloses the dielectric material was modelled using a number of
cubical cells equal to 584274 (the cell size is equivalent to 0.025, that is 3 mm
in this example). Table 3.5 shows the input parameters for the simulation of this
problem. We have set up three cases for the flare angle and then optimised the
length arm of the Bowtie antenna for distances from the dielectric volume.

It is aimed to achieve the matching over a wide bandwidth of around 2.5 GHz.
Therefore, the fitness function for the FF algorithms was covered by few
frequencies components that possible to meet the best matching at the port of
the antenna. The fitness function was determined by the following function:
n
 R( f i )  Z o
X ( fi )  X o

fit   wi 
i 1
Zo
Zo







(3.10)

where Zo = Ro + J Xo is the characteristic impedance. And wi is the ith weighting
coefficient used to adjust the impedance value at the operating frequency fi.
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Table 0.4 Input MoM, FDTD and FF parameters of Example 5.2.
FDTD parameters
Formulation
Total/scattered field
Operating frequencies
1.5, 2.5, 3 GHz
58,42,74
px, py, pz
78,62,94
mx, my, mz
Total number of FDTD cells
776193 = 436821
8
nlayer
0.003

4 ps
t
Time cycles
25
17,17,23
ax, ay, az
nlayer+6, mx-nlayer-6
xmin, xmax
nlayer+6, my-nlayer-6
ymin, ymax
nlayer+6, my-nlayer-6
zmin, zmax
Huygens surface size (Sc) mm
174  126  222

MoM parameters: The Bowtie antenna was modelled and optimised subject to:
flare angle
d1
Length (d/2)

Case 1: 25 to 35
Case 2: 45 to 55
Case 3: 55 to 65
Case 1: 10 mm
Case 2: 20 mm
Case 3: 30 mm
15 mm to 30 mm

The FF method is characterized by the following: Max gen = 100,
20, min = 0.2 and = 0.5.

= 1, npop,

The fitness functions and the cumulative functions for case 1 at 10 mm and case
3 at 30 mm were shown in Figures 3.20 and 3.21 respectively. It could be noticed
the slightly difference into the convergence process of both cases, and this
caused by the strong coupling when the antenna near enough to the dielectric
volume. Again the hybrid was capable to be converged within less than 5 to 8
iterations. It is also attended to keep the bounded values on most of the values
as stated in Table 3.4. The return loss for various lengths of antenna arm (d/2)
was illustrated into the Figure 3.18 for the case 1. It is quite clear a bandwidth of
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around 1750 MHz can be achieved for few arm lengths as optimised clearly for
flare angle about 30 degrees.

Figure 0.18 Basis geometry for the Bowtie antenna.

This example shows how dielectric modelling in the hybrid code is much efficient
than when using of pure MoM code, from the memory requirement and
computational time aspects.
For the hybrid code, the memory requirements for this example can be calculated
as:
 FDTD requirement: 686892 (problem space size in cells)  6 (number of
field components in each cell)  4 (single precision is adequate here to give
accurate results) =10209792 = 9.97 Mbyte.
 Hybrid Huygens surface Requirement: 202044 (number of patches on Sc
Huygens surface)  4 (for tangential surface currents)  4 (single precision
words)= 281600=275 Kbyte
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By adding the rest of the arrays used in the far field and backscattered
calculations, it is clear that the memory size requirements for the hybrid code are
hundreds of times smaller (for this example) than those of adopting MoM as in
[216]. This disparity will be far greater for a realistically sized dielectric object,
such as the head. Also, it is found that the hybrid code with its iterative procedure
needs less computational time than that used by direct modelling of the source
and the scatterer at the same domain.

Figure 0.19 Hybrid MoM/FDTD model for a half-wavelength dipole adjacent to a
dielectric slab with dimensions (0.12,0.06,0.51) lambda.
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(a)

(b)
Figure 0-20 Case 1 at d1 = 1 cm for 5 attempts of the FF algorithm; (a) the
fitness variations, (b) the variations of cumulative function.
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(a)

(b)
Figure 0-21 Case 3 at d1 = 3 cm for 5 attempts of the FF algorithm; (a) the
fitness variations, (b) the variations of cumulative function.

93

0
-5

Reflection Coefficient

-10
-15
-20
0 mm
3.25mm
6.4 mm
8.3 mm
10.4 mm
14.0 mm

-25
-30
-35
-40
1

1.5

2

2.5
3
Frequency (GHz)

3.5

4

Figure 0-22 Return loss at the input port for different cuts distances from the
edge of the antenna arm.

3.5

Summarized Conclusions

This chapter unfolds the theoretical concept of FDTD principles including the
derivation of the magnetic and electric field update equations, parameters that
control the stability and accuracy, and finally the implementation of Berenger’s
PML absorbing boundary condition. The surface kernel solution of the Method of
Moments for four random point’s differential element has also been presented.

This chapter also described the hybridisation between MoM-FDTD computational
method. The modelling on multiple-region hybrid techniques with frequencydomain MoM and time-domain FDTD are suggested and investigated. The
method is validated for near field and far field applications particularly on the
interaction between electromagnetic fields of one source and scatterer.
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Chapter 4
Evaluation of GA, PSO, and Firefly (FF) Algorithms for UWB Antenna
Design
4.1

Introduction
4.1.1 Background and Motivations

The antenna is an essential component of the wireless world. The transfer of
electromagnetic waves should be made in such a reliable manner. In fact, the
antenna is made up from the conductive segments and also may have dielectric
components; this was the case of the radio systems at the start of 20th century.
Over the recent years, the exponential and linear developments in technology
zeros and ones are allowing rapid advances to be made in many other domains
of science, have led to components miniaturization, enhancing the transmitted
information, higher data rates and almost a full saturation of the frequency
spectrum among others. Over the technology developments, devices are getting
more complicated and complex, in which the antennas are required to be
miniaturized.

Ultra-wideband is a perfect sample of all these technological improvements. It
tries to mitigate the saturation of the frequency and transmits at the very low level
of power over a range of frequency, which is already occupied. The features of
very low power that makes the UWB invisible for the radio systems where they
are sharing the same frequencies. Due to the spectrum of ultra-wideband, it
allows transmitting data at high data rates, enhancing with such amount of
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transmitted data per second. On the other hand, it is very complicated to its
implementation, since the devices operate with lower input power and should be
smaller.

In order to design UWB antenna is a type of antenna that extremely operates
over wide impedance bandwidth. The frequency spectrum for UWB applications
is realised by the FCC, which apportioned an unlicensed band from 3.1GHz to
10.6GHz [217]. Therefore, a bandwidth of around to 7.5GHz is needed for a
practical UWB antenna. In common, the reflection coefficient for the complete
ultra-wideband needs to be in the condition of less than -10dB. Following, in the
scenario

of

indoor

wireless

communication,

the

radiation

pattern

is

omnidirectional is required an antenna that operates over a broad frequency
range, which enables appropriateness in communicating the transmitters with the
receivers. For that reason, low directivity is wanted and the power gain needs to
be as uniform as possible for different directions.

In general, solving the electromagnetic optimization issues might bring
discontinuous and non-differentiable regions, and very regularly, it is required to
present appropriate approximations of the electromagnetic situation for
conserving computational resources. The evolutionary computation has come up
with some advantages that include the ability to figure out a global optimum, with
avoiding being confined within the local optima, also the probability to bring
discontinuous and nonlinear problems, with a large number of variables.
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When designing the UWB antenna, a number of antenna parameters can get
improved such as impedance bandwidth, power gain, radiation pattern, etc. On
the other hand, this chapter will emphasis on the bandwidth improvement, as
the bandwidth of patch antennas is considered as a narrow, and this is not
suitable for use in UWB applications, and also potentially deemed as the most
challenging optimization parameter.

This chapter presents the optimization of two UWB antennas to enhance the
bandwidth with very small sizes. In the first antenna which is a rectangular
patch ,genetic algorithm , Particle swarm

and firefly algorithms with a

single objective function are used to optimize the antenna parameters
to achieve the desired goal which is bandwidth enhancement while in
the second antenna which is a circular patch all the particular algorithms
are used as a multi-objectives to enhance the bandwidth and make the
antenna resonate at a specific frequency ( in a specific band ).

4.1.2 State of the Art of the present Research
The origins of

UWB antennas are assigned at the very beginning of the radio

communications history, back to 19th century, to a “spark gap” era. Spark gap
transmitters were used by radio pioneers such as Hertz, Tesla or Marconi in their
experiments. Actually a spark gap was “UWB”

by accident not by design,

nevertheless, many early antenna design was ultra-wideband [218]. Oliver Lodge
proposed a concept of narrowband frequency domain radio and invented the first
practical radio tuning system and preferred consisting of triangular metallic pieces
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in 1898 [219], is a clear precursor of today ’s well known UWB bow-tie antennas.
For this reason, Schantz attributes the disclosure of the field of UWB antennas to
the year 1898, initialized by Oliver Lodge.

Spark gap era inventors such as Hertz, Marconi or Bose (inventor of pyramidal
and conical horn) developed and used first UWB

antennas. The fact that the

history of UWB antennas was not subject to the same scrutiny, as the history of
spark-gap transmitters, is the reason that some of the antenna designs have been
forgotten to be rediscovered later.

The origin of UWB technology similar to what is known today as UWB dates
back to 1960´s when a feasibility of a communication system using very short
pulses was studied by Ross [220]. The invention of the sampling oscilloscope by
Hewlett-Packard in 1962, opened the path to a direct measurement of impulse
responses of microwave circuits. This motivated the research in time-domain
electromagnetics and revealed the potential of pulse-based transmission for
radar and communications.

While working at Sperry Research Center, Ross applied impulse measurement
methods to the broadband design radiating antennas and consequently, using
the same tools, to the design of short pulse radar. The first UWB communications
patent was awarded in 1976 to Sperry

Research

Center, for a transmitter-

receiver system using short base-band pulses, developed by Ross[221].
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Due to the inherent properties of UWB technology, it was developed during the
80’s for strictly military applications. This approach was referred to as “baseband”, “carrier-free” or “impulse” communications. In 1989, the term UWB was
introduced by the US Department of Defense (DoD), for signals having at least
1.5GHz bandwidth or a 20dB fractional impedance bandwidth exceeding 25%.
Since 1994, several efforts in UWB field, previously realised under classified U.S.
government programs, was implemented without any limitations and the advance
of UWB paradigm was significantly enhanced.

The

Federal

Communications

Commission

(FCC) proposed a rulemaking

group to regulate UWB communication systems and the first regulatory report
was released on April

22, 2002. In this report, FCC defines a term Ultra-

Wideband system as a communication system having a fractional bandwidth
larger than 20% or a bandwidth of more than

500 MHz [217]. Fractional

bandwidth is defined as a difference between upper and lower frequencies
(

;

) of the operational frequency band divided by its center frequency

( ). The center frequency can be defined as arithmetic or geometric average
of (

) and (

) frequencies. The difference from narrowband

systems

is that in narrowband the bandwidth is typically 10% or less of the center
frequency.

Since the technology of wireless communication has become tremendously
ubiquitous, this has led to an increased demand for optimized systems that are
suitable for high data rates. Referring to the theorem of Shannon-Hartley [222],
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the potential increased data rate, or capacity, for an ideal band-limited channel
disturbed by additive white Gaussian noise (AWGN) is associated to the
bandwidth as well as transmission power, or that enhancing if one would enhance
the maximum data rate. But, in the case of power increasing, it is a costly process
in particular for wireless devices which in fact depends on the power of the
battery. Furthermore, because of the logarithmic relationship to power and linear
relationship to bandwidth, doubling the channel capacity will need double the
bandwidth, but with an increase in power, up to four times. Consequently,
enhancing the available bandwidth is the most promising solution.

To improve the bandwidth, a number of promising approaches have been
presented, these include, parasitic elements [223], bevelling [224], multi-feeding
[225], short posts [226], and semi-circular bases [227]. These structures have led
to antennas, which are actually large in size and complicated to integrate with the
circuit board. Lately, there was a focus to use the algorithms inspired from natural
procedures to come up with a solution for the problems of the antenna
optimization problem.

Unfortunately, the possibility of improving the bandwidth might not constantly be
accessible because of the radio frequency spectrum careful regulation, that is
pursuing to mitigate the envisaged interferences between transmissions due to
the nearby slices of the spectrum [228]. To deal with this issue, it is recommended
to develop an antenna that contains bandstop filtering features at such specific
bands that leads to an interference suppression [229-233].
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Over the last years, there was a focus to use the algorithms inspired from natural
procedures to come up with a solution for the problems of the antenna
optimization problem. These are a Genetic algorithm, particle swarm optimization
and an ant colony.

In 2000, Choo et al. Proposed the use of genetic algorithm (GA) for the type of
microstrip antennas that are printed on FR-4 substrate for use broadband
applications. The obtained outcomes from the GA- improved antenna
demonstrates fair agreement with numerical calculation. The improved patch
structure accomplished an improvement of four times in the bandwidth comparing
to the typical square microstrip antenna [234].

In 2001, Parker et al. Presented Crossed dipoles as dual polarized elements in
frequency selective surface arrays. A genetic algorithm has been used to reduce
the drift of the reflection band, to become stable over a broad-ranging of angles
to beyond 60o, even on thin substrates [235].

In 2002, Pissoort et al. proposed a planar broad-band structure that is developed
in a way of joining two methods namely, the genetic algorithm (GA) and a Method
of Moments (MOM). The GA optimized the profile of the metallization pattern for
the return loss reduction in the selected frequency band, while the return loss is
calculated with a MOM study [236].
In 2002 also, Choo et al. presented a GA for modelling a wire antenna that is
electrically small with the consideration of two key parameters, i.e. bandwidth and
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efficiency. A family of the optimised antenna design considering the antenna
volume, efficiency and bandwidth are produced [237].

In 2003, Allrad et al. Introduced synthesis procedure of a genetic algorithm (GA)
that can determine the best excitation phases need to produce an anticipated or
indicated far-field pattern.

The outcomes of an optimized GA phase are proved to generate the targeted
main beam steered to the precise angle for such number of elements linear array
that is attached over a circle cylindrical platform. The introduced procedure of the
GA radiation pattern synthesis seems to be a very sufficient means of correcting
for platform influences on the single element patterns of a conformal phased array
[238].

In 2004, Robinson and Rahmat-Samii presented a theoretical summary of the
PSO method and introduced it to the community of electromagnetics. Moreover,
argued with binary realizations of the PSO and comparing it to the GA and the
possibility of combination with the GA. An optimization study was carried out over
on a corrugated horn antenna. Due to the simplicity of its robust algorithmic, the
PSO has been considered as useful and great optimization means suitable for
several engineering applications [4].

In 2005, a new planar monopole antenna with a coplanar waveguide fed was
proposed by Liu presented, such a design could operate over multiple bands with
a perfect impedance matching. The growing design procedure of exploiting such
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as an optimization technique of algorithm particle swarm (PSO) in combination
with the method of moments is implemented to efficiently accomplish ideal multiband operations [239].

In 2006, Telzhensky and Leviatan presented a new optimization method to
develop antenna designs that suitable for ultra-wideband (UWB) wireless
communication systems. The process of genetic algorithm (GA) has been
implemented to a developed version of the volcano smoke antenna.

Such optimization has been based on features of the time-domain of the design,
targeted such an antenna that is not only having acceptable VSWR but also a
low-dispersion, This will prove a high correlation between the time-domain
transmitting antenna input signal and the receiving antenna output signal [240].

In 2007, Kerkhoff and Ling used the optimization approach of genetic algorithm
(GA) in the antenna structure of planar monopole type that demonstrates an
operation of ultra-wideband (UWB) as well as fileting notch of a narrow band
[241].

In 2008, Benedetti et al. examined the aspects of the calculated and numerical
to exploit the digital phase-shifters only weighting for adaptive null steering in in
the case of complex interferences , The PSO-based control fitted with a memory
that is having high features, which was utilized for the adaptation process of the
antenna array in order to reduce the total output power at the receiver side [242].
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In 2009, Islam et al. a procedure of swarm optimization (PSO) with curve fitting
was presented within the structure of the microstrip patch antenna. A patch
antenna with an inverted E-shaped was developed for IMT-2000 band is applied
to prove the optimization method, an optimized antenna displayed significant
improvement over bandwidth [243].

In 2010, Li et al. presented an improved particle swarm optimization (IPSO)
algorithm and improved genetic algorithm (IGA). This is done by presenting a
new paradigm. An approach of a hybrid algorithm called HIGAPSO is suggested
that joins both IPSO and IGA to take benefit of both techniques. An array antenna
that is a sphere-shaped with broadband stacked patch antenna components is
chosen as a structure example to show the HIGAPSO power to solve realistic
optimization issues on the synthesis of the conformal phased array pattern.
HIGAPSO is applied in order to improve the amplitude of the element current
excitation of the spherical conformal array [54].

In 2011, Modiri and Kiasaleh proposed a mechanism to modify the calculation
speed of the particle swarm optimization (PSO) algorithm. The objective of the
presented modified approach is to reach at a faster, very simple and solid search
process in contrast to the traditional procedure. Two key aspects, namely the,
personal best effect and values of first velocity, are calculated.
It has been showing that relating to the issues in the parameters that are widerange, the influence of personal best positions is essentially surrounded by that
of global best positions, in that way, giving a room for additional simplifications of
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the PSO approach by removing the aspect that accounts for the personal best
solutions in the calculation of velocity [244].

In 2011 also, Hussein et al. presented a novel effective algorithm, which is formed
from combining the MoM and the GA

(MoM/GA). The presented approach

provided a strong synthesis tool for shaped power patterns and pencil-beam. The
MoM is applied for evaluating the antenna array excitation coefficients, whereas
the GA is employed for estimating the ideal element spacing. The algorithm is
effectively utilized in order to reduce the number of the needed array elements to
check the radiation patterns [53].

In 2012, Siragusa et al. proposed leaky-wave antenna (LWA) that is a tapered
composite right/left-handed (CRLH). The performance of this antenna is
implemented through an automated co-simulation method based on am
optimized genetic algorithm for mitigating the side lobe level (SLL).

The

experimental outcomes showed a reduction of 8-dB SLL reduction in comparison
to a uniform CRLH LWA with the same gain in a 12-unit-cell structure [245].

In 2013, Li et al. proposed a promising particle swarm optimization (PSO)
algorithm with a method of a neighbourhood-redispatch (NR) to develop an
antenna for operating in a wide range. The investigation showed some
improvement compare to the normal PSO algorithm for functions of multimodal
and unimodal. Together with the HFSS solver, a UWB design with a particular
rejected band is developed by involving the proposed NR-PSO algorithm. Such
an antenna was able to cover the whole range of UWB (3.1–10.6GHz) and
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Bluetooth pass-band (2.40–2.484 GHz), along with filtering notch at (5.15–5.825
GHz) in order to prevent the severe interference [246].

In 2013 also, Ramna and Sappal proposed Particle swarm optimization to model
microstrip patch antenna, the presented model is a type of probe fed rectangular
microstrip patch antenna for WCDMA utilizing soft computing approach and
particle swarm optimization. A substrate material with a dielectric constant of 4.4
and 1.588mm height has been exploited in this study. PSO has been included for
optimizing the key parameters such as length of patch, width and feeding location
[247].

In 2014, Pirhadi et al. presented a new linear array antenna with a completely
controlled cosecant squared radiation pattern. This antenna uses such braodband feeding network. The present design is a type of wideband printed dipole
antenna that is synthesised in array arrangement, the effect of the mutual
coupling effect is appropriately managed. In this context, a restricted particle
swarm optimisation (PSO) algorithm is employed, in which can overcome several
limitations in the targeted radiation pattern. The accomplished excitations from
the PSO approach are implemented to wideband feeding network antenna that
is capable to provide stable phase shifts and output powers to the array structure
in the range of the desired frequency [248].

In 2014 also, Deb et al. presented circularly polarized microstrip antennas,
including promising optimization approaches. The used optimized methods may
involve several traditional evolutions, particle genetic algorithm and swarm
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optimization together with such innovative structures. Such optimization is carried
out in the impedance matching scenario over the well-known frequency range,
desired power gain and circular polarization, at a centre frequency [249].

In 2015 Saumendra Ku. Mohanty proposed

Firefly Algorithm optimization to

improve the resonant frequency of a patch circular microstrip antenna and that
demonstrated better outcomes achieved through PSO Algorithm. The diameter
of the circular patch and the height of the substrate have not been well compared
to the ones accomplished in the case of PSO that is desired in physical circuit
design since compact volumes or dimensions required. The operating frequency
was 5.004 GHz and the input scattering parameter was achieved at -26.36 dB
[250].

4.2

UWB antennas
4.2.1 Rectangular UWB Antenna

Figure 4.1 indicates the geometry of the antenna. This antenna is made on one
side of the 12x21.5 mm2 FR4 substrate with a relative dielectric constant of 4.4
and height of 1.6mm. The radiator patch is a rectangular form, length of 8mm
and width (W) which is excited through a microstrip line dimensions of (wf x lf).
The ground is defected and placed on the bottom side of the substrate
with width of 12mm and length (lg), The idea of cutting a part of the ground
hugely improves the antenna bandwidth. The cutting shape is a two T-shape
slots namely, horizontally and vertical with dimensions of (ws x ls) and (ws1
x ls1) respectively. Several parameters are considered as the key ones to
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modify the antenna performances, these include are defective ground, feeding
line and radiator. So, these parameters are optimized using a genetic
algorithm, Particle swarm and firefly algorithms.

Figure 0-1 Rectangular patch antenna geometry

4.2.1.1

Fitness Function for Bandwidth Optimization

The fitness function for the optimization procedures was characterized as,

Gf

1
N

(4.1)
10
10

0
where,

is the return loss in dB,

and

(4.2)
are the lower and higher

frequencies of the operating band which are (3.2, 14) GHz respectively,
N is the samples for the number of frequency taken from

to

and

Gf is the fitness of bandwidth enhancement. Also, We can conclude from
conditions of Equation (4.1) that the predefined fitness value is 0.
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4.2.1.2

Genetic Algorithm Optimization

In order use GA as an optimization approach, numerous parameters have been
selected. Initially, the size of population was 20, the bits number / variables was
8 and the number of variables was 8 with a 0.01 mutation rate. Tournament
choice and single point cross over were utilized. The optimization was run for 20
steps. The minimum and maximum values of the variables which are needed by
the algorithm are given in Table 4.1. Running on HP Compaq 8200 Elite CMT
PC with RAM of 16GB and 3.4 GHz CPU, a single fitness function evaluation
took approximately (8-10) minutes and an entire GA optimization run took about
(3-4) hours. The GA convergence is depicted in Figure 4.2 with the best
fitness value of 0.607 at the iteration 388, the optimized antenna parameters
are given in Table 4.2, and the optimal antenna Return loss
in Figure 4.3.
Table 0.1 Variable's Boundaries
Parameters

Max_Value(mm)

Min_Value(mm)

W
lf
wf
lg
ws1
ls1
ls
ws

5
7
1
7
3
1
1
0.5

8
14
3
13
5.5
3
6
2.5
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is indicated

Figure 0.2 Fitness function over iterations
Table 0.2 Optimal parameters values
Parameters

w

ws1

ls1

Ls

ws

Lf

wf

lg

Values(mm)

5.673

4.621

1.502

3.951

2.252

13.19

1.898

9.625

Figure 0.3 Optimal return loss vs frequency
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4.2.1.3

Particle Swarm Optimization

In the GA, the size of population was 20, the variables number was 8. In the
PSO paradigm, the social parameter was set to 2, the cognitive parameter was
2, and the inertial weight was 0.65. In addition, the variables boundaries are
the same as in GA, which is shown in Table 4.1. The optimization was run for
20 iterations.

Running on HP Compaq 8200

Elite CMT PC with RAM of 16GB and

3.4 GHz CPU, a single fitness function evaluation took approximately (8-10)
minutes and an entire PSO optimization run took about (3-4) hours. The PSO
convergence is illustrated

in Figure 4.4 with the best

fitness value

of

0.514 at the iteration 386, the optimized antenna parameters are given
in Table 4.3, and the optimal antenna Return loss
Figure 4.5.

Figure 0.4 Fitness function over iterations
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is presented in

Table 0.3 Optimal parameters values
Parameters

w

ws1

ls1

Ls

ws

Lf

Wf

lg

Values(mm)

5.954

4.41

1.215

4.176

2.175

13.025

2.069

9.795

Different from the GA that gradually enhanced its fitness levels, PSO helps in
improving the antenna bandwidth that may cover the entire UWB range from
3.18 GHz to 14 GHz, especially from 10.8 GHz to 12.2 GHz. In the total
bandwidth, The PSO achieved a better bandwidth of 10.7 GHz versus 7.5 GHz
compared to GA.

Figure 0.5 Optimal return loss vs frequency

4.2.1.4

Firefly Algorithm Optimization

The FA parameters were yet again a population of 20, with 8 variables,
absorption coefficient 1, the randomization parameter 0.5, the attractiveness
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0.2, the variables boundaries are the same as in GA given in Table 4.1. The
optimization was run for 20 iterations.

Running on HP Compaq 8200

Elite CMT PC with

RAM of 16GB and

3.4 GHz CPU, a single fitness function evaluation took approximately 9 min
and an entire FA optimization run took about 3 hours. The

convergence

of

the FA is shown in Figure 4.6 with the best fitness value of 0 at the iteration
44, the optimized

antenna parameters

optimal antenna Return loss

are

given

in Table 4.4, and

the

is illustrated in Figure 4.7.

Figure 0.6 Fitness function over iterations
Table 0.4 Optimal parameters values
Parameters

w

ws1

ls1

Ls

ws

lf

Wf

Lg

Values(mm)

6.094

4.007

1.015

4.103

2.103

12.983

2.4

9.813
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Figure 0.7 Optimal return loss vs frequency

Like

PSO, FA design can operate over more or less the entire UWB range

from about 4.1 GHz to 14 GHz. The whole bandwidth of the FA design was
10.9 GHz, slightly more than the PSO optimized design.

The main improvements in FA optimized design, it was reached to the
predefined best fitness value at iteration 44 unlike GA and PSO which
certainly not touched the value of over 400 iterations and in Figures (4.2,
4.4, 4.6) it can see that the performance of FA fitness values has further
stability than PSO and GA. Also, PSO behaviour is slightly better than GA.

4.2.1.5

Simulation and Measurement Results

According to the optimized parameters that have been obtained from the FA
algorithm, we fabricated the proposed antenna as illustrated in Figure 4.8. We
measured the

using the HP 8510C Network Analyzer. Figure 4.9

indicates the measured and computed
114

outcomes of the designed

antenna. One should note that , the

designed antenna accomplished a

broad-band range from ( 3.17 – 14.2) GHz for

< -10 dB.

The measured peak gains from (3.2 - 14) GHz are revealed in Figure 4.10.
From Figure 4.10, gain values with a discrepancy of less than 3.5 dB are
obtained, which indicates such smooth gained performance over the operating
bands.
The computed and practicle radiation patterns in the (xz) and (yz ) plane at
(3.72, 6.4,9.25,13) GHz are shown in Figures (4.11,4.12,4.13,4.14)
respectively. Eφ represents the co-polarization properties, Eϴ representing the
cross-polarization properties. The (yz) coordinates taken into account as the
E-plane and (xz) coordinates as the H-plane. The cross-polarization dimension
is almost neglected the E-plane at the bands of 3.72 GHz, 6.4GHz, 9.25 GHz
and 13GHz respectively while it is appeared on the H-plane. One can conclude
that the antenna achieves more or less omnidirectional radiation.
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Figure 0.8 Fabricated antenna and measurements
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Figure 0.9 Measured and Simulated Return Loss

Figure 0.10 Measured and Simulated gain
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Figure 0.11 Measured and simulated radiation patterns at 3.72 GHz

Figure 0.12 Measured and simulated radiation patterns at 6.4 GHz
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Figure 0.13 Measured and simulated radiation patterns at 9.25 GHz

Figure 0.14 Measured and simulated radiation patterns at 13 GHz
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4.2.2 Circular UWB Antenna
Figure 4.15 displays the geometry of the proposed monopole UWB antenna.
The radiation component is a Circular patch with (H) slot and radius (r) printed
on one side of a substrate with the relative dielectric constant of 4.4 and height
of 0.8mm of FR-4 material with dimensions 25 x 25mm2. The radiator element
is fed through a microstrip line a width of (wf) and length (of ). Dimensions of
the vertical strip of the H-slot are 1x4mm2 and the length of the horizontal strip
of the H-slot is 1mm.

On the back side of the substrate, the conducting ground which only covers the
section of the microstrip feed with a length of (lg).The radius (r), length of the
partial ground (lg), feeder line dimensions and width of the horizontal slot (w1)
are important and sensitive parameters in terms of accurately controlling the
achievable objective functions. So these parameters are optimized using a
genetic algorithm, Particle swarm and firefly algorithms.

Figure 0.15 Circular path antenna geometry
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4.2.2.1

Fitness Function

The fitness function for the optimized procedures was found as,

(4.3)

OF2
.

11
0

10
10

(4.4)

(4.5)

OF2
.

11
0
OF
where,

22
22
1
OF1
N

(4.6)
(4.7)

OF2

is the return loss in dB, (

) is the lower

of the operating band which is 3.2GHz, (
and

higher frequencies for a particular

) and

band

which

higher frequency
(

) are the lower
are

(4.2-5.2) GHz

respectively , ( ) is the higher frequency of the operating band which is
10.6 GHz,N is the number of frequency samples taken from (
OF1

is

the

first

objective function that

concerned

with

) to ( ),
bandwidth

enhancement ,OF2 is the second objective function which is concerned for
making the antenna resonate at the particular band and OF is the overall
objective function.

4.2.2.2

Genetic Algorithm Optimization

In the GA optimization, some parameters have been selected. Firstly, the
population size was 20, the number of bits/ variables was 8 and the number of
variables was 8 with a 0.01 mutation rate. The choice of the tournament and
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single point crossover were utilized. The procedure was done up to

20

iterations. The minimum and maximum values of the variables which are
needed by the algorithm are given in Table 4.5.

Running on HP Compaq 8200 Elite CMT PC with

RAM of 16GB and

3.4 GHz CPU, a single fitness function evaluation took about (8-10) minutes
and an entire GA optimization run took about (3-4)
function of

the GA is shown

hours. The

fitness

in Figure 3.16 with the best fitness value

of 1.232 at the iteration 177, the optimized

antenna

parameters

given in Table 4.6, and the optimal antenna Return loss

is indicated

in Figure 4.17.
Table 0.5 Variable's Boundaries
Parameters

Max_Value(mm)

Min_Value(mm)

Lg
R
Wf
Lf
w1

6
5
1
6
4

12
9
3
13
12
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are

Figure 0.16 Fitness function over iterations

Table 0-6 Optimal parameters values
Parameters

Lg

R

wf

lf

w1

Values(mm) 9.4123 6.95934 1.50552 9.8405 7.9187

Figure 0.17 Optimal return loss vs frequency
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4.2.2.3

Particle Swarm Optimization

Like in the case of GA, the of the population was 20, the variables number was
8. In the PSO situation, the social parameter was set to 2, the cognitive
parameter was 2, and the inertial weight was 0.65. In addition, the variables
boundaries are the same as in GA, which is shown in Table 4.5. The
optimization was run for 20 iterations.

Running on HP Compaq 8200 Elite CMT PC with

RAM of 16GB and

3.4 GHz CPU, a single fitness function evaluation took about (8- 10) minutes
and an entire PSO optimization run took about (3-4)

hours. The

PSO

convergence is depicted in Figure 4.18 with the ideal fitness value of
2.433 at iteration 387, the optimized antenna
Table 4.7, and the optimal antenna Return loss

parameters are given in
is presented in Figure

4.19.

It differs from the GA where gradual improvement in its fitness levels obtained,
the PSO was able to enhance the antenna bandwidth in which covers the entire
range from 4.18 GHz to 14 GHz, especially from 10.8 GHz to 12.2 GHz. In the
case of the whole bandwidth, PSO beaten the GA with a bandwidth of 0.7 GHz
versus 7.5 GHz.
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Figure 0.18 Fitness function over iterations

Table 0.7 Optimal parameters values
Parameters

Lg

R

wf

lf

Values(mm)

9.4032 6.8955 1.50438 9.8541 7.7910

Figure 0.19 Optimal return loss vs frequency
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w1

4.2.2.4

Firefly Algorithm Optimization

The parameters of FA have been again a population of 20, with 8 variables,
absorption coefficient 1, the randomization parameter 0.5, the attractiveness
0.2, the variables boundaries are the same as in GA given in Table 4.5. The
optimization was run for 20 iterations.

Running on HP Compaq 8200 Elite CMT PC with

RAM of 16GB and

3.4 GHz CPU, a single fitness function evaluation took about (8- 10) minutes
and an entire FA optimization run took about (3-4) hours. The convergence
of the FA is shown in Figure 3.20 with a best fitness value of 0.832
at the iteration 382, the optimized antenna parameters are given in
Table 4.8, and the optimal antenna Return loss

is illustrated in Figure

4.8.

Figure 0.20 Fitness function over iterations
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Table 0.8 Optimal parameters values
Parameters

Values(mm)

Lg
R
Wf
Lf
w1

9.1316
7.0585
1.4719
9.533
8.1170

Figure 0.21 Optimal return loss vs frequency

4.2.2.5

Simulation and Measurement Results

By examining the optimized parameters that have been obtained from the FA
algorithm, we fabricated the proposed antenna as illustrated in Figure 4.22.
We measured the

using the HP 8510C Network Analyzer. Figure

3.23 shows the calculated and

measured

findings of the antenna. It

should be noted that the designed antenna was able to achieve such broad
frequency range from ( 3.17 – 14.2) GHz for
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< -10 db.

The measured peak gains from (3.2 - 14) GHz are presented in Figure 4.24.
As shown in the Figure, gain values with a difference of less than 3.5dB are
accomplished, this indicates a smooth gain result over the operating bands.

The simulated and measured radiation patterns in the (xz) and (yz) plane at
(4.48, 9.3) GHz are shown in Figures (4.25, 4.26) respectively. Eφ and Eϴ
represent

the

co-polarization

and

the

cross-polarization

properties

respectively. The (yz) coordinates taken into account as the E-plane and (xz )
coordinates as the H-plane. The dimension of cross- polarization is minor
compared to that of the dimension of co-polarization on the E-plane at bands
of 4.48GHz and 9.3GHz respectively, while the co-polarization is slightly
comparable than the cross -polarization dimension on the H-plane at the same
bands.
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Figure 0.22 Fabricated antenna and measurement

Figure 0.23 Measured and Simulated Return Loss
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Figure 0.24 Measured and Simulated gain

Figure 0.25 Measured and simulated radiation patterns at 4.48 GHz
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Figure 0.26 Measured and simulated radiation patterns at 9.3 GHz

4.3

Conclusion

The investigation within this work has demonstrated the advantages and gains
of exploiting such bio-inspired optimization methods to develop a UWB
antennas, particularly the FA that has not been previously used to deal with
such problem. In the paradigm of uni-planer antenna design procedure, the FA
has indicated an improved performance compared to both techniques of PSO
and GA. Generally, the microstrip patch antenna suffer from some constraints
such as narrow bandwidth, thus, to make this type of antenna workable for UAB
application, some parameters should be modified. In normal cases, this
process may be carried out through trial and error mechanism. In other word,
the main design is made and then incrementally adapted and altered. This
procedure may be considered as time-consuming potentially costly, however.
With the help of the optimization algorithms such as a GA, PSO, or FA that
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makes no assumptions about the design, optimal parameters could be
produced to meet the design goals. The simple structure, very small size and
promising performance make the present antennas as an attractive applicant
for various UWB applications. Both simulated and measured results showed
that the antennas not only have a good bandwidth over an ultra-wide range but
also have a good radiation pattern and gain.
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Chapter 5
Resonance Modes Optimization of Microstrip using GA and FF Methods

5.1

Introduction

Microstrip antennas are complex structures, due to the existence of three types
of different discontinuities between the metal, dielectric and air [60], and on the
other hand, the presence of a wide variety of types and form [60]. The first
mathematical analysis on microstrip antennas was published by LO et AL in 1977
[251]. Similar reports on advanced analytics techniques have similarly been
published by Derneryd, Shen and Carver, and Coffey [252].

Several methods of calculation are possible for the treatment of the microstrip
antennas based on more or less elaborate approximate models. The main
models are catalogued in ascending order of complexity in Table 5.1 [253] (the
references list covered in this table [11, 13, 20, 24, 27-33, 36, 37, 39-42, 44, 46, 47,
61, 254-268].

By the end of the 20th century, the microstrip revolution continued, several studies
have been conducted and other methods have been introduced and developed
for the analysis of plated for different forms of patch antennas [11, 33, 37, 61, 257,
261].

The strict resolution of a complex electromagnetism problem depends on the
following two essential steps [269-274]:
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The resolution of Maxwell's equations in each of the propagation media,
for example, the homogeneous environments between the dielectric, metal
and air



The continuity of the tangential components of fields on the surfaces
discontinuities between the metal, dielectric and air such as that found
from microstrip antennas models.

Therefore, the coherent antenna study requires simultaneous two problems
resolution: the external problem that is solved by the calculation of the fields at
any point in space resulting from a distribution of currents and charges in the
region close to the radiant plate, and the far field region, to determine the
characteristics of radiation of the antenna. To resolve the internal problem, the
fields are expressed as integrals, whose kernel is a Green's function operating
on current or charge density. By inserting these expressions into the boundary
conditions, one gets full relations to determine the unknowns of the problem. In
this chapter, the determination of the complex resonance of three microstrip
structures as shown in Figure-5.1 is studied and investigated. The calculation is
carried out by the method of moments in the spectral domain.

The design study in this chapter is confined to the equilateral triangular patch.
The optimization process is applied using the firefly method in combination with
the MoM using dyadic Green's function. Surface kernel solution is adopted based
on Galerkin solution basis functions. Results were presented for all three
structures and then compared to published data [60].
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Table 0.1 catalogue known patch antennas analysis methods [9, 11, 13, 20, 24,
27-33, 36, 37, 39-42, 44, 46, 47, 61, 254-268, 275].
Model

Authors

Geometry

Transmission
line

-Munson [276, 277]
-Dubost [276, 278, 279]
-Lier [280]
-Sengupta [281, 282]
-Bhattacharyya [283-285]

Rectangle
Rectangle
Rectangle
Rectangle
Ring

Openings

-James and Hall [286]
-Guha and Gupta [287] [288]

Rectangle + disk
Rectangle

-Sanchez and Richards [289, 290]
-Derneryd [291, 292]
-Derneryd and Lind [293, 294]
-Carver and mink [295]
-Long and McAllister [296]

Disk
Disk
Rectangle
Triangle
Ellipse

-Pozar and Al [297]
-Richards and Carver [295, 298]
- Duan [32]
-Yano and Ishimaru [299]
-Pozar, Carver and Mink [295,
297]

Disk + Rectangle
Disk + Rect + halfdisk
Rectangle
Disk
Rectangle

- Carver and Mink [295]

Polygon

-T.Itoh and Menzel [300]
-Araki and Itoh [301]
-Pozar [297]
-Agrawal and Bailey [302, 303]
-Newman and Pozar [304, 305]
-Rana and Alexopoulos [306]
-Chew and Kong [307]
- Tulintseff [308]
-Pozar [309]
-Bailey [303]

Rectangle
Disk
Disk
Disk + Rectangle
Rectangle
Wire
Disk
Ring
Rectangle
Rectangle

Single cavity

Cavity
(model analysis)

Segment
Dynamic
analysis

Green's function
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(a)

(b)

(c)
Figure 0.1 Basic patch antenna structures; a) One dielectric layer, b) Dielectric
and air layers, c) Dielectric-air-dielectric layers
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5.2

Theoretical problem definition

The model of microstrip structure shown in Figure 5.1 is proposed for the current
numerical analysis. A homogeneous, isotropic and non-magnetic dielectric layer
is being arranged between z = 0 and z = -d plans, it extends to infinity along both
directions x and y. The dielectric can have low losses, its complex permittivity is

   0  r (1  j tan  ) with typical 10 4  tan   10 2 for commonly used
substrates. In general, in inhomogeneous and anisotropic medium, the quantities
µ and ε are tensors of order 2. The half-space located above the dielectric is air
(o, o). The bottom of the dielectric is fully metallic however the upper surface is
partially covered. It is assumed that the thickness of the conducting plate is
significantly greater than the depth of penetration of the signal [9], and the
dielectric properties of a stratified medium depend on the coordinate z.

e

e

The structure is exposed to an electromagnetic field of excitement E and H .
This field meets the limits on the ground plane and the air-dielectric discontinuity
conditions. It may be that of a plane wave from infinity and reflected by the
structure (receiving antenna). It can also be a local field, created by a finite source
within the transmitting antenna structure.



The presence of the field of excitation induced surface current densities js and
load  s on the conductive plate. These currents and loads give birth to a

s

scattered field E

s

and H , which adds to the driving field. These fields meet

Maxwell's equations in the frequency domain [4], and given by:
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  E s   j 0 H s

 E


H

s


H

s

(5.1)

 0

(5.2)


 j  E s

(5.3)

s

0

(5.4)

On the metal patch, which occupies a portion of the z = 0 plane, must be satisfied
the following [310]:





ez  ( H ae  H as )  jsa

at

z  0

e s

ez  ( Ea  Ea )  0

e s


 ez  ( H d  H d )  jsd

at

(5.5)
(5.6)

z  0

s s

 ez  ( Ee  Ed )  0

(5.7)
(5.8)


Indices a and d denote respectively the air and the dielectric. jsa and current

densities jsd circulating on the top and bottom of the conductive plate faces.
By definition, the scope of the above equations for the tangential components at
z = 0 plane, can be combined, giving as follows:



 


ez  (Had  Hdd )  jsa  jsd  js

at z  0




ez  ( H ad  H dd )  0

(5.9)
(5.10)

At z = -d, the following can be given:



 

 
ez  Ed  ez  (Ede  Eds )  ez  Eds  0

 
ez  ( Eas   r Eds )   s
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at

at z  d

z 0

(5.11)
(5.12)

The normal field components are satisfied the following conditions:


 
ez  ( Eas  Eds )  0

and

 
ez  H ds  0

at z  d

(5.13)

The surface current and surface charge are related by the continuity equation,


t  J s  js  0
Making use of vector potentials


A

(5.14)

and scalar V the above equation could be

simplified:



H s  (1 0 )  A

(5.15)


s
E   j A   V

(5.16)

If it imposes the Lorentz gauge:
.

0

(5.17)

Maxwell's equations can be transferred to following homogeneous wave
equations:

where k  

0


(2  k 2 ) A  0

(5.18)

( 2  k 2 )V  0

(5.19)

is the number of waves, which takes different values for

different environments.
The boundary for the potential conditions arises from those on the fields:

 On the surface of separation in z = 0:
Va  Vd
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(5.20)



Aa  Ad

(5.21)






e z  [  Aa  z   Ad  z ]   e z   0 J s

(5.22)



  Aa  (1  r )  Ad j(1   r ) Az  Va z   r Vd z    s  0

(5.23)

 On the ground plane in z  d :

Vd  0

(5.24)

 
e z  Ad  0

(5.25)

  
(ez  Ad )  0
z

(5.26)

To ensure that the solution is unique, we have to satisfy the Somerfield condition
or condition of radiation [49]:

lim r (

r 


 jk )  0
r

(5.27)

ψ represents any size scalar solution of the wave equation.

The Green's function depends on the environment (air and dielectric, G Aa and
G Ad ) and has two different analytical expressions satisfying the homogeneous

wave equation:

 
( 2  ki2 )G Ai (r  )  0 , i  air, dielectric

(5.28)

where,

GA  

0 j
ij  
 G A ei e j   G A e

i x, y , z j  x, y

i x, y
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(5.29)

ij
The scalar GA gives the component according to

i

of the vector potential created

by a current element oriented according to j . The vector


G A0 j is the vector

potential produced by one current element oriented according to j . The absence
of the term j  z is due to the absence of the surface current in that direction.
The conditions at the edges are derived from those obtained for the vector
potential as follows:

 
 At the surface of the dielectric (z = 0, r   )

 
 
GAa (   )  GAd (   )

(5.30)

 
 
  GAd (   )   r  GAa (   )

(5.31)

 
 
 
 

ez  (GAa (r  )  GAd (   ))r    ez  0 (    )
z

(5.32)

 On the ground plane in z   d


 
e z  G Ad ( r  )  0

(5.33)

 
  G Ad (r  )  0

(5.34)

Now the scattering fields can be given by:


 
 
1
H s   [   G A ( r  )]  J S (  ) dS 
S0

0



 
 
1
E s   [ jGA (r  ) 
t GV (r  )]  J S dS 
j
S0
Gv is related to the dyad G A , by the following formula:
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(5.35)

(5.36)

 
 
  G A (r  )  0t GV (r  )

(5.37)

Therefore, the integral equation gathering the electric field boundary conditions
can be given by:

  
 



je z   G A (   )  J S dS   e z    GV (   )  S (  )dS 
S0

 

 ez  E e ( )  0

S0

(5.38)

In the absence of excitation source relationship in the above equation, becomes
an equation eigenvalue, which corresponds to the modes of resonance of the
structure. A simple triangular basis and test functions were carried out on small
rectangular cells divided the surface patch with a negligible thickness to solve for
the unknown. These are covering the 2D structure of the conducting material.

In this chapter, the theoretical analysis presented based on spectral method of
moments for the equilateral triangle microstrip implanted on a multi-substrate
layer. The dielectric constant of an anisotropic substrate may be represented by
a tensor or dyadic given in [48]. The transverse components of the
electromagnetic field are related to the transformed vector Fourier of current J(rs)
on the radiant plate in the spectral domain [310, 311]. It should be noted that the
TM modes only propagated within the structure of the antenna, thus it is assumed
that the longitudinal field component Hz is zero in the direction of propagation
(propagation is assumed in all calculations in the Z direction). The wave in the
spectral equation can be derived from Maxwell's equations after some
manipulation and substitutions are written.
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5.3

Spectral methods

The TM modes for this application are interested since the longitudinal
component Hz is zero in the direction of propagation (it is assumed that direction
of propagation is in z-axis). The wave equations in the spectral equation can be
derived from Maxwell's equations after some manipulation and substitutions; this
can be given as follows:

~
 2 Ei
~
~
 K zi2 E i  E e
2
z

(5.39)

~
Ei is the tangential component of the incident electric field.

~
E e is the tangential field component caused by excitement.
It should be noted here that the sign ‘– ‘ is used for vector quantities and ‘~ ‘for
spectral quantities. Furthermore, in the spectral domain it is assumed:



 iK x ,   iK y ,
 iK z ,
 i
x
z
t
y
2

K zi2  K i  K s2

with

K i2   2  i  i
K s  K x Xˆ  K y Yˆ

with

(5.40)
(5.41)

is the vector of transverse waves.
K s  K s  K x2  K y2

(5.42)

Kzi, Ki, Kx and Ky denote constants of spread for each reporting layer i. i and i
are respectively the permittivity and permeability in each middle layer and the
resolution of the homogeneous wave equation allows obtaining the eigenvalues
corresponding to the antenna resonant frequency. If the field’s components can
be expressed in matrix form, one can obtain:
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1
Ks

Kx
K
 y

1
Ks

K x
K
 y

~
 j E z ( K s , z ) 
~
  E~ e ( K , z ) 
K y   Ex ( K s , z )   K s
z

 s s 


 K x   E~y ( K s , z )    ~
  E~sh ( K s , z )

 
H z (K s , z) 
 Ks


  0 i ~

E z ( K s , z )
~
~

 H se ( K s , z ) 
Ks
K y   H y ( K s , z) 

 ~


~
~h
 K x   H

  H
H
K
z

(
,
)
j


z
s
s ( K s , z )
x ( K s , z )



K
z

 s


(5.43)

(5.44)

We have by definition:

1
Ks

K x
K
 y

Ky 
 K x 

1



1
Ks

Ky 
 K x 

K x
K
 y

(5.45)

with
K s  K s  K x2  K y2

(5.46)

The General form of the solutions of the homogeneous wave equation is given
by the relationship:
e
jK ze z
~
E z  A e ( K s ) e jK z z  B e ( K s ) e 

(5.47)

After substitutions we get the following components:

~
 E se 
e
e
~
E s ( K s , z )   ~ h   A ( K s ) e jK z  B ( K s ) e  jK z
 E s 
~
 H se 
h
h
~
H s ( K s , z )   ~ h   g ( K s )[ A ( K s ) e jK z  B ( K s e  jK z )]
 H s 

K zh  ( x K 2  K s2 )1
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2

(5.48)

(5.49)

(5.50)

with: K ze  ( x K 2 

x 2 1
Ks )
z

2

and A(Ks ) and B(Ks ) are defined according to the

requirements of the boundary conditions.
~
In the spectral domain and representation (TM, TE) field electric E s on the
~
interface of the radiant plate is linked to the current J by the relationship:
~
~
Es  G  J

(5.51)

G is the Green's function that must be calculated for each case.
In a simplified model, the unknown A(Ks ) and B(Ks ) are given by the relations:
 jK z Z i  1


1
 e


A
K
E
g
K
H
(
)
(
(
)
)

s
i
s

2

 j K z Z i 1


1
 e
 B ( K s )  ( E  g i ( K s ) H )
2


(5.52)

Fields can be now given by the following relationships:

E   E  cos(K Z di )  jg 1 H  sin(K Z di )
 


 H  H cos(K Z di )  jgE sin(K Z di )

(5.53)

The relationship (5.50) must be written in matrix form as follows:

 Ei (KS , Zi ) 
 Ei (KS , Zi ) 
 Fi 

 
 
H
(
K
,
Z
)
Hi (KS , Zi )
 i S i 

(5.54)

Fi represents the Green's function of the matrix layer (i = 1 or 2 or 3) in the
representation (TE, TM).
By simple multiplication we can substitute the Green's function matrix for each
case and obtain the following final form:
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G
G   11
G12
or G11 

G22 

G12 

G12 
G22 

(5.55)

K y2 K 02 De
K x2
Dm

K x2  K y2 Tm K x2  K y2 Te
K y2

Dm
K x2 K 02 De

K x2  K y2 Tm K x2  K y2 Te

(5.57)

KxK y

K x K y De
Dm
 2
K  K Tm K x  K y2 Te
2
x

(5.56)

(5.58)

2
y

Dm , De ,Tm ,Te are terms evaluated for each case and each structure.

5.3.1 Case of an isotropic substrate
In this case the previous calculations remain valid with:

g (K

and

S

  i
 K
)   Z
 0


0
K



Z
i







(5.59)

K ze  K zh  K z  (K 2  K s2 )1 2

5.3.2 Structure with a single layer
Figure 5.2 shows the structure configuring a microstrip antenna with a single
layer:

patch
d

 , 0

Substrate
Ground plane

Figure 0.2 Cross-section of a single-layer structure.
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Those relationships in which the Dm , De ,Tm ,Te are in this case [312] :
Dm 

j

 0

K z 0 K z1 sin( K z1d )

(5.60)

Tm  K z 0 cos(K z1d )  jK z1 sin(K z1d )
De 

j

 0

K 02 sin( K z1d )

(5.62)

Te  K z1 cos(K z1d )  jK z 0 sin(K z 0 d )
with

(5.61)

(5.63)

K z1  K0 cos(Kz d )

5.3.3 Structure with two layers
Figure 5.3 illustrates the configuration of an antenna with a single patch
implanted is two layers of the dielectric substrate. The lower layer can be the
air.
Patch

 0 , 0
d

 , 0

dg

 0 , 0

Substrate
Air
Ground plane

Figure 0.3 cross section of a bi- layer structure.

For this structure of the terms Dm , De ,Tm ,Te are given by the relations [313]

Dm  K z 0 K z1 sin(K z 0 d g ) cos(K z1d1 )  K z 0 K z1 0 cos(K z 0 d g ) sin(K z1d )
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(5.64)

Tm  j 02 cos( K z 0 d g )(K z 0 cos( K z1 d )  jK z1 sin( K z1 d )) 

 0 K z 0 cos( K z 0 d g )(cos( K z1d )  j

K z0
sin( K z1 d ))
K z1

De  K 02 K z 0 sin( K z 0 d g ) cos( K z1d )  K 02 K z1 sin( K z1 d ) cos( K z 0 d g )

Te  j 0 K z 0 cos(K z 0 d g )( K z1 cos(K z1d )  jK z 0 sin(K z1d )) 

 0 K z1 sin(K z 0 d g )( K z 0 cos(K z1d )  jK z1 sin(K z1d ))

(5.65)

(5.66)
(5.67)

5.3.4 Structure with three layers

In this case an air gap is adjustable inserted between two identical substrates,
as shown in Figure 5.4.
Patch

d

 , 0

Substrate

dg

 0 , 0

Air

d

 , 0

Substrate
Ground plane

Figure 0.4 Cross-section of a two structure.

In this case, we calculated analytically expressions Dm , De ,Tm ,Te , and US have
obtained the following results assuming;

Kg  Kz0 .
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D m  sin( 2 Kd ) cos( K g d g ) 

Tm 


K

sin( K g d g )(

K 2 g
K g

2

sin 2 ( Kd ) 

Kg

0

cos 2 ( Kd ))

(5.68)

K g K g 
j
(cos( K g d g )(1  2 sin 2 ( Kd ))  1 / 2 sin( 2 Kd ) sin( K g d g )(

)
K
K g  K g

K 2 g
K g
j 0 K
( sin( 2 Kd ) cos( K g d g )  sin( K g d g )( 2
sin 2 ( Kd ) 
cos 2 ( Kd ))))
K0 
K g
 Kg

D e  sin( 2 Kd ) cos( K g d g ) 

K

0

sin( K g d g )(

 02 K g

sin 2 ( Kd )  0 cos 2 ( Kd ))
Kg
gK

(5.69)

(5.70)

0 K g
j0 jK 0  0

(
( sin(2 Kd ) cos(K g d g )  sin(K g d g )( 2 sin 2 ( Kd )  0 cos 2 ( Kd ))) 
Te 
K
Kg
0 K
K 0
2

K g  0 K 0
1
(cos(K g d g )(1  2 sin 2 (2 Kd ))  sin(2 Kd ) sin(K g d g )(
))

2
K 0 K g  0

(5.71)

5.3.5 For a uniaxially anisotropic substrate
The calculation principle remains the same, the dielectric constant of an
anisotropic substrate is defined by the orientation of the applied electric field. In
this case the matrix

g(Ks) is defined by:

g (K

s

  0 
 K e
z
)  

0


x

0
K
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h
z
0







(5.72)

where, K ze  ( x K 2 

x 2 1
Ks )
z

2

and

Kzh  ( x K 2  Ks2 )1

2

are respectively TM

wave propagation constants and TE in uniaxially anisotropic dielectric. The
components of the field in matrix form becomes:

1
Ks

1
Ks

~
 j z E z ( K s , z ) 
~
  E~ e ( K , z ) 
K y  E x (K s , z)  K s x

z
 s s 
~



  E~ h ( K , z ) 
 K x   E y ( K s , z )
~
s


   H
  s
z (K s , z)
K
 s


(5.73)

  0  z ~

E z ( K s , z )
~
~

 H se ( K s , z ) 
K y H y (K s , z)   K s





 K x    H~ ( K , z )   j H~ z ( K s , z )   H~ sh ( K s , z ) 

x
s

 

z
 K s


(5.74)

K x
K
 y

K x
K
 y

These calculations result in the following forms:
G e
G (K s )  
 0

where

G e and Gh

0 

Gh

(5.75)

were calculated for a layer of substrate giving the following

expressions [314]:

 K ze K z sin( K z1d )
G 
i  0 iK ze sin( K z1d )   x K z cos( K z1d )
1

e

G

h



1
i 

0

 K 02 sin( K z 1 d )
iK z sin( K z 1 d )  K zh cos( K z 1 d )

For two layers the expressions become:
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(5.76)

(5.77)

K
G  z0
j0

 x Kz1 sin(Kz1dg ) cos(Kze2d)  0 Kze2 cos(Kz1dg ) sin(Kze2d)

e

0 cos(Kz1dg )[1x Kz0 cos(Kze2d)  iKze2 sin(Kze2d)] i x Kz1 sin(Kz1dg )[cos(Kze2d)  i x

Kz 0
sin(Kze2d)]
e
Kz2
(5.78)

Kz1 sin(Kz1dg ) cos(Kzh2 d)  Kzh2 cos(Kz1dg ) sin(Kzh2d)
K02
G 
j0 Kz1 cos(Kz1dg )[Kzh2 cos(Kzh2 d)  iKz0 sin(Kzh2d)]  iKzh2 sin(Kz1dg )[Kz0 cos(Kzh2d)  iKzh2 sin(Kzh2 d)]
h

(5.79)

x 2 1
Ks )
z

or

K ze2  ( x K 2 

and

Kzh2  ( x K2  Ks2 )1
Kz1  (0 K 2  Ks2 )1

2

(5.80)

2

(5.81)

2

(5.82)

For multilayer structures, generalized Bouttout formulas [52] shall remain valid in
our case.



Kiz  diagKize , Kizh



(5.83)

 
kh 
g i ( K s )  diag  e ix , iz 
 k iz  
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 e, h

) matrix Green of the

i ème

(5.81)

coat in summer's function given by:




( Fi ) mn  ( jgi ) nm cos inm

(5.82)

or




inm

 


i

 (n  m )

and
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2

(5.83)

i  kiz di

5.4

(5.84)

Choice of basic functions

Theoretically, there are several basic functions but practically used a limited
number. In general sine functions are used for rectangular and triangular, forms
while the Bessel functions are reserved to circular and annular forms. To
minimize the computation time, must select functions which the variation is similar
to that of the intended solution. To do this from basic functions of the cavity model
are the most used.

The basic functions of the system which was chosen in this study for the case of
an equilateral triangular patch have been proposed by W. Chen, k. F. Lee and J.
S. Dahele [315]. Figure 5.5.a shows a patch of form equilateral triangle with a
proper choice of its Cartesian coordinates. Expressions of current densities
circulating on the element radiating in directions (x, y) are given by the
expression:

2 ( m  n) y
2lx
)
) cos(
3w
3w
2mx
2 ( n  l ) y
 m sin(
3w)
) cos(
3w
3w
2nx
2 (l  m) y
)]
 n sin(
) cos(
3w
3w
J x ( m, n)  3[l sin(
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(5.85)

2lx
2 ( m  n) y
) sin(
)
3w
3w
2mx
2 ( n  l ) y
) sin(
)
 ( n  l ) cos(
3w
3w
2nx
2 (l  m) y
) sin(
 (l  m) cos(
)
3w
3w
J y ( m, n)  ( m  n) cos(

(5.86)

For the rectangular patch (shown in Figure 5.5.b) the functions proposed by [316]
at:

 
ez  Ad  0
 
( 2  ki2 )G Ai (r  )  0

,

i  air, dielectric
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(5.87)
(5.88)

Figure 0.5 Geometries of triangular and rectangular plates; (a) triangular
patch, (b) rectangular patch

Since the problem is treated in the spectral domain, the Fourier transform basic
functions must be assessed. In the case of the rectangular patch, the problem is
simple, the Fourier transform given by [304] as in Equations (5.87) and (5.88).

In the case of a triangular patch, and given the complexity of the geometry, the
calculation is complex and it has led us to use a mathematical method.

5.4.1 Calculation of the Fourier transform for an equilateral triangle patch
To calculate the Fourier transform of the current densities that are circulating on
the equilateral triangle patch, a mathematical analytical method was applied. This
method is to change the variables and use a reference element to identify
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carefully the limits and calculate integrals (Appendix 1). After we have obtained
the following results:

~
J x  I1x  I 2x  I 3x
~
J y  I1y  I 2 y  I 3 y

(5.89)


3l
( I 11 x  I 12 x  I 13 x  I 14 x )
 I 1x 
4i

3m

( I 21 x  I 22 x  I 23 x  I 24 x )
I 2 x 
4i


3n
( I 31 x  I 32 x  I 33 x  I 34 x )
I 3x 
4i


(5.90)

mn

I 1 y  4i ( I 11 y  I 12 y  I 13 y  I 14 y )

nl

( I 21 y  I 22 y  I 23 y  I 24 y )
I 2 y 
4i

l m

I 3 y  4i ( I 31 y  I 32 y  I 33 y  I 34 y )


(5.91)

and:
I pqx  I pqy  U pq [sin c( wK y  Y pq ) 

3
w
[sin c(
wK x  K y  X pq ) 
2
2

i cos( wK y  Y pq )
wK y  Y pq



i
]
wK y  Y pq

3
w
wK x  K y  X pq )
i
2
2

]
3
3
w
w
wK x  K y  X pq
wK x  K y  X pq
2
2
2
2

i cos(

(5.92)

with:
w

3

U pq

3 2 i ( 2 wKx  2 K y ) iX pq

we
e
2

where p and q are integers, the parameters
Lastly

and

are the vectors of waves.
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(5.93)

X pq,Ypq are given in Appendix 1.

5.5

Electric field integral equation

The transverse components of the electromagnetic field are related to the
transformed vector Fourier of current

J(rs ) on

the radiant plate in the spectral

domain by the following relationships:

Es (rs )  1
J (rs )   m

1
4

~
F ( K s , rs )G ( K s ) J ( K s )dKs
2 

1
4



(5.95)

~

2

(5.94)

 F (K , r )J (K )dK
s

s

s

s



~
J e (K s )
~
J (K s )   ~ h
   F ( K s ,rs ) J (rs )drs
J
(
K
)
 
s 


(5.96)

where:
* rs



patch is the projection of the position on the transverse plane (xoy) vector.

* Es (rs ) is the tangential component of the electromagnetic field in the plane of
the plate.
* J(rs ) is the areal distribution of currents on the plate.
* Ks is the transverse wave vector.
* 1etm are Heaviside indicators:
with:

 m 1 on the metal, and nowhere else.

 m  1 1

* F(Ks , rs ) is the core of the two-dimensional vector Fourier transform:

F ( K s , rs )  I e jK s rs
F ( K s , rs )  I e  jK s rs
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(5.97)

I

with

1
Ks

K x
K
 y

Ky 
 K x 

(5.98)

As already mentioned, the electric field integral equation arises from the fact that
on a perfect conductor, the tangential component

Es (rs ) is

zero, we obtain,

therefore:

~

 dK F ( K , r )G ( K ) J ( K )  0
s

s

s

s

(5.99)

s

Note that G (Ks ) is diagonal representation [317].
which allows to easily reverse it.



~
~
G ( K s )  diag G e ( K s ), G h ( K s )

5.6



(5.100)

Solution of the integral equation by MoM

The application of the Galerkin procedure complies with the method of moments
in the Fourier domain to reduce the integral equation in a matrix equation. This
study is considered as a standard for the resolution of this type of equations.
Surface currents on the plate must be developed into a series of basic functions:
N
0

 J (r ) M
J ( rs )   a n  xn s    bm 

n 1
0
 m 1  J ym ( rs ) 

(5.101)

In spectral representation we have:
~
~
 K y J ym ( K s )  
 K x J xn ( K s )  M
1  N
~

J (K s ) 
   bm 
 an  ~
K s  n 1  K y J xn ( K s )  m 1   K x J~ ym ( K s )  
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(5.102)

The determination of the solution reduces to that of the coefficients and. Testing
functions must converge to the exact solution when the numbers N and M tend
to infinity. For a finite number of basic functions, results in defined residual errors
w as the difference between the exact solution and the test function.
After manipulations and substitutions, we finally have a system of integral
equations in the following matrix form:

A B  0

(5.102)

where

(A )
( A2 ) N*M 
A   1 N*N

( A3 ) M *N ( A4 ) M *M  ( N M )*( N M )

(5.103)

and

(a) N *1 
B

(b) M *1  ( N  M )*1

(5.104)

~
~
[ K x2 G e  K y2 G h ]J xn ( K s ) J sp ( K s )

(5.105)

~
~
K x K y [G e  G h ]J ym ( K s ) J xp ( K s )

(5.106)

~
~
K x K y [G e  G h ]J xn ( K s ) J yl ( K s )

(5.107)

~
~
[ K y2 G e  K x2 G h ]J ym ( K s ) J yl ( K s )

(5.108)

with:

A1 pn  

dK s

A2 pm  

dK s

A3 ln  

dK s

A4lm  

dK s

K

K

K

K

2
s

2
s

2
s

2
s

where n, m and l are integers.
We find that the sub-matrices

T
AandA
1
2 are symmetrical and A2  A3 , therefore the

matrix global A is a symmetric matrix.
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5.7

Optimization Process Results and Comparisons

The Firefly Algorithm (FA) was adopted here based on [63, 318] as the main
engine for the optimization process. It is a stochastic optimization similar to the
Particle Swarm Optimization method. The method works in a parallel process of
fireflies patterns. The method has to follow specific rules to adjust fireflies’
characteristics such as: fireflies are unisex, attractiveness is proportional to
brightness, and the firefly's brightness is set by the cost function.
Simply the description of firefly i movement that it is attracted by the firefly j can
be expressed by the following:
β r

1
2

α

(5.109)

where
β

(5.110)

β

,

β0 is the attractiveness at

= 0,

,

(5.111)

the fixed light absorption factor for a given

medium rij the separation distance between firefly i and firefly j. m refers to the
current iteration and xi is the current position. The second and third terms of the
right hand side of the above equation are summarized the effect of attraction
variable of randomization given by α ∈ 0, 1 . ‘rand’ is an arbitrary number
uniformly distributed in 0, 1 . And
coordinates

,

is the nth component of the spatial

of firefly i, and p is the dimension of each

and xj. Simple fitness

function was implemented to find the normalized maxima based on the requested
resonance frequency.
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The firefly optimisation method has been integrated with the spectral moment of
methods optimisation process as presented through detailed flowchart shown in
Figure 5.6.

Figure 0.6 Flow chart of the optimisation process.

Several examples covering the resonance frequency of the structures given in
Figure 5.1 are presented. For all these results, the firefly parameters were fixed
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to the following parameters:

= 1,

= 0.5,

= 0.2 and the number of iteration is

set to 10.
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Figure 0.7 The variations of the average and best fitness functions using one
variable for the following targeted resonance frequencies; (a) 3GHz, ( (b) 4GHz.

I have tested the method with using one, two and three variables that cover the
specific resonance of the equilateral triangular patch as shown in Figure 5.1,
Figure 5.7 shows the average and best fitness for one variable test experiment
that is the length side of the triangle for two operating frequencies. The method
was able to achieve the optimum solution within the maximum generation. For
isotropic substrate of 2.32 relative permittivity and thickness of 1.59 mm, the side
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length that matches the operated resonances at 3GHz and 4GHz are found
around, 4.35 and 3.7cm respectively.

Figure 5.8 shows the variations of the average fitness when two variables were
considered. These are the side length of the triangular and thickness of the
substrate keeping the relative permittivity around 2.32. The side length and the
thickness were found around (4.07 cm, 4.2mm) and (2.70cm and 4.1) receptively
at 3GHz and 4GHz.
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Figure 0.8 The variations of the average and best fitness functions using two
variables for the following targeted resonance frequencies; (a) 3GHz, (b) 4GHz.
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Figure 5.9 is similar to Figure 5.8 but for three variables concerning the side
length, thickness and the relative permittivity. It is quite good evidence that such
resonances can be easily predicted using the numerical proposed approach. The
optimum values are found at 3GHz are 4.19cm, 2.09mm and 2.06.
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Figure 0.9 The variations of the average and best fitness functions using three
variables for the targeted resonance frequencies 3GHz.
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Figure 0.10 The variations of the average and best fitness functions for Fig. 5.1c
using three variables for the targeted resonance frequencies 5.2GHz.
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Finally the variations of the average and best fitness functions to predict the
resonance frequency for Figure 5.1 using three variables targeted resonance
frequency 5.2GHz is presented in Figure 5.10. The optimum values of side length,
substrate thickness and air gap are found around 2.47cm, 1.74mm and 1.9mm
respectively. It is quite set of achievable degree of freedoms to predict the
resonance frequency.

5.8

Summarized Conclusions

The theoretical model analysis of microstrip confined the equilateral triangular
patch has been presented based initially on the Maxwell equations and
subsequently solved on the dominate resonance modes of the antenna structure.
Then the optimization process is applied using the firefly method in combination
with the MoM using dyadic Green's function. It should well be noted that the
surface kernel solution is adopted based on Galerkin solution basis functions.
Simple best functions were applied in conjunction with the resonance TM modes
propagations. Results were presented for all three structures and then compared
to published data and have shown a reasonable agreement. It was observed that
the FF method was able to estimate the best fitness within little number iterations.
The proposed method is a good candidate to decrease the design cycle in terms
of deriving the required antenna parameters to satisfy and meet design
specifications.
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Chapter 6
Compact Balanced Antenna Structures for Use in LTE systems
Miniaturized Balanced Antenna with Integrated Balun for Practical LTE
Applications

6.1 Introduction
Recently, exploring emerging multi-system handsets has been tremendously
increased. The transceiver design of a smartphone or a portable device should
comply with the multi-system operations. This is because the future ecosystem
of mobile networking is forseen to contain the legacy and forthcoming 5G
paradiam. This has brought several requirements, restrictions and challenges for
the engineers of handset antennas [60]. To overcome these boundaries, antenna
designs should be made as thin, miniaturized, light, compactly designed and low
energy to be conveniently incorporated within the portable device.

Consequently, a number of internal and compact multi-band antenna structures
has been devoted for use in mobile handset applications. These are the type of
planar Inverted-F antennas (PIFA) [319, 320], different shapes of microstrip
designs [321, 322] and printed monopole layouts [323, 324]. Such antenna types
have been deemed as the convenient internal antennas exploited within the
mobile handset device. Particularly, as the technology of LTE has been revealed,
the future smart mobile phones has become ubiquitous and day-to-day use.
Therefore, developing an antenna that operates in both legacy and new LTE
systems has drawn the attention of the antenna design in both academia and
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industrial sectors and become of priority importance within the research
community. As a result, several size reduction LTE mobile phone antennas have
been investigated [325-330].

By viewing the designs in [325-330], it should be noticed that these structures
consist of only a single terminal and mounted over the local ground plane. The
ground plane of such antennas could play an important role to enhance the
antenna bandwidth as well as to improve the gain. Although, the abovementioned antenna syntheses (unbalanced antennas) were widely used in the
handset devices, in particular when the device is rather in small. On the other
hand, the performance of the unbalanced structure type may be impaired by the
user's hand as it covers a huge part of the antenna ground plane, which leads to
some changes/disturbances in the antenna bandwidth.

This is due to the fact that, the ground plane of unbalanced antenna type is
considered as an important part of the radiation element, where both the radiation
element and ground will have a large amount of induced currents. Accordingly, in
the case of the device being in talk mode and the hand user covers a part of the
PCB, currents may flow to the human body or/and hand and the coupling takes
place. This will lead to severe degradation on the system performance [331-333].

In order to deal with this phenomenon of degradation performance, a balanced
concept could be a choice as the current that flows on the ground is considered
small and nearly ignored, this in turn cases only minor effects on the
performances when the devices are in a take position.
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To exploit this favourable feature, numerous mobile phone antennas that are
based on the balanced concept have been lately presented [52, 333-343].
Table 0.1 illustrates the differences between such design in terms of the
frequency band of interest, volume of geometry, power gain and efficiency.

By analysing Table 0.1, it is apparent that the investigated and developed
balanced antennas will mainly operate in either the main existing spectrum of
mobile bands or/and UWB, for instance, designs in [334] only operate over the
GSM900, the antenna layout in [52] is able to work over the band of GSM1800,
the GSM900/1800 design was developed in [335]; while antennas in [333, 336]
both cover the WLAN, antenna covers GSM and UMTS as in [338], while [339]
come up with balanced design to function over both the GSM and WLAN, and
work in [340] presented balanced antenna, which operates in the full operation
of three mobile radio bands, namely

the GSM900/1800, PCS/1900 and

UMTS/2200.

In the UWB paradigm, many barnacled antenna structures that are UWB
candidates have been studied and analysed such as in [341] where an antenna
in the lower and height bands of UWB spectrum was proposed. Furthermore, in
[52, 333-343] balanced antennas of Vivaldi type covering the entire range of UWB
from 3.1-10.6 GHz have been modelled and fabricated.

Still, because of the reason of tremendous and consistent demand to accomplish
a network of a mobile communication system that contains such a higher data
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rates and greater bandwidth; the 4th generation technology that is called longterm evolution (LTE) has been established and recently rolled out. By checking
the balanced designs in [52, 333-343] one can realise that such antenna cannot
function over the above-mentioned LTE standard and particularly the lower band
of 700MHz. To achieve this requirement a miniaturized printed balanced antenna
with two U-shaped folded arms has been proposed within this chapter. The
present design operates at dual-band frequency bands of LTE, i.e. 698-748 MHz
and 2500-2690 MHz, for a mobile communication system.

Table 0.1 Comparison of the performance of the published balanced antennas.
Peak

Operating

Size mm3

Frequency

including

Band (GHz)

ground plane

16

2.4

118x62.5x0.8

NaN

75.3

17

0.9

100x50x10

NaN

NaN

18

1.8

120x50x12

4

NaN

19

0.9 and 1.8

100x50x6.6

NaN

20

2.48,5,4 and 6.5

90x40x7

3.5-5.2

NaN

22

0.9, 1.8 and 2.2

120x50x9.5

2.5 -3.5

NaN

23

1.8-2.4

120x50x9.5

2.7-4.2

70-94

87x35x1

0.7- 5

NaN

Ref

25

2.36 - 2.56 and
5.13 - 12

Gain

Radiation

Range

efficiency %

(dBi)

26

3.1-10.6

32 x 35 x1.6

-3-5.25

NaN

27

3.1-10.6

123.5x96.7x1.6

NaN

NaN

0.95proposed

0.7-2.6

100x50x7

1.7and 3.8
-4.9
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79-95

By considering several parameters such as antenna size, bandwidth, and
frequency bands, effective methods have been suggested as in [52] [336] [337]
[338] [339] [340], this helped in obtaining the features of wide-band and dualband operations, as stated in Table 0.1. In contrast to [52, 333-343], the present
antenna show advantageous properties such as operating over dual-band of
LTE .i.e 700/2600MHz and accomplishing a size miniaturization in comparison
to investigations in [333] [334] [52] [340] [341], Additionally, it has shown
improved efficiency compare to [333] [339]. and it better gain in contrast to studies
in [52, 338] [339, 341, 342] .

In this chapter, a dual-band balanced antenna covers the LTE standard of 700
and 2600MHz was presented and analysed. The whole optimized radiator
dimensions are 50 × 18 × 7 mm3, which makes it feasible for concealing into
mobile handsets. The optimization process was applied to fit the spectrum
bandwidth of the broadband balun to be incorporated with the antenna handset
for providing the feeding network as well as for implementing the measured
radiation patterns. The fabricated version of both structures in the case of
incorporated balun and standalone are checked and verified. The computed and
practical investigations including the human hand effect in terms of the S11,
radiation pattern and power gain are stated where a reasonable agreement is
achieved.
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6.2 The Antenna Structure and Procedure
The layout configuration of the balanced design is depicted in Figure 0.1. This
antenna provides such a geometry with a simple construction and assembly. The
antenna is produced over an FR4 substrate, with permittivity of 4.4, tangent loss
of 0.025 and has a height of 1.6mm. The antenna and ground plane size is
applied to fit the volume size 100 × 50 × 7 mm3, where the antenna size is limited
to 50 × 18 × 1.6 mm3. A balanced voltage source was used to feed the proposed
design in which the slot width was also optimised but taking into the account the
appropriate width to occupy the voltage sources. The folded printed arms have
also optimised around a nominal width of 2.6 mm. uniform width of mm.

As stated in Figure 6.1,b that PCB has been was moved backwards by length l3,
which has generated a sort of defective area underneath the antenna. Such a
simple approach has helped in improving the antenna bandwidth at the LTE lower
frequency of 700MHz.

The present antenna consists of two U-shaped printed dipole arms with
separation slot of s4 width. The idea of such U-shaped printed arms has not only
helped in reducing the antenna size but has also sufficiently created the targeted
dual-band LTE frequencies defined within this study, and particularly, the lower
band of 700MHz.
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(a)

(b)

(c)
Figure 0.1 Antenna layout; (a) Top view (b) antenna without balun (c) with
integrated balun. Unit in mm.

One can obviously see diverse set/shapes of folded arms have been
implemented to draw the track in the direction of the desired dual-band
frequencies of 700/2600MHz. However, based on the parameters stated in the in
Figure 0.1, the optimised list of all variables were listed Table 6-2; in which these
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were embedded into the firefly method and then linked with HFSS software to
return the values for the following fitness function:

max

∅,

∅,
∅,
(6.1)

where Sopt and Gopt are the targets of the optimised values of the reflection
coefficient and the power gain. It should be noted that for the gain values we have
considered only the broad sight angle (i.e.,

=0, =0). It is attended that a

minimum of 10dBs return loss should be achieved over the two spectrum
bandwidths; however, the gain were set between 1-2 dBs for the lower band
whereas for the upper band is between 3-5 dBs. Five frequencies for each band
were considered to fillfull the spectrum bandwidths. The weights were setting as
0.65 and 0.35 respectively for reflection and power gain.

Table 0.2 The input of the parameters fed to the firefly method and the
optimum values.
Parameter min

max

w1

20

25

w2

16

w3

Opt.

Opt.

Parameter min

max

24

s1

1

3

2.1

20

18.6

s2

0.1

1

0.5

16

20

17.4

s3

0.1

0.8

0.25

w4

1

2.6

2.66

s4

0.1

2

2.1

l1

16

20

18

h1

1.6

1.6

1.6

l2

l1-4w4-s2-s4

10.2

h2

4

8

6.88

l3

3

5.1

8

value
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value

The FA parameters

for this balanced antenna design example applied a

population of 100, with 12 variables, absorption coefficient 1, the randomization
parameter 0.5, the attractiveness 0.1 and the variables boundaries are using
the values shown in Table 6.2. This table is also showing the optimum values
achieved in this process.

In order to prove the fact that the printed folded arms

can effectively contribute in shrinking the antenna size, the full procedure/steps
of the way that the printed arms were formed are explained. In this investigation,
four processes of implementing several printed arms shapes are analysed. These
include the formation of L-shaped, U-shaped, L-U shaped and 2U shaped. The
full dimensions of L, U and L-U letters shapes are indicated in Figure 6.5 and the
final optimum design including the 2U shapes is previously illustrated in
Figure 0.1.

The variations of the best fitness amplitude, a cumulative function for FF
algorithm for several attempts and fitness amplitude of one generation were
presented in Figure 6.2, Figure 0.3 and Figure 0.4. It is easily noticed that the
best fitness can be achieved over the half of the iteration suggested for more than
10 tests for the same antenna parameters boundaries. The optimised fractional
parameters over the best fitness were presented in Table 6.2. The fractional
lengths and widths shown in Table 6.2 were considered with 0.03 mm resolution
printer services available within the research group at Bradford University.
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Figure 0.2 The variations of the best amplitude fitness against the iteration

Figure 0.3 The variations of cumulative function for FF algorithm for 5 attempts
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Figure 0.4 The variations of the amplitude of the fitness against the total steps

The S11 of the proposed antenna was checked along with different folded arms
formation as indicated in Figure 6.5. The computed results of the S11 of the only
L- letter shape, U letter shape and both L-U letters shape and 2U letters shape
folded strips of the current design version presented in Figure 6.5. It is obvious
that, by forming a type of L-shape radiation elements on each side, this version
is only capable to work over 4200MHz, and in the U-shape formation scenario.
This made some changes in the antenna current path length, which in turn led
the antenna to operate at a lower frequency band of 3500MHz. However, in the
combination of both shapes of L and U letters on the side of the radiation element,
the dual frequency bands started taking a shape, in which this version covers two
frequency bands, i.e 1000/3400MHz. On the other hand, when applying the 2U
letter shapes formation on each side, the current antenna was reconfigured to
come across the desired dual-band of 700/2600 that is proposed within this work.
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Figure 0.5 The variation of the printed folded shapes against the response of
S11.

Planar Balun in [344] was utilized and incorporated within the handset of the
present antenna in order to provide the balanced feeding network, as
demonstrated in Figure 0.1 c. It should be seen, that the PCB of the antenna was
located on one side of the FR4 dielectric with a height of 0.8 mm, permittivity of
4.4, and tangent loss of 0.025, whereas the proposed Balun was placed on the
opposite side as indicated in Figure 0.1 c. The proposed antennas were modelled
using HFSS software package [345].

It should be noted, that the location of two balanced ports of the Balun was
intelligently selected to be accurately in straight place beneath the feeding point
of the antenna over the top of the substrate. Twin thin wires were utilized for
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combining the broad-band Balun to the antenna feeding source through a kind of
holes.

(a)

(b)
Figure 0.6 Input Impedance of the proposed antenna
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In this context, the incorporation of the design and its balanced feeding scheme
were effectively achieved. The achieved Balun synthesis functions over a large
bandwidth ranging from 700MHz to 3200 MHz , where the desired two frequency
bands of 700 and 2600MHz will be seamlessly obtained.

To profoundly analyse the physical behaviour of the antenna, the present antenna
(with and without Balun) input impedance in both cases, namely free space and
handheld are investigated and studied as indicated in Figure 0.6. The obtained
values of the antenna input impedance over the entire cases were recorded in
Table 6.2. It is understood that, from Table 6.2, the present antenna in the
situation of free space and handheld demonstrates a resistance of about 50 Ohm
(varied from 46 and 50 Ohm) at 700MHz and 2600MHz.

The corresponding values of the antenna reactance in the five circumstances
through the two scenarios at the desired dual frequencies of 700/2600MHz were
fluctuated in the range from -3 and 0 ohm. To summarize this, the response of
the antenna in both free space and handheld circumstances has indicated
acceptable impedance matching with the relation of the condition of 50 Ohm load.
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(a)

(b)

(c)
Figure 0.7 Simulated hand model, with finger positions, (a) 0°, (b) 45°, and (c)
90°

6.3

Measurement and Simulation Results

The antenna computed S11 in the free space and handheld paradigms were
analysed and studied. The hand model full dimension is assumed as 50 × 80 ×
110 mm3. The antenna along with the hand model are displayed in Figure 0.7.
For more flexibility, Such hand model is deemed to be a muscle tissue of a
particular layer, and a material that has a relative permittivity of 54 and a
conductivity of 1.45 S.m-1 [338, 339].
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Table 0.3 The proposed antenna input impedance in free space and handheld
Input
Impedance
( )
situations.
Resistance
700MHz
Reactance
700MHz
Resistance
2600MHz
Reactance
2600MHz

Antenn
a
without
balun
in free
space

Antenn
a with
balun
in free
space

Antenna
with
hand/finger
position at
0°

Antenna
with
hand/finger
position at
45°

Antenna
with
hand/finger
position at
90°

50

50

46

47

49

0

0

-3

-3

-2

46

49

47

46

48

-2

-3

-3

-3

-3

As described in Figure 0.7, three usual arrangements to hold the handset were
proposed, along with finger positions, these positions are, i.e., (middle), 0°, (Left),
45° and (Right) 90°. These positions are considered as the most typical talk
positions. Figure 6.8 illustrates the calculated S11 for the balanced antenna
with/without balun in the situations of free space and the hand effect. From

Figure 0.8, one can figure out that, the |S11| at the both desired and within the
case of free space is still below -10 dB. However, in the situation of hand effect
over three positions, it is clear the antenna demonstrates a stability in terms of
S11 performance and reasonably agreed with the outcomes of the free space case
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Figure 0.8. Computed reflection coefficients |S11| of proposed antennas.

This verifies the fact that balanced antenna is less sensitive to ground plane and
therefore, it can be a promising candidate for future mobile applications.

For the purpose of validation, the calculated S11 outcomes of the antenna system
without balun, a fabricated design without including the Balun is indicated in
Figure 0.9 a and b.

Firstly, the design was manufacturing based on the design geometry in Figure 0.1
b, and then verified. The S11 obtained from the prototyped version is depicted
Figure 0.9. The S11 of the design without the inclusion of Balun was accomplished
by exploiting the two-port network analyser approach, in which the whereby no
need to the incorporated Balun.

181

(a)

(b)

(c)

(d)
Figure 0.9 The antenna prototypes, (a) 3D without Balun (b) bottom without
Balun (c) 3D view with Balun, (d) bottom view with Balun.
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In practical, this was obtained through straight link two ports of the balanced
geometry into the calibrated vector network analyser two inputs ports. It is
observed, that the measured outcomes of S11 are indicating a sort of agreement
compared to that obtained from the simulation investigations.

For further confirmation, the manufactured design together with integrated Balun
was produced as shown in Figure 0.9 c and d. The measured S11 of the antenna
with the integrated Balun is depicted in Figure 0.10. One can note that the particle
S11 of the full Balun antenna demonstrates such a notable outcome that met the
targeted dual-bands of 700MHz and 2600MHz. Such results are in sensible
agreements with that achieved from the simulation as depicted in

Figure 0.8.
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Figure 0.10 Measured reflection coefficients |S11| of proposed antennas.

The consequences of the hand holding scenario on the S11 performance of the
fabricated designs was checked and analysed, where the PCB was deemed as
being surrounded by hand in take the position that is indicated in Figure 0.7. It is
worth noticing that, there are minor differences when comparing the measured
outcomes with the ones in simulation ass illustrated in
Figure 0.11. To deeply understand the concept that the balanced antenna is a
less sensitive ground plane, analysis of the currents flow intensity of the antenna
for the situation with and without handheld scenarios are indicated in
Figure 0.11.

The distributions of current surface for the free space case were displayed at the
two bands of 700/2600MHz. It is demonstrated that the ground plane part under
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the deeding sources occupies most of the induced current, while it is vanished
gradually as we get away from this area as depicted in
Figure 0.11 a, this proves the investigations achieved in [333]. Moreover, it has
come with some attractive features in contrast to the ground plane existing
current in the case unbalanced antenna in [346].

In the occasion hand model, for the finger/talk locations namely, 0°, 45° and 90°,
large amount of the induced currents are appearing in similar part compare to the
ones in the free space, whereby the currents solely appear in the part under the
feeding sources and regularly vanishes over the remaining parts of the ground
plane as demonstrated in
Figure 0.11 b, c and d. One could conclude that, from the above investigations,
this design verifies the point that the balanced layout is ground plane independent
and has less sensitivity in the case of hand user paradigm.

700 MHz

(a)

2600 MHz

0° finger position @700MHz

(b)

0° finger position @2600MHz
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45° position @700MHz

(c)

90° position @700MHz

45°position @2600MHz

(d)

90°position @2600MHz

Figure 0.11 Current surface for (a) antenna in free space, (b) antenna with hand
finger 0° position (c) antenna with hand finger 45° position (d) antenna with
hand finger 90° position.

The theoretical and practice power gains of full antenna system for the
700/2600MHz of LTE systems are indicated in Figure 0.12 a. The antenna gain
that obtained from the simulation analysis shows variations from 0.9 dBi and 1.62
dBi at the 700MHz and fluctuates 3.5 dBi and 4.4 dBi at the 2600MHz band.

On the other hand, the gains that were accomplished from the prototype model
presents fluctuation from 0.85 dBi and 1.4 dBi at the 700MHz, and varies from
3.45 dBi to 4.3 dBi at 2600MHz as noted in Figure 0.12 a.

Such minor

dissimilarities can be due to the incorporation of the Balun with the ground during
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the fabrication procedures as well as the foreseen inaccuracy of the connector’s
placement.

The radiation efficiency of the whole antenna system is shown in Figure 0.12 b.
The approach of Wheeler Cap was exploited within this process since it is a
seamless and practical technique to figure out the radiation efficiency of
manufactured [347-349]; It is done through the measurement of the input
impedance of the antenna the in free space and in within the cap. From this
process, one can note that the computed and measured efficiency results are
demonstrating such fair agreement and in line with the gain variations outcomes
realised in Figure 0.12 a. From Figure 6.12 b, It is witnessed that, the simulated
efficiency fluctuates from 76 to 81 % around the 700MHz and from 81 to 91 % at
2600MHz; while the measured one at the 700MHz band varies from 80 to 83.6%,
and it varies from 85 to 95% at the 2600MHz band.

The far-field radiation patterns that are obtained from the simulation and
measurement procedures for the whole antenna system were indicated in
Figure 0.13. The planes cuts at xz and yz at 700/2600MHz were deemed as the
selected planes within this study. From Figure 0.13 a reasonable agreement was
observed between calculated and measured ones. The achieved outcomes
illustrated that the radiation patterns are nearly omnidirectional.
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(a)

(b)
Figure 0.12. (a) Computed and measured gain of the proposed antenna, (b) c
and measured radiation efficiency of the proposed antenna.

(a) 700MHz
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(a) 2600MHz

(b) 700 MHz

(b) 2600MHz
Figure 0.13 Normalized antenna radiation patterns for two planes (a: xz, b: yz)
at 700MHz, 2600MHz
6.4 Summarized Conclusions
A design of balanced antenna operates at the dual-bands of the LTE standards
698-748 MHz and 2500-2690 MHz has been studied and investigated based on
firefly optimization algorithm. Many parameters were considered including the
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necessary elements applied to the balanced Balun for feeding network. The
calculated and the measured outcomes of the (S11) indicated adequate
impedance matching of S11 ≤ -10 dB, including a fair agreement for free space
and handheld in both scenarios with/without Balun

The Prototype antenna was verified and illustrated near-omnidirectional radiation
at the two operating bands with around 1.5 and 4 dBs respectively for 900 MHz
and 2.6GHz that are quite acceptable to operate on the handsets. The surfaces
currents of the proposed antenna verify that the currents are weakened over the
whole PCB, with the exception of the part beneath the feeding sources, where
there is an enhanced immunity to the human hand. This also increased the
probability of the present mobile antenna for use in real environment scenario; in
addition to reduce the induced EMF on the metal handset and the human hand.
The design may be deemed as an eye-catching candidate for future mobile
phones applications.
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Chapter 7
Conclusion and Recommendation for Further Work

7.1

Summarized Conclusions

The primary objective of this thesis is the development of software codes related
to the computational electromagnetics and joint with optimisation programmers
to solve complex numerical and geometrical scattering problems. It is attended
to produce a solution of a design problem carrying multi-variables to achieve a
close optimum solution towards one or more fitness functions and constraints
functions. The state of art of the original achievement of the present work can be
summarised as follows:



Chapter 1, the summary and motivations of the research work of the whole
thesis were addressed in this chapter, in which the classification of various
applications using optimization techniques for antenna radiating elements
were highlighted. The state of the art of the present research work was
detailed, and then finally, a short description for each chapter of the thesis
was presented.



Chapter 2, the overview and formulation of the optimisation process concept
has been presented and discussed, including the implementation of three
codes named by GA, PSO and FF to solve the multi-variables scattering
problem. It was shown that the three methods have the advantages of
keeping continuous improvements in the number of iterations or equivalent
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to the number of generation. It was confirmed that FF outperforms the GA
and PSO in some examples.



Chapter 3, the formulation of FDTD and MoM concepts has been discussed,
including the implementation of both code methods and including the
hybridization between them through Hygence surface. The Chapter also
concludes the new basis functions applied to the four-point patches used by
the MoM. The parameters that control the accuracy and stability of the
FDTD and MoM simulations and the modelling technique by means of the
equivalent surface were also described. The FF method was applied
successfully to the hybrid codes to solve two scatterer examples built on
both method domains. The results were quite reasonable and agree well
with previously published data.



Chapter 4: the modelling and analysis of UWB antennas using well-known
software packages in parallel with FF optimisation method have been
presented. The method has been applied to model planer antenna on a
single substrate and optimised multi-parameters to achieve the operation of
UWB spectrum with acceptable power gain. The design process was also
successfully applied to UWB with one or more notches on the resultant
spectrum. Two antennas were optimised and implemented and then tested
in which the measured results were found quite reasonable, and agree well
with that obtained by the software modelling.



Chapter 5: the theoretical concept using MoM principles in solving three
microstrip geometries to compute the resonance modes by the optimisation
process of the FF method has been demonstrated. This chapter illustrated
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in details the mathematical formulation of the surface kernel solution to find
the surface currents solution and direct solution to solve the eigenvalues of
the MoM matrix. The problem of singularity was alleviated by the means of
singular cancellation technique. The desired impedance matrix elements
have been evaluated based on two-dimensional electric surface patch
integral equation formulation that was solved by independent piecewiselinear basis functions.



Chapter 6: a balanced antenna covering dual-bands of the LTE standards
698-748 MHz and 2500-2690 MHz has been presented using firefly
optimization processor embedded with HFSS software through a Matlab
programme. Several parameters were optimised within the design algorithm
based on fitness function that considering the antenna surface geometry
including the position of the antenna with the handset (i.e., equivalent to the
ground plane that also held the feeding network). In this chapter, the
antenna performances were optimised and tested with and without hand
held the handset position. The computed and the measured results of
reflection coefficients (S11) showed sufficient impedance matching of S11 ≤
-10 dB including a good agreement for free space and handheld with/without
Balun scenarios. The antenna power gain was reasonable within the Omnidirectional requirements for the two spectrum bands. The Prototype
antenna was demonstrated near-omnidirectional radiations over the two
operating bands are quite acceptable to operate on the handsets. The
surface current of the proposed antenna proves that the currents were
diminished over the entire ground plane, except underneath the feeding
point where there is improved immunity to the hand-held. This also
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enhanced the stability of the present mobile antenna to operate at real
environment configurations; in addition to reduce the induced EMF on the
metal handset and the human hand. The antenna could be considered as
an attractive candidate for practical applications in mobile phones.
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7.2

Future work

The optimisation process of an electromagnetic problem of complex geometries
over several constraints is quite important and the market demands are ever
growing since there is always a margin for design improvement. Some of the
topics that can be of interest for further research are listed below:



High level of image resolution is achieved by a UWB pulse obtained from
receive and transmit antenna. The basic antenna requirements are large
fractional bandwidth, low side lobes and low levels of mutual coupling
between the array elements. The present work in this thesis can be
extended further to include small antenna geometries capable to work
when they have attached the human tissues without quite the degradation
in their performances.



The modelling of the handset details illustrated in chapter 6 could be
extended to the acquisition of the external profile of an arbitrary
commercial handset, by imaging and reverse-engineering techniques
using engineering drawings and CAD data files to acquire the profile.
Acquisition of the internal structure could be automated using X-ray
techniques.



The optimisation process algorithms could also be applied to the design of
metamaterial not only for specific narrow band spectrums but also for dual
and broadband applications. This method could also enhance a small area
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of periodic structures to make sure of the required scattering parameters
for such applications.



Further

work

is

suggested

to

explore

other

computational

electromagnetics techniques linked to such optimisation process.



Good option to utilize the real-time operation of beamforming over antenna
array using optimisation algorithms, for example, the 5G wireless and
mobile communications at both the base station and the user end
equipment.



The optimisation process could be an exceptional choice to achieve the
required re-configurability in terms of frequency, pattern and polarization.
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Appendix 1
Method of Reference Element

The Fourier transform of the current density

J x , J y is given by:
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In our case the current exists on the triangular patch only, the limits of integration
are limited by it. Given the complexity of the geometry of the patch and for ease
of integration, we chose a method of analytical mathematical calculation called '
Method of The element of Reference’

The use of a reference element enables simplification:
• Analytical definition of complex shaped parts.
•The calculation of the elementary matrix forms resulting from integration.
The reference element is then chosen for its topology 'simple' on which the
approximation functions can be simplified.
The formula expressing this method is given by [350], [351] and [315]:
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 f ( x, y ) dxdy   f ( x ( , ), y ( , )) det( f ) dd

()

(  ')

In our case, the field is the equilateral triangle defined in a Cartesian coordinate
system as shown in the figure below:

y

x

The reference area is represented by the figure below , the method is to bring the
complex form to e form more simple and easy to integrate by making a change
of variable and applying the formula given by [350], [351] and [315]:

After calculation and evaluation of the integrals we find:

det f  

3 2
a
2

Where 'a' is the side length of the patch.
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and

J x  I 1x  I 2 x  I 3 x
J y  I1y  I 2 y  I 3 y
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We find after calculating the following expressions:
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The parameters are expressed by:
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